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ABSTRACT

~ Major results of a two year project to study the climatologlcal and micro—
meteorological conditions in a tropical evergreen forest region are summarized
in this report . The study has been under the sponsorship of the U. S. Army
Engineer Topographic Laboratory. The forest area under study is in the
interior of Thailand and is influenced by a cool, dry nor theas t monsoonal
flow from November to March and a warm , moist southwest mmnsoonal flow
from May to September. Meas ured informa tion were collected during a three
year field program sponsored by the U. S. Army Natick Laboratories and
incl uded ground station tempera ture , relative humidity, precipitation,
evaporation, hours of sunshine , and tower measurements of temperature , dew
point temperature , and wind speed , incoming and reflected solar radiation,
incoming and outgoing infra—red radiation and sub—surface temperature
profiles in the forest and in a cleared area wi thin the forest region.

The results discussed here include a clima tological survey of the
experimental site as well as a compar ison of the monsoonal cycles at a
number of widely dispersed sites in Southeast Asia; an analysis of the
pro files of temperature and wind speed in the forest and cleared area;
diurnal variations of static stability and Richardson number representative
of several different periods of the year ; a summary of calculations of the
roughness characteristics of the forest canopy and the variability thereof;
spectral analyses of kinetic energy above and within the forest canopy
d uring bo th monsoonal flow reg imes; estimates of the albedo of the forest
and the net fluxes of radiational energy for several periods of the year ;
estimates of sensible and latent heat fluxes above the forest canopy.
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SECTION 1 — INT RODUCTION

This Technical Note serves as a final report on Contract DAAK—02—72—

C—0287 from the U. S. Army Engineer Topographic Laboratory, Ft. Belvoir ,

Virginia, to the Graduate Program in Meteorology , University of Maryland.

The scope of the research under this contract was to prepare a scientific

analysis of the climatological and micro—meteorological data obtained during

a scientific field program called TREND (Tropical Environmental Data).

The TREND field experiment was under tile sponsorship and management of

the Earth Sciences Laboratory , U. S. Army Natick Laboratories (Dr. Paul

Dalrymple : Project Supervisor) and carried out by the Applied Scientif ic

Research Corporation of Thailand in collaboration with several agencies

of the Thai Government. The experiments were conducted during tile years

1967—70 as an interdisciplinary study of a trop ical dry evergreen forest

environment and embodied surveys of micrometeorological conditions ;

hydrologic factors ; soil, vegetation , and biological surveys. Meteorolog ical

data from the TREND experiments , which serve as the source of information

for the scientific analysis in this repor t, were provided by USAETL ~~fl tile

form of raw data tapes recorded at the TREND site and certain computer

pr intouts prepared during the field experiment.

Personnel participating in the processing , analysis and interpretation

of the TREND meteorological data were as follows : Dr. Helinut E. Landsberg,

Principal Investigator; Dr. Owen E. Thompson , Co—Investigator; ‘hr. Robert

E. Kay lor , Computer Systems Specialis t; Mrs . Rachel T. Pinker , hr. David

K. Lee , Dr. hiassan El—Sayed , Miss Jae K. Eon , Project Research Assistants ;

~r. Mark Rodney , Technician ; Mrs. Syvia Epstein , cler ical assistant.
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The study site for the TREND experiment is the Sakaerat Forest , an area

of about 80 square kilometers in Thailand situated on the Korat Plateau at

approx imately l4° 31’N , lOl °55’E which is about 60 km south—southwest of

Khorat (Nakhon Ratchasima) and about 190 km northeast of Bangkok. (See

Figure 1) Meteorolog ical data were taken along two towers approxima tely

50 rI high and 450 m apart , one to~,er penetrating the forest, the other

erected in a small clearing and both based at about 535 m above sea level

on a tilted slightly dissected sandstone plateau which slopes from southwest

to northieast~ Figure 2 shows the forest area under consideration and the two

towers men tioned above. The fores t includes good s tands of dry evergree n

forest , dry dipterocarp forest and clearings in various stages of regenera-

tion. The immediate vicinity of the towers u s  coi~nprised oJ a two—stor ied

forest. The top story consists almost exclusively of Ilopea ferrea, with a

scattering of Shorea sericeiflora, with dense and continuous crown canopy

with tree tops ranging from 20—35 to high. The second story consists of the

species ~ydrocarpus ilicifolius, Walsura trichostemon, Aglaia p irifera,

Lagerstroemia, and Memecylon ovatum with tops ranging from 5—17 m high .

The forest floor was well covered with thick undergrowth .

The experimental design for the micro—meteorological survey called

for the collection and processing of tempera ture, dew point temperature ,

wind speed and direction at numerous levels along both towers , various

radiation fluxes at the tops of the towers and near the ground , and sub-

sur face temperature profiles near both towers. Six satellite ground stations 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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recorded tempera ture , humidity, precipitation and potential evaporation.

Two base stations , each within about 2.5 kin of the towers , also had sunshine

recorders , additional rain gauges and evaporation gauges. Figure 3 shows ,

schematically ,  the location of the various measuring instruments along

each tower. A general account of the instrumentation and monitoring

procedures is given in ASRCT (1969). Briefly , the da ta logging sys tem

[Hewlett Packard] ~s- comprio-cd--oJ’two’sys tems combined in to one , capable

of analogue and digital recording . The digital system records the 42 values

of temperature and 16 values of wind speed , along with date and time . The

analogue system records the various radiation measurements , wind direction ,

precipi tation , dew point temperature and station pressure. The frequency

of scanning in both systems is of the order of once per half—minute. In

wha t is to follow , data recorded on the digital system is referred to as

“D—tape data” , that on tile analogue system as “A— tape data”.

The harshness of the tropical climate——heat ,moisture , mildew , etc.——
m ade main tenance of the measuring systems very diff icult . In particular ,

the dew point sensors frequently malfunctione d so that the accuracy and

reliability of dew point temperatures in the data record must always be

Suspect .

Tue results presented in this report emanate from efforts at the

University of Maryland to extract useful clinatological and micro—meteoro--

logical information from the raw data available to us from Project  TREND.

Section II serves as an outline of the extensive development of data reduc—

tion schemes which were necessary to convert the  raw data material into a

- .
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data resource useful for analysis. Section III summarizes the climatological

conditions at the TREND experimental site while at the same tine placing

this into perspective with regard to the monsoonal cycle in Southeast

Asia. Section IV summarizes results of a careful analysis of the wind

speed and temperature distributions in the forest environment . Section V

summarizes the behavior of various energy fluxes in and above the forest

canopy -

_ _  —~~~~~~~~-— ~~~~~~~~~~~~~--- -~~~~~
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SECTION II — PROCESSING OF TREND EXPERI MENT

RAW DATA AND CU RRENT DATA AVAILABILITY

A conside rab le f r acticn of the e f f or t du r ing th is  p roject  was devoted

to the p reparation of the raw micro—meteorolog ical data f or computer

p rocessing . Tills proved to be a formidab le task because of the condi t ion

of the r aw data tapes an d the manne r in which data  ar e reco rded on those

tapes. Compute r techniques were developed fo r  tile reading of raw

tap es , on which the basic wind and temperature  p ro f i l e  data are recorded ,

and repacking the informat ion  on magnetic tape in a form convenient for

high speed p rocessing on a Univac 1108 machine but also compatible with

Cont rol Data Corporation hardware . The following discussion summarizes

the p rocedure . In the discussion , the te rm “wo rd” refers  to a 36 b i t ,

Univac 1108 computer word.

On the raw D—tapes from the TREND Field Experiments , t he time , wind

speed and t empe ra ture  data were recorded every 10 seconds in a ‘BCD ’ fo rmat

on an incremental tape recorder. Each scan consists of 1 digit for  the

yea r , 3 digits for the day and 2 digits each for the hours , min utes and

seconds . Following this are 42 temperature points each consisting of a

s ign , channel number , and 4 digits of temperature . The last group consists

of 3 digits of wind speed , every other one starting with the letter ‘F’.

One scan requires 102 words or 612 6—bi t  bytes . There are 1024 words per

tape record , (6144 by tes) , or roug hly 10.04 scans per record . At 556

b ytes pe r inch recording dens i ty ,  plus 0. 75 inches for  tile i n t e r — r e c o r d

gap , each record is about 11.8 inches long. The major  problem in reading

_ _ _ _ _ _ _ _  _



usi ng d i rect  ~ou r ier  t r ans t orm s w 1t~i )U  lags.

v i i

__jIL1 ,- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

9

these tapes is that the incremental recorder used tended to stretch the

tape , resulting in poor spacing between characters . On a modern tape

drive system (Univac, IBM , CDC , etc.) this spacing is interpreted as an

inter—record gap , resulting in loss of data or loss of position on the tape

drive. The amount the tape was stretched can be seen from the fact that

one of the unreadable tapes has 2739 records , which requires almost 2700

feet of tape , but a normal reel only contains 2400 feet  of tape !

After considerable experimentation , it was concluded that an olde r

tape drive could read these tapes better than a more advanced tape drive .

The University of Maryland still owns two IBM 1401 systems which seem to

be well—suited for this copy work. Because the 1401 has only 8000 bytes of

memory , and the input record requires 6144 bytes , the copy program was made

as simple es possible.

Tue program functions by f i r st clea r ing the core , then r eadi ng in a

record. The record is accepted regardless of parity errors , abnormal

frame counts , input—output checks, etc. Then 1024 words (36 bit , Univac

1108 word) are wr i t t en  on a temporary tape in even p a r i t y ,  800 bytes to

the in ch . If the input record is shor ter  than this it is padded wi th  BCD

‘Vs. If for some reason it is longer , i t  is chopped to this l eng th .  The

program will generally recover and recopy 90% or so of the data on the o n —

ginal raw “D” tapes obtained from the TREND s i te  reco rde rs -

The next step in the procedure is to repack the data from the  t e m p o r a ry

tapes , obtained from the 1401 processing routine , onto permanent storage

tapes in a compressed format compatible with Univac 1108 and CDC 6600, 7601)

I,— ~~ -~~~~~~~~~~~~ -_ - ———-- .—~~~-‘~~~~ ~ -~~~~~~
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ha rdware . These f inal  storage tapes then represent  the data base for all

subsequent computer processing for TREND micro—meteorolog ical studies. Tu e

compression factor is about 5 to 1. The following is a summary of the

program labeled ‘ PACK ’ which p r oduces pe rma n ent  s to r age tapes from the

temporary copy tapes .

L .~~~~~ .~~~~ - - - _
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PR OG RAM ‘PACK ’ FOR CONVERS I ON OF TEMPERATURE AND C I NI) DATA TAPES ,

INT R ODU CT ION

THIS PROGRAM ACCEPTS FIVE RAW DAT A TAPES AS INPUT ANI) PACKS THEM

ONTO ONE OUTPUT TAPE. TFIE RAW INPUl ’ TAPES ARE iN EVEN PARITY , E CU CODE ,

AND 556 DPI DENSITY ; THE OUT—PUT TAPES ARE ODD PARITY , BINARY , AN!) 300 BPI

DEN S ITY . ALL TAPES ARE 7—TRACK . THE PACKINC CONVERTS EACH DATA ITEM TO AN

EI NIITEEN BIT QUANTITY AND STORES TWO ITEMS PER COMPUTER WORD (36—BIT,

1108 COMPUTER).

THIS PROGRAM 1-L AS BEEN DESIGNED SPECIALLY FOR THE UN I VAC 1108 COMPUTER;

I N  PARTICULAR , THE 18 BIT I 1CM LENCTI! WAS SI:LECTED TO TAK E ADVANTAGE OF THE

PART—WORD TRANSFERS AVAILABLE ON THIS MACHINE . 1°-lI V ER , TUE FINAl . RECOR!)

T.EN GTI 1 WAS ADJUSTED BY PADDIN G SO THAT E ACh RECORD iS A N EX A CT M U L T I P L E

OF SIXTY BITS AN!) ‘rHEREFoRE IS COMPATIBLE WITH ‘IDE CDC hDOO OR 7600 SERIES

COMPUTERS .

AN ATTEMPT HAS BEEN MADE TO RECOVER AS MANY OF THE BAD IN!’UT RECORDS

AS SEEM ECONOMICALLY FEAS IBLE ; A SAMP LE RU N WiTH A POOR I N I ’UT TAP E R E E O V E R I O

Al!: CI ’ 94Z OF THE DATA. WHENEVER A ‘1’ IM E SCAN ( :AN N O ’i BE RESO LV !;D , I I I E  S( AN

IS ‘FLAGGED ’ AND THE PROPER TI M E UNITS INSERTED WIT !! ZERO F I L L  FOR THE DVI  A

UN I I’S . IF THE T L E  GAP IS OVER 60 SECONDS , NO F ’LAGC [NC OR F! LU N I ; s D ONII

TH E RECORD CI )N ’F I NUES W I T H  THE NEW ‘FINE

AL !, J TENS .\ RE CARR I ED AS FIXE I) PO T N T I N’rl - :GERS - T il l :  T E M P E R A T U R E  DAT .-\

h A S O C I A l .  1( 10 , 000 ADD I-: D TO Al l _ OW FOR TilE COOS I RI L I TY OF Ni-I A l  I V E T

______ —_,~
-‘_— ‘- — --‘-— ‘~~~~~~~~~~~i.,L~~,~, ~~~~~~ ~~~~~—‘-~--‘ ---‘ - - — ‘--- ---_— --- --‘.-‘- -- -—- _-‘--~~_- ‘—----_—.
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WHEN THIS QUANTITY IS SUBTRACTED , THE ORIGINAL DATA IS RECOVERED E X A C T I Y .

THE WIND SPEEDS ARE IN PULSES PER SEC OND , AND MUST BE DIVIDED BY 31.87 AND A

CONSTANT OF 0.52 ADDED TO THE RESULT TO OBTAIN MILES PER HOUR. THE FACTORS

3187 AND 52 ARE PACKED WITH ‘rHE DATA . NO CHANNEL NUMBERS ARE PACKED ON T o

THE OUTPUT , BUT THE DATA IS ALWAYS WRITTEN IN THE SAN E ORDER AS THE IN T L”!

DATA: TEMPERATURE ~;hlANNEl. NOS. 101, 201, 301 , . . . , 114 , 214 , 314; THEN WIN!)

CHANNELS 1, 2, . . ., 16.

I N P U F  TAPES

FIVE TAPES ARE WRITTEN SERiAL LY ONT O ONE OUTPUT TAPE.  THE PRO CRAM

ASSU MES THAT THESE FIVE TAPES ARE IN ORDER AND FOLLOW EACH OTh ER I,N TI~fli.

IF THE LAST RECORI) ON TUE FIFTH TAPE DOES N OT END WIT!! A COMP LETE SCAN ,

‘f}h~ S LAST S~ 
‘
~ R W I L L  PROBABLY BE I,OST. ‘Fill: I NF[T TAPES MUST BE ASSIGNED WITH

FORTRAN ::I’RoI.Rs 10 , 15 , 20 , 25 , 30 I N T i I A T  ORDER (EXEC.  II U N I T  N O S .  “ D” , “I” ,

“ N ” , ‘ :1”
, 

“ 1’:” ) .  IF M°RE lOAN IRE OUTPUT TAPE [S TO BE WRIT ’FI - I R , EACH INPUt’ UNIT

~‘L-\Y BE RE! °AlO -I:1 AS II I N  AS THE CR OX’! Fl N I SHES CITE IT .  THE PROGRA M WILL

01:1:1 ND T I l L  TAPE I L  I TS AS 1’UEY ARE F I C l  SUE!). N fl’F THAT THE PROGRAM EXPECTS

F I V E  I C C I ’  F ‘l iP E l ’N I TS TO FE Ass I I  ‘lE D TO IT , RATHER THAN ONE :-!UI.T 1 — R E E L  1”l I T .

EACH 1 NP U l ’  TAPE I L  IT M I S T  BE A S S T C N E D  C I  ‘I ’l l EV EN PAR I TY , 800 BP I D E N S I T Y

(FOR 1401 ro~ i TAPES) , HARD WARE TRAN SLATE TO F I E L D — D A T A , .- \N l l  PARITY ERROR

OPT I 1N [F A V A I  !ABLE.  ES !’ ! FL-\TE 1) TIME PER INPU’F TAI’E [S BETWEE N TWO AN! )

T H R E E  N IN !’’ !’ ES , DE! ’ I - : : ;D I CI - ON THE NI’Mol- ; R OF REC -~RD ERRORS . INPUT IS (0)MPl,E’!’ilJ,\’

BUFFERED SI) THAT VERY L I T T L E  TI~U’ IS LOST ON TAPE READS .

_ _ _ _  ______________________________ -
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OUTPUT

OUTPUT TAPES ARE ASSIGNED FORTRAN NUMBERS 12 AND 14, I N  THAT ()RI)ER.

(ExEc. II UNITS “F” AND “II ”) - IF MORE THAN TWO OUTPUT TAPES ARE TO BE

WRITTEN , THE TWo UNITS ARE RELOADED AS NECESSARY . THE PROGRA M WILL REWINI)

EACH UNIT AS IT IS FINISh ED.

AGA I N , THE PR OGRAM EXPECTS TWO PUY S 1CM. UN ITS TO BE ASS l I N ED , RATHER

TItAN ONE NUI,TI—REEL UNIT. THESE UNITS MUST BE ASSIGNED WITH ODD P A R I T Y ,

800 BPI DENSITY , NO TRANSLATE . EACH OUTPUT TAPE REQUIRES I 1 N E  CARl) AS DATA

INP UT ; TillS 15 THE REEL NUWTER AND MUST BE A THREE DIGIT INTEGER BETWEEN ‘001’

AND ‘511’ (OCTAL 777) . (FORTRAN FORMAT 13) . THERE NUS’!’ BE ONE DATA CARl)

PER OUTPUT TAPE FOLLOWEI) BY ONE CAR!) WITH ‘000 ’ TO STOP TIlE PROGRAM . IF

TillS LAST CARD IS LEVI’ OUT , THE PROGRAM WILL EXIT BY ‘ERRS ’ RATHER THAN THE

NORMA!. EXIT , BUT OTHERW I SE N O T H I N G DRA STI C U1 LL H A P P E N .

LOAD ING

‘PACK ’ IS AN ASSEMBLY LANGUAGE PRO(;RAM WH ICh SHOULI) COMPiLE WITH ANY

1108 ASSEM BLY L AN CU AG E COMPILER. IT REQUIRES LIBRARY ROUTINES ‘NCD!’$’

‘N’I’RAC ’ , ‘NSTOP$’ , ‘NRDU$’ , ‘NIOlS’ , ‘N102$’ , AND ‘NINTR$’ - IF THIS LAS’I

R O U T I N E  IS NI)’!’ AVAILABLE , IT MAY BE ELIMINATED BY DELETING CARDS 98 ,-\N D

C I THOIJT AFFECT [NC THE PROGRAM. I F ANY I IF TilE OTHER ROUT I CR5 ARE I~ABELEI)

DI F’FERENTI,Y , REFER TO TILE REFERENCE TABLE AN!) CHANCE THE PROPER CARDS.

‘I’ll!-; PROGRAM ,-\ I,SI) REQUIRES tINE PROCEDURE , ‘ AxR$’ WI! 1 (111 I)EF’[NES REGISTERS ,

IMMEI) I,-\’I’E OPERA’!’ IONS , PART WORI) TRANSFERS , E TC.  T H I S  PR O CE I )UR E IS  V I ‘I A!, TO

‘TUE OP ERAT I ON OF “HE PROC RAM .

- ---~~~ _ ‘ -~~ ---~~‘-~~-~~~~~~- 
-‘ -_

~~~~~~~
-
~~~~~~ -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - _ - ‘
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‘PACK’ IS WRITTEN IN UNBLOCKED BCD CARD IMAGES , EVE N PARITY , 800 BPI

DENSITY , ON A TAPE LABELED ‘PACK TEMP . PROGRAM ’ . IT SHOULD BE COPIEI) TO

DRUM AND ANY REVISIONS HANDLED ON THE DRUM COPY , LEAVING THE TAPE COPY IN

THE ORIGINAL FORM . IN THE PRESENT FORM , THE PROGRAM REQUIRES OVER 6500

LOCATIONS FOR INSTRUCTIONS AND OVER 6600 FOR DATA (INCLUDING ALL LIBRARY

R O U T I N E S ) .

OUTPUT TAP E FORMAT

PACK’ WRITES AN OUTPUT TAPE WITH 755 WORDS (36 BITS) PER RECORD , AT

800 BPI DENSITY IOU) ODD PARITY. EACH RECORD THEREFORE OCCUPIES 5. 6625

INCHES OF TAP E , PLUS 0.75 INCHES FOR IRG , FOR A TOTAL OF 6.4125 INCHES

PER RE CORD . EACh! INPUT TAPE HAS ABOUT 2400 RECORDS WITH 8.98246 SCAN S

PER RECORD , SO FIVE INPUT TAPES HAV E ABOUT 107 , 790 SCANS. EACH OUTPU’I’

REC ORI) HAS 25 SCANS , SO ThEE OUTPUT TAP E WILL CONTAIN ABOUT 4315 RECORDS ,

U S I N G  APPROXTMATEI,Y 2 ,306 FEET OF TAPE.

THE FIRST 5 WORDS OF EACH RECORD CONTAIN CONSTANTS AND FACTORS :

RECORD WORD 1 BITS 1 — 9 REEL. NUMBER

BITS 10 — 18 TAP E TYPE

BITS 19 — 36 RECORD NUMBER

RECORD WORD 2 BITS 1 — 9 YEAR ( 9 OR 0)

BITS 10 — 18 I)AY

BITS 19 — 36 OCTAL 300000

RECORD WORI) 3 BITS 1, — 18 FACTOR 3187

BITS 19 — 36 FACT OR 52

RECORD WORD 4 : SAM E AS SCAN WOK!) 1 FOR TilE F! KS’!’ SCAN I N ‘I ’IIE RECUR! ) .

RECURI) WORD 5 : A,’! C AS SCAN WOK!) 1 FOR ‘ i l i I - ~ i , . -\S U SCAN IN TIlE RECI)RI) -

— ~~—‘~~~- - - ~~~~~~~~~~~~ 
‘ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -_ - .‘  — —
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FOLLOWING THE FIVE HEADER WORDS ARE 25 SCANS OF DATA , ALL CO!)ED TilE

SAM E , WITH 30 WORDS PER SCAN.

SCAN WORI) 1 BITS 1 — 6 FLAG

BITS 7 — 1 8  DAY

BITS 19 — 24 HOUR

BITS 25 — 30 MINUTES

BITS 31 — 36 SECONDS

SCAN WORD 2 BITS 1 — 18 FIRST TEMPERATURE

BITS 19 — 36 SECOND TEMPERATURE

SCAN WORlD 22 BITS 1 — 18 41 ST. TEMPERATURE

BITS 19 — 36 42 ND. TEMPERATURE

SCAN WORD 23 BITS 1 — 18 FIR ST WIND

BITS 19 — 36 SECOND WIND

SCAN WORD 30 BITS 1 — 18 15 TH WINI )

BITS 19 — 36 16 TIl W I ND

(NOTE : BiTS ARE NUMBERED FROM LEFT TO RIGHT)

THE FLAG IS SET TO “1” FOR A NORMAL SCAN ; IF A SCAN IS MISSING OR I N  E R R O R ,

THE FLAG IS SET TO “2” , THE PROPER TIME FILLED IN AND Al.!. DA’I’A POINTS SET

TO ZERO . IF THE LAST INPUT SCAN FROM THE FIFTH INPUT TAPE DOES N I 1 ’l ’ R E S T ’ l , T

IN A COMPLETE OUTPUT RECORD , TilE PROGRAM ZERO FILLS T I lE REST OF ‘l Eft REC U R! ) ,

IN C L U D I N G  FLAG A N D  TIME B I T S .
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WHEN THE FIVE INPUT TAPES ARE F I N I S H E D , THE P ROG RAM WRITES AN EOF ,

THEN WRITES A TRAILER : ‘FRAII,ER WOK!) 1: SAN E AS RECUR!) WOK]) 2 FOIl TIlE

FIRST RECORD ON THE TAPE.

TRA 1LER WORI ) 2:  SAME AS SCAN WORD I FOR THE FIRST SCAN ON THE TAPE .

TRAILER WORD 3: SAM E AS RECORD WOR I) 2 FOR THE LAST RECORI ) ON ‘I’IL E TA PE .

TRAILER WORD 4: SAME AS SCAN WORD 1 FOR THE LAST SCAN I 1 N ’l ’UE ‘l’Ai’E .

TRAI L E R  H U R l)  5: SAN E AS RECORI) WORI) 1 EXCEPT WITH TOTAL RECORI) LOI’N’I’.

THE PROGRAM THEN WRITES TWO MORE EOF ’S.

SAN PE RECUR! ) :

9 9 18 (9 9 18
WORD 1 REEL • TYPE : RECORD NO. ]YEAR : DAY OCTAL 300,000 2

18 : 18
3 DECIMAL 3187 : DECIMAL 52 SAME AS WORD 6 

j  
4

1 6  12 6 ~~6 6 1
5 I SAM E AS WO RD 726 

~~ ‘LAG : JJAY HOUR :M1N S E C  j 6

18 18 J 18 : 18
7 TEMP.CHAN 101 : TEMP.CHAN. 201 TEMP.CHAN .301 TEMP .CHAN.102 8

18 18 18 1 18 1
27 TEMP .CHAN.2 14 I TEMP.CH AN 314 WIND CHAN 1 : W I N D  dHIO~~2 J  2B

[ 18 18 6 I 12 6 : 6 6 1
35 1 WIN !) cHAN 15 WiND CHAN 16 FLAG: DAY HOUR MIN SEC

r 18 18 18 1 18
751 WIND CM. 7 : WIND Cl-! . 8 WIND CII . 9 WIND CM. 10 752

18 
‘ 

18 
— 

J 18 : 18
75 1 W I N D  CII. 11 WIND Cii . 12 

~ 
WIND CII. 13 WINI) CM . 14 754

I 18 1 18 I
~~~~~~ ~~ 

CII. 15 WIND CU. 16 ,j, INTER—RE CORI) GAP (1KG) 

“ - - ‘ -- - - _ _



EAC h RECORD S I ’A R ’l ’S  C I ‘I ’ll THE FIVE WORI ) II EA I)ER : THE TRA I LER RECUR!) IS CR

C O Y  ‘ LI E I ’E R  TAPE , j ’I I I , [ , I ) W [ N O  AN END—OF—FI LE MARK .

[‘RA IL ER REC ORD

EOF

____ 

~
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~~~~~~~~~
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I)~

NOTE ON READ I NG TAPES ON CDC 6600

EACH RECORD C O N TA I N S  453 WORDS (60 BIT), WITH 18 WORI)S PER SCAN . TILE

RECORD SHOULD BE BUFFERED INTO AN UNPUT ARRAY , THEN TRANSFER TO AN ASSEMBLY

PROGRAM. SINCE FIVE ‘1108 ’ WORDS EQUAL THREE ‘6600’ WORD S , THE PROGRAM

CAN WORK IN U N I T S  OF THRE E WORI)S.
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In trying to implement this program on the National Bureau of Standards ’

UNIVAC 1108 under EXEC 2, several  problems were encoun te red .  T u e  program

would have tied up six tape dr ive  u n i t s  d u r i n g  execut ion  b u t  only two at a

time are actually used , so the systems s t a f f  at LBS suggested using one

au lt i — r ee l  f i le  for  input rather than tive . After this change was oade ,

the program would not execute  p r o p e r t y .  ‘th e problem .-.‘as f i n a l ly  t r a ce d  t o

t h e  ‘ :;I’RAN ’ tape swapp ing  rou t ine  w h i ch  works  p r o p e r ly  unde r EXEC 8 but not

in EX IlE 2. The sys tems  s t a f f  at NII S  was very  hel p f u l  l)ut none of their

sugges t ion s  resolved the di f f i cu l t v .  There  f o r e , the  onl y alternative was

to w r i t e  the  tape  swapp ing sec t ion  d i r e c t ly  in assembly language . h oweve r ,

t h i s  would have t i ed  the  p rogram to EXE C 2 s ince t h e  tape r o u t i n e s  d i 1f e r

between the  two versions of EXEC.  Since :;BS was in the  process  of c on v e rt in ~

to EXEC 8 , a more logical  procedure  was to use EXE C 8 and not t r y  to make

the  program compat ib le  w i t h  EXEC 2. Due to various log i s t i c s  p robl ci- ;

involved w i t h  1)—tape data  r educ t ion  and p rocess ing  off campus , a decision

was made during the  f o u r t h  q u a r t e r  to p e r f o rm this task at the l]n i vorsitv

of larvland Computer Center  r a the r  than  at the ::~i t i on a l  Bureau of S t a n d a r d s .

Another problem came from the 1401 tape copies of the or i g ina l  dat . i

tapes . For some reason , the CO~ ied tapes had d ropped b i t s  and some evidence

of “print throug h” or bleeding of bits was i nd i ca t ed .  The ‘ N I RAN ’ rout inc

W~~S not able to handle  these  problems e c o n om i c a l l y ,  so a har dl ’,’a r e — I e v L ’l ro u t L i i i ’

was in se r t ed  fo r  t h ~e,’ i~T~~~N ’ read r o u t i n e  and d i r e c L  a s sembly  rout  m i’S used

fo r  tape swapping and ou tpu t .

~\ -icc t ion was added to the inpu t  rout  inc t o iiake p o s s i b le  d i  ri i’t

read ing  of f a i r ly  good t.ipes without going through t b -  1401 c’opv process.
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This routine will  work w i t h  most tapes as long as there are no end—of—

fi les except at the beginning and end of the tape.  h owever , the i n i t i a l

tes ts  w i t h  poor tapes showed that  the 1401 could recover more of the  data

than the 1108 .

A program was w r i t t e n  to  process the  ou tpu t  tapes f rom ‘PACK ’ . The

program computes h a l f — h o u r  average ternpe~ atures  and wind speeds centered  at

the h a l f — h o u r  and hour .  Since one tap e provides about two weeks of data ,

longer averages are also possible w i t h o u t  tape swapp ing rout ines . The

a na ly s i s  in Sect ion IV makes use of such 30—minute  averaged p r o f i l e s  except

fo r  ce r ta in  of th~ spec t ra l  analyses .

Considerable  progress  was made dur ing  th i s  p r o l e c t  in conver t ing  the

raw TREND da ta  tapes  in to  usable i n f o r m a t i o n .  This progress  was not w i t h o u t ,

its problems and delays , as noted before . The efficiency of data reduction

increased  w i t h  the  t r a n s f e r  of all pro cessing to the University Computer

C en t e r  a l t houg h the u n a n t i c i p a t e d  e x t r a  expense of p re l iminary  IB M 1401

copying  and Univac 1108 repack ing  was borne l iv t h i s  c o n tr a c t  accoun t . This

u l t i m a t e ly made i t  necessary  to t ermina t e  these  p r e p r o c e s s i n g  a c t i v i t i e s

b e f o r e  a l l  the  raw I~~t~~pi~’s were  repacked .  i n r et  r osp ec t , however , we a re

q u i t e  p leased to have salvaged as much da ta  as si ’ have .

‘fable 1 provides  a d o c u m e n t a t i o n  of the l~~t ape  da ta  p roces s ing . The

set of remaining raw input  tapes is “ roug h ” enough to cause minor  p rob lems

in any f u t u r e  a t t e m p t s  to comp le te  t h e  p r ep roces s ing  of  the ‘tREND pro joel

data record.  For exam p le , c e r t a i n  r aw 1)—tapes (e . g . :  ~ 32 2 , 388) are missln ~

so that there will be gaps I i i  t h e  d a t a  -nvc raei ’ i uih’s’; they i n ’  found. I t

input t a p e - i  ( e . g . :  #340) yielded fi r I t ’s, dal i than i’npt ’ettnl i t )  t ’r pi ’ ’, ’ ( ’ - s i f l ’ ’, .



i ’ABI,E 1 .  .Ct’l>IA RV OF PROCESSE D D— TAP E DATA (Both  7 — t r a c k  and 9 — t r a c k  o u t p u t  t a p e s )  2 1

D a te s  of  7 l i .
‘ i r  I:.j~,u~ L.1,p~’s Data  Cove raj~e I np u t  R e c o r d s  Ou~,,

p~ t Reco rds Total  Scans Bad Scans  8c~~~
) —‘37 . 2 3 8 , ~~u , ( Y ’ 2 5 / n 9 )  — 12 , 112 4314 107 , 85(1 1073 1, -

23 1 , 233 (1 )/8/69)

2 7 5  2 7 3  , 2 7 -., 2 7  3 , ( 1 2 / 1  6 9) — 10 ,871 3879 96 ,975 110 ‘ ‘ 1 :
2 7 7 , 2 7 , ’) ( 1 2 / 1 2 - 6 - ) ) -

28, , 286 . 287 , ( 12 2 .06 $)  — 10 , 7 17 3850 96 , 250 8
2 3’) . 2 90 ( 1 / 8 - 7  1)

3 2 9 ) , 292 . 2.0, (1 / 3  7 0 1  — 10 , 6 17  3814 95 , 350 10
2 ’ -  ( 1/ 1 9 / 7 ’ )

1) 1  ‘~~ ‘~~ 3)11 , W / 1 - J / 70 — l O , i 3  3 ) 4 1  98 , 65 1) ‘59
3 - 1 2 ,  3 - .  (2  13 /7( 1 )

1 0  ~u i , Is , l u s  ( 2 / 1  5 / 7 0 i  — 12 , 006 33 i s~ I ) 7 , a 5 0
309 , 31)  (2 28 70)

116 3 1 2 , 3 ) ~~, I I ” , i ,’ 2 8 7 0 )  — 11 , 1) 2  4 2 31 ) 136 , 000 2 7 3
3 1 7 , 318 ( 3 1 . 7 0 )

13 1 3 2 8 , 3 6 . 33 ) , 1 , / 7 0 )  — 12 , .8 4 3 1 1  107 , 7 7 5  1 1  - , 2
3 3 3 . i I’. I .  2 u  7 u )

33 ’)  33 ~~, .07 . 3 ) ” . I .  70)  — i i  .u 9 2  3 (0, 2 96 , 550 617 0.
3 . . , 1 , 1  ( ‘. ‘ 3 ’ 7 ) )

35 . , 3 u 2 , 3d - . ( 3 - 2 .  7 1) )  — 12 , 127 3 3 3 .  51 , 9 7 5  I . , 121 3 0 ”
b .  3s. ( 0 ’. 7 ’ ) )

3 ’ ) , 1’ , , . I - - , ( I , ’ I - ’  7 j )  — 1 ,75)) 4 ) 1 ) 6  102 , 40( 1 1, 271  1 . .
3 7 , 1~~s ( 7 / 2 7 ’ ) )

371 . 372 . 3 7 . , ( 7  2 7 0)  — 1 . 7 4 )  3-86 2 96 , 550 38
1 7 1 , 7 ’ ( 7 / 3 4  70)

330 3 7 7 . .06 . 1 3 1 1 , (7 2 3 / l u )  — 12 . 00’) 4 2 8 7  107 , 175 2
381 ( -8 ’ !  1/ 7 ’ ) )

39 5 3 ’) ) , (0 . , , , ( s - ’ 2 )  7 ’ ) )  - 11 , 98 1 3972 99 , 300 21 72 9  2 )
‘a ’ , ( ‘  13 / 7 0 )  

— —  — -

26 , 35 1 , 4 32 , 34-2 11 , 872 - , - -  -

i ’ 1TAi 8
I l l  36. : I’ip .at t ape 278 Is ~1i~’ r t  .

I n p u t  t . ~~’ ’ 2 9 5 is s h o r t
I n p u t  I up.’ 2 i $  cov .’r ~ lu.. p or i o d  (1 / 1 1 / 7 0 )  — ( 1/ 2 1  / 70) then

s k i p ~ t o  ( 2 / 5 / 7 0 )
I~~7’O t u p . ’ s  322 and 18$ ar ,  m i s s i n g .
Inpu t t a) . .- 323  .,a~, n o t h i n g  r eco rded  on i t .  

- 
-

I ; ‘ a . t  t a p.’ -3:, .) is s h o r t .
I n p u t  t Ipes 358, 362 ’ , 3 62 ” have sp. - . la l  p r ob l ems .
)..p .at t ap es 38. , 38a , 38’) . av . ’ ‘‘ n o i s e ’’ p r o h l e m s  r e l a t e d  t o

s i m , a l  t an ,- ’,. , r e c o r d in g  A — t ap. ’ 3 a i a -
I i p t a t  t Ip.’ 1 ) 3  y i e l d e d  o n l y  3 ,‘,o ’ d  sc ans

I n p u t  t ape I ’) .  y i e l d e d  about  13 , 000 of 1 - 1 .000 ~, - i . s  .



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~‘~~~~~—“- . -
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Such t ap e s  had to  be re copied and reprocessed a second t ime to  o b t a i n  more

n e : ir iv  the full amount of da t a .  F u r t h e r , at least one raw input  tape

(o3, 3) was found with no da ta  on i t  at all. Some input  tapes ( e . g . :  .1384 ,

385 , 309) pr e s en t e d  repack ing  problems due to “ noise ” which was gene ra t ed

by s i m u l t a n e o u s  A — t a p e  r e co rd ing  on s i t e . On the  more encourag in g s ide ,

some rai,’ input tapes w e r e  repacked without the prelir .Iinarv ION 1401 copy

work . Of the 40 input tapes ch a t  have been fully processed th is i’jr ,

010 ,U.25 scans LI. l ’je  been r e c o ver e d  of which only about . 2—1/ 1. a r .- had  or i i —

U~ - I )  1.’ sc.ms . Ov e r a l l , our experience with the data r .-duction m d i  .‘:ites

that a l.irge faction of the T}J~ cI project mi cro—m.’tecrsloc4ical to’.•:.- r data

can be sa lvaged from t h e  raw data tapes by the process m o  i- c u t  m i’s di”:eloped

by our research group provided prop er care and time is oiven to t I l e  e f f o r t .

it shou ld  be m e n t i o n e d  t h at f in al o u t p u t  tapes ar e ‘,: r i t t e n  in  b o t h  7—

track and 9—track versions . Since it is difficult to make 7—track Cop ies

of 9—track tapes , this dual output i.’as done in order to preserve t h e unique

tRF ,~ko data as a universal da t a  source for future a n a ly s i s  and research .

Uenc e , an~’ future requests for copies of t h e i’ RENI ) m i c r o — m e t e o r o l o g ical da ta

can be handled using output tapes of the s ame t’o r : I . It  as r e q u e s t e d .  
-

‘

it was virtua lly impossible to  p r e p a r e  a n a ly z a b le  da ta  t a p e ;  I rca

the analo ,ue (A) tapes p a r t ly due to ex t r a financial squee ze and p~irt lv

due to insufficient informa tion regarding the original preparati on of

~\ — t apes . 

-- ‘--- ‘ -~~~ ‘ --~~~~- - ---- -‘ --“~~~- - --~~~~~~ - --- -~~~~~~~~~~~~~~~~~ -‘ ‘-- ‘ -- ‘--
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Certain radiation , dew point temperature and wind direction information

fo r  l imi t ed  periods have been keypunched f rom data  p r i n t o u t s  made f rom

some of the A—tapes  du r ing  the  original  TREND f i e ld  exper inents . These

data are summarized later in this report . In add i t ion , some da ta  from the

various groun d s t a t ions  in the TREND exper imenta l  area were made ava i lab le

to us by USAETL and these serve as the principle source of information

for  the cl imatolog ical summary in the next sect ion.

SECTION I I I  — CLIMATOLOGICAL CONDITIONS IN THE SAKAERAT FOREST

1. CLINAT OLOG ICAL SUMMARY OF THE EXPER iMENTAL AREA

To p lace the  micrometeoro log ical s tudies  of the forest into proper ch ina—

tological context , data from the principal surface station were summarized

o ver the nearly three years of record to construct a climatology of the area .

(:omptiter printouts of hourly values of temperature , relative humidi ty , pre-

cipi t a t ion , pan evapora t ion  and hours of  sunshine were  avai lable  from the

o r i g inal  f i e l d  exper imen t .  The data were averaged over each month  of the

record f rom November , 1967 , to Oe p t mbe r , 1970 . U s i n g  the average a i r  tem-

p e r a t u r e  and re la t ive  humid iL ’. v i lu e s  for  each month , values of “ e f f e c t i v e

t e m p e r a t u r e ” were o b t a i n e d  in co .‘e i i t i o n a l  f a s h i o n  (Landsb erg , 1970) . Basi-

cally , the  e f f e c t i v e  t empera tu re  takes i n to  account the combined e f f e c t  o0

t e m p e r a t u r e  and h u m i d i t y  on a person ’s com f o r t .  E f f e c t i v e  t e m p e r a t u r e  i s



de f ined  as a sensat ion in which , fo r  a g iven air  t empera tu re  and h u m i d i t y ,

the s t a t e  of comfo r t  is equal to t ha t  exper ienced for  an environment  at a

lower temperature with saturated conditions . That is , air would have an

effective temperature of 20°C ii it feels the same as air at 20°C and l002~

r e l a tiv e  h u m i d i ty .  For exam p le , th is  would be the case for  a i r  at 22 .5°C

and 50% re la t ive  h u m i d i ty  or at 25° C and 10% r e l a t i v e  humidity. Averages of

h o u r ly  va l u e s  of effective temperature were compared w i t h  values computed

from daily averages of temperature and relative humidity for three test days ——

December 14, 1961; April 19, 1970; August 13 , 1970 —— to  see if one could ob—

tam reasonab ly close values wIth the lesser computation frequency .
0 

‘JOe mean

daily effective temperature for these three days were , respectively , 14 .3 °C ,

27.1°C and 24.7°C. Corresponding values of effective temperature computed

f rom the dail y mean t empera tu re  and re la t ive  h u m i d i ty  w e r e , r e s p e c t i v e ly ,

14.6 ° C , .17.4° C and 25.1° C, These are t o l e r a b l y  r e p r e s e n t a t i v e  values so the

summaries i nco rpora t e  values computed  on this latter basis.

Preci p itable water , U, in the atmospheric column over Sakaerat Experi-

ment Station were computed using the met) of Smith (1966) with empirical

( ‘.) values taken from Lettau (1970). These were computed using monthly

average values of temperature and re la t ive  h u m i d i ty . C a i l l e s  of the storage

of water vapor in the  a tm o sp h e r i c  co lumn w e r e comp u t e d  by t a k i n g  the  d i  i f . ’—

rences of preci p itahie water from month to month , ‘U. The advec t ion , ,\,

* See Sect  ion 111.6 f o r  f u r t h e r  documentation .

- - . .‘ ---“-- -- ‘-- - . -- -- - ‘ -.- -- ‘-‘.



of water  vapor into the a tmospher ic  column was computed as a residual in

the balance equat ion ,

Storage = Evaporation — Prec ip i t a t i on  + Advect ion

1.13 = E — P + A

Table 2 gives values of climatolog ical elements for each month of the

record at Sakaerat  Fores t.* Fi gure 4 shows a represen ta t ive  annual va r i a t ion

of each element determine d by f u r t h e r  averag ing overall  cor responding

months in the record. The f igures  on the number  of hours of day light were

taken from the Smithsonian Meteoro logica l  Tables on Dura t ion  of Daylig ht

fo r  the 15th of each month.

The cool , dry nor theas t  monsoon , associated wi th  h igh pressure  over

the As ian cont inent , is evident  in each year of record  in Table 2 dur ing

November to February  as well as in the annual summary . Dur ing  these periods ,

the t e m p e r a t u r e s  and relative humidities are comparativel y low . The tempera-

ture values indicate t h a t  the nor theas t  monsoon was less vi gorous during

1968— 69 than the o ther  two years in the record .  The average tempera ture

during these f o u r  months of 1968—69 was 25 .4 ° C as compared w i t h  21.7 ° C for

1967—68 and 2 2 .2 ° C fo r  1969—70 .

The representative annual cycles of temperature and effective tempera-

ture show maximum values (27.5°C, 24.9°C) during the transitional month of

March and minim iun values (21.5° C , 20 .0 ° C) in I) ecember. The annual  average

t e m p e r a t u r e  at Sakaera t  was 2 5.0 ° C and annual  average e f f e c t i v e  t e m p e r a t u r e

was 23.5° C , w i t h  on ly  a 5—6C ° v a r i at i o n  in  c i  t h i ’ r d u r i n g  t he  year.

* h i . ’- ; . ’  , h . i t . i  are p l o t te d  in  Fi~~.in. ’ Y .

-‘ - -
~~~~~~
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TABI.E 2. Monthly Values of Chimatolog ical Elements at
Sakaera t Experiment St:ation , Thailand .

T R.H. T Hours Hours Precip itation Evaporation 11 ‘.hJ/ ’ t A
Month (°C) ( %) ~~~

‘ 

Sun— Day— (mm ) (mm ) (mm) (mm) (mm )( C) shine light Total Dail y ‘I’otal Daily 
____ _____

11—67 22 .74  85.0 21.8 6 .4 11.43 9 2 . 4  3.1 — — 3 7 . 7  — —
12—67 19.13 7 7 . 0  18.2 7 .6  11.25 00.0 0. 0 — — 27 .0  — 10 .7  —

1—68 21.12 68.8 19.9 7 .7 11.33 00.0 0. 0 — — 27. 4 + 0. 4 —

2—6 8 22.82  67 .4  2 2 . 4  7 .8  11.67 2.1 °~0.l — — 33.6 + 6.2 —

3—68 26.36 70.8 24 .3 7 .7  12.03 2 3 . 2  0 . 7 5  — — 38 .4 + 4.8 —

4— 68 25.38 78.6 23.9  6 .3  12.47 138.7 4 .6  — — 40 .2 + 1.8 —

5— 68 26. 09 82.8 24 .8  6 . 3  12 .83 2 2 7 . 2  7 . 3  — — 44.2 4.0 —

6—68 26 .28 82 .4  25.0  4 .4 13.00 81.0 2 . 5  — — 48 .4 4 . 4  —

7—68 26 .58 78.8 25.3  5.5 12.93 32 .5  0.9 147.56 4 .76 47 .1 — 1.3 —116.4
8—68 26.59 7 7 . 3  24 .9  4 .9 12 .63 50.9 1.5 137.70 4 .59 46 .1 — 1.0 — 57.8
9—68 25.43 78.5 24 .4  5. 2 12 .22 138.3 4 . 6  111.00 3. 70 41 .1 — 5.0 22.3

10— 68 23.47 85.0 22 .5  6.3 11.82 89 .4  2 .9  95. 48 3.08 39.7  — 1.4 — 7 . 5
11—68 24.37 7 9 . 2  23.0 7.9 11.43 4 . 9  0 . h  125.70 4 .19 39.1 — 0.6 —121.4
12—68 24.95 67 .3 22 .8  8.1 11.25 0.0 0. 0 145.08 4 .68 33.9 — 5.2 —150.3

1—69 25.12 68.9 23.0 6. 5 11.33 15.3 0.5 122.45  3.95 34 .9 1.0 — 106 . 2
2—69 2 7 . 2 4  60.3 23.4  8.1 11. 67 0.0 0.0 183. 40 6.55 34 .6 — 0.3 —183.7
3—69 27 .58 65.5 24 .9  6 .9  12.03 152.9 5. 0 175.15 5 .65 38.2 3 .6  — 18 .7
4— 69 27.53 68 ,3  25. 0 7.5 12.47 74.1 2.5 187.20 6 .24 39. 6 1.4 —11 , 1.7
5—69 27.02 76.2 25.1 5.6 12.83 110.1 3.7 150.04 4.84 42.9 3.3 — 36 .6
6—69 26.53 82.1 25.2 4.6 13.00 146.0 4.9 137.70 4.59 48.7 5.8 14.1
7—69 25.71 82.6 24.5 4.1 12.93 110.3 3.5 122.14 3.94 “6.8 — 1.9 — 1.3.7
8—69 25.62 80.9 24.3 5.4 12.63 169.6 5.5 107.88 3.48 45.5 — 1.3 60.4
9— 69 25. 02 85.0 24. 0 4 . 2  12. 22 370.1  12.3 7 2 . 60 2 . 42 43 .8  — 1.7 295.8

- 
- 10—69 24.48 85.0 23.5 5.3 11.82 151.4 4.9 84.94 2.74 42.2 — 1.6 64.9

11—69 21.59 81.6 20.6  6 . 2  11.42 57 .4  1.9 76.80 2 .56 34 .0 — 8.2 — 27 .;,
12— 69 20.36 70 .3 19. 0 7 . 4  l 1.2~ miss ing 121. 83 3 .93 26 .6 — 7 . 4  —
l ’/O 21.70 69.5 20. 1 7. 4 11.33 18.8 0.6 127. 41 4.11 28 .7 2.1 —106 .5
2—7 0 25. 29 63.3 22.8  8 .2 11.67 10.3 0. 4 172.20 6 . 15 32 .5 3.8 —158 . 1
3— 70 28.45 65. 5 25. 6 7 . 2  12.03 71.5 2 .3  213.28 6.88 40 .2 7 .7  — 134 .1
4—70 26.89 73.3 24.8 7.1 12.47 136.3 4.6 149.40 4.98 41.0 0.8 — 12. 1
5—70 27.21 76.9 25.4 6.1 12.83 177.4 5.7 141.40 4.55 43.8 2.8 38.8
6—7 0 26 .62  79.5 25.1 5.1 13. 00 139.8 4. 7 113. 40 3.78 47 .4 3.6 30. 0
7— 70 25.98 79 ,6 24 .5  4 .5  12.93 90.7 2 .9  129.27 4.17 ~5.9 — 1.5 — 40.]
8 7 0  25.26 81.5 24.0  4 ,9 12.63 146.0 4 . 7  100. 75 3 .25  45 .1  — 0.8 44.5
9— 70 25.11 83.1 24.0 5.0 12.22 248.3 9. 2 95.10 3.17 42 .8 2 . 3  155 .5

it’
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The relative hi,unidity generally falls during the rnonsoonal period

reaching a minimum value in February . The period minimum value was s l i g h t l y

more than 607. dur ing  February , 1969 , the warmest February in the record .

The re la t ive  humidi ty  is generally largest in October , with an annual average

value of 85% , and smallest in February wi th  annual average value of about

64%. The larges t d i f fe rence  between air temperature  and e f f e c t i v e  tempera-

ture occurred during February , 1969 when the relative humidity reached its

period low value. The average air temperature during that month was 27.2°C

while the e f f ec t ive  temperature in the relatively cool dry monsoonal air

was onl y 23 .4 ° C , almost 4C ° cooler. In fact , the e f f e c t i v e  tempera tures

during the 1968—69 northeast  monsoon and cont inuing through the f i r s t  six

months of 1969 were considerab ly cooler than air  temperatures  due to a long

spell of relat ively dry air associated with that season ’s monsoon .

The northeast dry monsoon occurs dur ing  a period of r e l a t ive  min imum

day length yet the sunshine recorders measured relative maximum amounts of

sunshine during this period which indicates smaller amounts of cloud cover.

The preci p i ta t ion  traces are also small averaging general ly less than 1 mm/ day

during the nor theas t  monsoon .

The warm and moist southwest  monsoon general ly occurs dur ing the pe r iod

A p r i l  to September corresponding to the months  of maximum dayl ight . The

t empera tu re , preci p i t a t i on  and re lat ive h u m i d i t y  are general ly h ig h dur ing

th is period. The total rainfall during these six months was 980 mm for  1969 ,

939 mm for 1970 and a relatively smaller amount of 669 mm during 1968. Co n-

t r i b u t ing to the large to ta l  fo r  1969 was an average da i ly  r a i n f a l l  du r ing

_ _  _  _ _ _ _ _
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September  of t h a t  year  of nearly 12 mm/day . T h e  doub le maxima in precipi ta-

tion dur ing  the southwest  monsoon , shown in Fi gure 4 , is also evident in a

summary of Bangkok c l imatolog ical data  for  the period 1943—1952 from the

~oya1 Thai Navy which was prepared  b y Le t t au  (1970) .  This will be discussed

f u r t h e r  in the next section .

The re la t ive  humid i t i e s  are high during these monsoonal periods yet the

effective temperatures are lower than the air temperatures by a greater amount

than dur ing  the dry nor theas t  monsoon where  the air  temperatures are much lower.

The humidi ty  generally increases during the southeast  monsoon period achieving

i t s  maximum t oward the end of the period , although there was an intrusion of

dr ier  air  dur ing  Jul y—September  of  1968 which modi f ied  this  trend .

Th~ h igher  degree of cloudiness associated w i t h  the southwes t  monsoon

is r e f l e c t e d  in the  s unshine recordings  where re la t ively smaller amounts  of

sunshine occur  each day than dur ing  the northeas t monsoonal period . In

f ac t , the  monsoon cycle is well i l l u s t r a t e d  by the sunshine recording which

is roughly 180 ° out of phase w i t h  the cycle of day light dura t ion .

The p r ec ipit ab l e  water  record tends to parallel  the  re la t ive  h u m i d i ty

record ove r the whole per iod .  The e f f e c t  of t empera tu re  on the preci p i tab le

water is best shown for  Sep tember—Nove mber , 1968 where the  lowering a i r

t e m p e r at u r e  m a i n t a i n s  a lowering prec i p i tah ie w a t e r  value in the  face of  a

large p€ ik in re la t ive  h u m i d i t y  values . The e v a p o r a t i o n  tends to respond

t o  t h e  solar r a d i a t i o n  a v a i l a b le  at the  s u r f a c e  h u t  is also c o n t r o l l e d  by

— the  ambien t  r e l a t i v e  h u m i d i t y  and a i r  temperature . The evaporation is

) i t ’u. - r i l  1’ - l .irgest when air t ~‘m~~e r a t i ~ r . ’s a re  h i g h and a m b i e n t  humidit y is

low , - i t i c t  ry’nor ,ll ly smallest duri ;i ;~ period s of’ hi h ilo r ant -Lent Inunidi t v ,

f a l l  m g  t e m p e rat u r e s  and I ewe r h o u rs  of sunshine . S i m i l a r  tempt rature ‘ I I c ’ 

- - - - ~~ ‘- .~~~ - . _ _ _
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occur during the same months of 1969 and 1970 and seem somewhat characteristic

of the monsoonal climate.

The water  vapor s torage term is general ly  small t h roughout  the  per iod

w i t h  values w i t h i n  ± 10 nun/month and is not shown in Figure 4. The advec—

tion term shows the large monsoonal influx of moist air feeding the rainfall

systems of May and September with outfluxes of moist air from the region

during periods of evapora t ion  excess over p rec ip i t a t i on  dur ing  the n o r t h e a s t

monsoon. Average r a in fa l l  dur ing  May and September is 172 nun /month  and

252 mm/month respectively separated by three months  of lesser r a i n f a l l

wi th  local minimum during July of 78 mm/month. The preci pitation drops to

near zero during the northeas t monsoon season of December , January and

February . For the r a in fa l l  peak of May , about 90% (146 mm) i s  cont r i -

buted  b y evapora t ion , 17/. (29 mm) is con t r ibu ted  1w advec t ion  w it h  3 .3  mm

added to s torage . 1)uring September , 62~ (~~56 mm) is c o n t r i b u t e d  by

advection , 37/. (93 mm) is contributed by e v a p o r a t i o n  and 1.27 (3 .0 mm)

is cont r ibu ted  b y s torage . During the r e l a t i ve  minimum of July , there i s  a

f a i r l y  vigorous advec t ion  of about 43% (57 mm) of the  evapora ted  w a t e r

out of the region leaving only about 78 mm to rain out . Dur ing  the  dry

months of December , January  and February nearly all the evapora ted  w a t e r

is advected out of the column w i t h  l i t t l e  preci p i t a t i o n  and only m i n o r

changes in storage .

2. DIU RN AL VAR IATI ON OF CONDIT I ONS AT sAKAI:RA’r FO REST

Data f rom fou r  d i f f e r e n t  months of t h e  year  were ana lyzed  fo r  th i c i  r

d iurnal  va r i a t ions . Fi gures  5a , h , c , sh ow the  cor responding  values of

t empera ture , r e la t i v e  humidity and p r e c i p i t a t i o n  on an hour lv has is for t he

,: 
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months  of March , June , September  and December. Directing attention first

to the t empera tu re , Figure 5a shows i ts  d iurna l  v a r i a t i o n  fo r  each of  I

months . Tempera ture  maxima general ly  occur around 1300 l.ST—14 00 LST . i~

diurnal  va r i a t ion  for  the month of September shows a maximum somewhat  ear-

l ier than this . Re f e r r i n g  fo r  the moment to the  p r e c i p i t a t i o n  reco rd in

Figure Sc , it is seen t h a t  the r a in fa l l  during September has a max imum at

1400 LST w i t h  much lower values during the preceding two hours  b~~t ma in 1.~~ :i

hig h values th roughou t  the afternoon. This c h a r a c t e r i s t i c  of t h e  d i u r na l

rainfall cycle effectively shifts the temperature maximum to an earlier - -

by cooling the air dur ing those ra iny hours when the  t e m p e r a t u r e  wou ld

ordinarily be expected to achieve i ts  maximum value i f  sk ys were clear.

As was apparent in the month l y t e m p e r a t u r e  summary , t ile t e m p e r a t u i ’

highest during the t ransitional month of March when there are m o r e

sunshine near  the s u r f a c e . ‘t empera tures  are lowest d u r i n g  ), ‘cenhcr wIi~-c

t ine solar cycle y ie lds  the s h o r t e s t  day l igh t  pe r iod .  For each of  t i i t n ,~~ .

shown , t e m p e r a t u r e s  have t h e i r  m i n i m u m  values around 0600 .

T h e  r e l a t i v e  l iumidi ~ y d u r in g  t h e  s o u t h w e s t  monsoon month s is cons  i s  i

ab lv  h ig her  t han  d u r i n g  the  t r ans i t i ona l  month o ~I,ii ’ ,’!t and t tIe :: iont  h o

l)e cemher  d u r i n g  t h e dry  n o r t h i e a s  I monsoon .  D u r i n g  t in’ months of M a r c h

Decembe r , re la t  i~ c h um i d i t y  r eaches i t s  m i n i m um value around 1 4i)U— l~ Ou h, ~ ‘ *

t lie miii ima during J t ale and Sep te n ih e  r eec ii  r r Lug ~‘a i i  I~’ r , iL to ut noon. lii ‘ - .

month , the  min ima  in re la t ive  h u m i d i t y  tend to occur in ,- i s~--~oc at i ‘:~ w i t  ii

maximtun t empera tures  when s a t u r a t e d  m L x i  ng ra t  in  Va I t i e s  won l,d a( ’ hI i t - v t -  I I n - i  r

max im , i  ,i 1st . Re I a I I ye hum [di  Ly  i s  genera l i v  1,1 I g e  S t  in ( l i t ’ 
~ 

i t - , I , is- c l e t  i-

co in c id in g  w i t h  t h t e  t i n t -  o f  m in i :’ ii u u t em p e r a t u r e  t i l d  s , i t i i i ’ a t , ’ l m i x i n e , i . ~~t

- - , ,~~ , - -‘ -‘ “ — “ A’....S -” ’ ,. ,,,. —- —- 
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The preci pitation during I)ecember is virtually zero at all hours.

-\fternoon maxima are evident in each o f the other months shown with September

and June showing  t h e  l a rges t  values . There appears to be someth ing  of a sh o r t

p e r i o d i c  cy c l e  in t h e  a f t e r n o o n  r a i n f a l l , a l thoug h we did not  s ta t i s t i c a l l y

test for th is. During t i l e  rains ’ season , September  shows th ree  local peaks

in the  afternoon occurring at 1200, 1400, and 1600 and June show s local

peaks at 1300 , lhO O and 1900. This  sugges t s  a .1—3 hour  cy c l e  in t h e  a f t e r -

noon monsoonal  convect ion. Eaci t  of  t h e  t h r e e  mouths  of s i g n i f ic a n t  rain also

show nocturnal maxima ; a peak o c c u r r i n g  in t h e  e a r ly  evening  be tween  2000 and

.1~iOO , depending  on the  month , and an ear ly  morn ing  maxi mum a few h ours before - :

dawn . All  of  the months  show re la t ive ly small amounts  of rainfall between

dawn and noon .

3. 1NFERI)lUR7~A1 l’E>IPERA l’URE VARIATIONS

Th ie change of  t e m p e r a t u r e  f ront  day to day is a good measure  of c l i m a t i c

c o n d i t i o n s  • It gives a good index  of  res t  lessni ’ss of the local atmosphere.

A f r e q u e n c y  d i s t r i b u t i o n  of t h i s  e l em ent  for Sak ~t e r a t  Forest  is shown in

Tab le 3. The t a b l e  shows that t i le  i r e qt i~’ncv o f  r i s es  and t , i l l s  of temperature

f r om  day to d i v  is n e a r ly  svmmet  r i , , t l  l v  d i s tr i b u te d  a round  zero . The l a c k

of p r o m i n e n t  s y n o p t i c  disturb ances is exenipl  i f i e d  by t u e  f a ct  t h a t  YO~ of

the  i n t e r d iu rn a l  changes are less t h a n  2 ° c . these  are e s s e n t ia l ly  imper-

cep t ib l e  and c h a r a c t e r i z e  a monotonous b i o c l i m a te  w i t h o u t  s t i m u l i .  In t u e

w h o l e  p eru i~ ! of record there were on I v  8 cases when r i sos and f a l l s  bet ween

h a y s  equa l l ed  or exceeded 4 ° (~. S i x  o f  these were I a I Is and  are m i n o r  colt i
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outbreaks which once in a while even befall these low latitudes. By m i d d l e

latitude standards one would hardly notice them , consider ing the fac t  t h a t

the mean interdiurnal temperature variations on the  II. S . Great  Plains ~n

November to April is about 5° C and that values of 3°C are very common

(Landsberg , 1966).

The monotony of the climate is also borne out b y an i t e r a t i o n  analys is

(see Yule , 1950). This consists of a check on the length of period for which

the same sign of interdiurnal variat ion pers is t s .  Table 4 gives the number

of cases for  rises and falls of temperature of varying length in days , due

allowance being made for missing da ta .  There is a tendency for  rise per iods

to he somewhat longer than the falls, indicating that any cooling trend is

more apt to be short lived than warming trends.

The i t e r a t i on  tes t yields the results of Table 5. Even without any

further test it is immediately noted that the quick iterations from falls

to rises are considerab ly less than statistically expected and the long

intervals without iteration in sign of temperature trend quite inflated.

In f ac t , a chi—square  test  indicates a probability of 0.005 tha t  the oh—

served distribution could be produced by chance and deviate this much from

the expected. The statistical test confirms formally the earlier statement

that day—to—day changes tend to persist in sign and also t h a t  t h i s  is more

pronounced fo r  rises than fa l ls  of t empera ture . I f  one compares t h i s  type

d i s t r i b u t ion w i t h  conditions in hi gher  latitudes , espec ially in winter , one

encounters there a great many cases in the 1—day category with sign change~

In the short duration category overwhelmingly common. Instead of t h e

tendency for  pers i s tence  of t rend , as at the trop ical station , there is a

distinct pattern of oscillation. T u e  pe r iod  of o b s e r v a t i o n  at S a kae rat

Forest is too short to attemp t a seasonal breakdown. Sim ilarly the data ar  - - 

‘~~~~~~ -‘ -‘ 
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Table 3. P e r c e n t  Freq uency of  In t e r d i u r n al  Temperature  Change at

_______ _____ _____ 
S a k a e rat  F o r e s t .

0 U- .9 1.1-1.9 2.0 - 2 . 9  3 . 0 —3 . 9

,~ rise~ 
‘i ii 1 1

.1 ,,L- 13 3 1 0

( 5 7  -
~ c~c’-- ~ ’..

Ta~i~ c- ~- . c .  i~-~ o~ 51 sr”’i~ ~‘ith ~he sam e Si gn of In te rd iurna l

i -n, -~ r~itc~~. t - ~~n~ Sckasrat Forest.

2 ~ 
‘: 1 8 9 10 0

Fa] t~ L11 .1’ 3:~ 17 U 0 0 0 (496)

Rises i2(; ~7 33 23 7 3 1 0 0 1 (521)

Table 5. Ileratio ;i TesJ~~~p~~lied to  D a t a  of Tab lcs~~~4 .

Periods ( 1e n4 t t i ~ 1 2 ‘3 Days

~cnet ted 205 90 33
t a I l s

Observe 1 123 87 56

Expected 215 95 34
Rises

Observed 126 67 US

- - - - - - ~~~~~~ - ~~---- - -
~~~
-

~~~ 
- - _ _ _ _ _ _
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not adequate to per form an harmonic analysis In the search fo r  possible

rhythms in weather patterns .

4. COMPARISON BETWEEN SAKAE RAT FOREST AND OTHER SOUTHEAS T ASIAN LOCATIONS

Data presented by Anstey (1966) for several locations in Southeast  Asia

were compared with  that  at Sakaerat Forest to determine certain geographic

differences as well as differences due to forest exposure of instrumentation.

Table 6 shows the geographic configuration of all stations and the annual

total rainfall of each. Table 7 and Figure 6 show the comparison of basic

elements at four  of these stations which are at about the same latitude .

The temperature record at Sakaerat Forest closely parallels that for

Bang kok , which is about 190 km away from the TREND site. There is a f a i rly

consistent d i f f e r e n c e  in temperature  between these two locations which

averages 2 .5 ° C throug h the year , Bangkok showing the warmer temperatures.

This difference is due largely to differences in elevation , instrument ex—

posure between the two locations and the ci ty inf luence . Sub t rac t ing  this

annual average difference of 2.5°C from Bangkok values leave remainders

which are within 1.1°C of the Sakaerat readings for virtually every month

of the year .  This is so even though the data for Bang kok are from d i f f e rent

years than those for Sakaerat Forest. The main d i f fe rences  in the  annual

variation in temperature from the Bangkok summary and the Sakaerat Forest

data  occurs dur ing Ap ril and May , at the beginning of the moist , southeast

monsoon season. The correlat ion of tempera ture  da ta  at Sakaerat  Fores t  w t t h t

those at Nha t r ang  and Tavoy are generally worse , especia l ly  w i t h  Tavov sIi ~ w i i , ’

a much different annual cycle of temperatures.

_ _ _ _  
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TABLE 6. GEOGRAPHICAL CONF1UJ’TIATII)N O~ SOUTHEAST A SI A~ Ij LA T i ( ) ‘ ;S

R E L E V A N T TO TILE CLIMATOLOGICAL SUt ” -\R F.S F TABLE 7, FICURJ-:S U, 7, 8.

Annual lo ts ’
l o c a t i o n  E l eva t i on  (N ) L a t i t u d e  (N )  L o n g i t u d e  (E)  R a i n f a l l  ‘1’

I langkok (Tha i l and  2 13° 44’  100° 30’ 140( 1

C~iapa  (~~. V i e t 1~ao) 1641 22 ° 22 ’ 103 ° 52’ 2860

Da la t  (, - . Vie tNam ) 1501 ll ° 37 ’ lO8 ° 26 ’ 1803

ELsie  i (d . Vietdam ) 7 2t °t ) 3 ’ l05° 52 ’ 1808

r\o ca i L i r u  (Nalaya) h 6 ° O8’ 102 ° 15’ 3147

Luang Prabang (Laos) 34( 1 19 ° 53’ 102° 08 ’ 1308

h a n d e l  s~ (B urma)  76 21° 59 ’ 96 ° 06’ 846

:d t a t r an ,-~ (S. V1e t ~~- -cn) U 12° 15’  lU9°12’ 144’)

L iag oon (B u rma) U lU ~ 47 ’  96~ l3 ’ 2507

a c  ( S .  \ ‘ i € t N a m ) i i  lO °4 7 ’  1E ) 6~~40’ 19 7 5

Sak ierat Forest (thailand) 55 1) 14° 31’ 101° 55’ 1133

l .tvov (Burma) h l4 °05 ’  98° l2’  529 1

L~~
. 
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The record of relative humidi ty  at Sakaerat Forest most  closel y re-

sembles that of Bangkok but in this case, the discrepancies are mucit larger.

Over the year , the relative humidity at Sakaerat  Fores t averages 9 percenteg-

units  higher  than Bang kok but  the month to month d i f f e r e n c e s  vary  f rom 1

percentage unit  in January  to 14 percentage units  in ~iav , Augus t  and ~~ove:-it e r .

The d i f f e rences  in c l imat ic  reg imes at the o ther  two locat ions  is again

in evidence in the re la t ive  humidity records with Nhatrang exhibiting a

somewhat similar regime during the southwes t  monsoon season but  depa r t i ng

considerably during the northeast monsoon and spring transftion. Tavoy ,

once again , shows a completely different type of annual variation.

The precipitation records of Bangkok and Sakaerat Forest show similar

regimes during the entire year wi th  monsoonal peaks dur ing  ~-lav and September ,

with an interceding relative minimum , and a compara tive ly dry w i n t e r .

Averaged over the year , monthly precipitation at Bangkok is about 22 mm

higher than at Sakaerat Forest , however , the range of monthly di f ferences

for individual months throughout the year is from 85 mm to —58 mm . The

precipitation at Nhatrang shows a large monsoonal surge from August to

December peaking in November and a substantially smaller , early season

peak in phase with that in Thailand . The preci p itation at Tavov , Burma ,

which is not shown in Figure 6 , exhib i t s  onl y a s ing le -su r g e  during tile

period April to November with a maximum monthly rainfall of 1242 inc occurri~~i~

in July. The comparatively large values at Tavov are p r e s u m a b ly  due t o  tit~~

lack of moun ta in s  or co~.t inent a 1  area on i t s  win d~ar d s ide  d u r i n g  the

southwest monsoon.

b - — __
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Since some but  not all s tat ions in Ans tey ’s summary exhibit double

maxima in precip itation , a further comparison of the rainfall regimes of

these locations was made in search of a consistent pat tern . Figures 7a—e

show a normalized [percent of annual total] annual variation of precipitation

for  selected stations chosen to illustrate the various monsoonal regimes.

The data have also been normalized to equivalent months of 30.4 days du ra t i on .

The normalization of the data tends to suppress certain systematic influences

of s tat ion elevation and la t i tude.

The coastal stations of Tavoy and Rangoon , Burma shown in Figure 7a

exhibit  only a single , advectively fed surge of rainfall. All other stations

have some continental fetch to the southwest and show evidence of an earlier

season , evaporatively fed surge as well. The northern inland stations of

Hanoi , Ch ap a and Luang Probang are the neares t to being in p hase w i t h  the

monsoon cycle exhibited at Tavoy but show some distortion attributed to earl’-

season evaporation from the land. Mandalay , Bangkok and Sakaerat Forest all

show an early season , evaporatively fed rainfall maximum in May with a sig n i t i —

cant depression of r a in fa l l  from June to  Augus t , the months of peak r a i n f a l l

along the coast of Burma. This suppression of rainfall is undoubtedly due

to the screening effect of the mountains and hig hlands at the windward  r eaeite-

of these stations . The monsoonal rains do not reach their maximum at t he s e

locations until September. Saigon and Dalat exhibit similar effects but are

farther removed from the drying in f luence  of the Burmese and ~lalavan m o u n t  1 i i

ranges and are also influenced by ex tens ive flow over the Gul f  o f T h i i  l a n d

during the  sou thwes t  monsoon. N i t a t r a n g  and Kota  Bh a r u  1)0th sh ow s i g n i  t i e an t  

—-~~~~~
, - -~~~~- . --~~~-- ‘-~~~~~~~~-~~~- ------~~--~~~~~~~~-- - - - ‘
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phase diffe rences from the other locations . Kota Bharu, being on the south—

western shore of the Gulf of Thailand with a highland area to its south and

southwest , shows generally low rainfall during the entire period of the south—

west monsoon bu t  a maximum during the early months of the northeast  monsoon

when it is leeward of the gulf. Nhatrang exhibits a similar seasonal

delay of its precipitation maximum since it has a large continental fetch

during the southwes t monsoon and is just leeward of highlands near the east

coast of Vietnam but is subject to the maritime influence of the South China

Sea in the later months of transition to the northeast monsoonal flow.

Figures 8a—d show the comp lex monsoon cycle of Southeast Asia in a geo-

gr aphic perspective . The surfaces represent the percent of annual total

rainfall which falls in each of four particular months chosen to illustrate the

phase relationships over the  area. Kota Bh aru data is not included in these

figures due to its unique situation relative to the distribution of water

and land . The normalization again tends to suppress some sys temat ic  eleva-

tion and l a t i t u d e  e f f e c t s  but  d i f f e r e n c e s  in fe tch  and orography c o n t r i b u t e  10

the complexity of the d i s t r ibu t ions. S ign i f i can t  var ia t ions  are apparent

between the  hi gher l a t i tude , in te r io r  s t a t i o n s , which are the f a r thes t  from

the t ropical  waters  of the An daman Sea and Gulf o f Tha iland , and the s t a t i o n s

in Thailand and at Mandalay which are closer to but protected from the sea

by the mountain ranges to the sou thwes t .  The opposing coastal stations of

Tavoy, Burma and Nhatrang , Vietnam illustrate the dramatic phase differences

in monsoonal ra ins  across the  reg ion. h u e  southwest  monsoon seems to be b e s t

i l l u s t r a t e d  b y the  coastal  s t a t i ons  of Tavoy and Rangoon , Burm a where  t he

nonsoonal rains beg in to bu t  id d u r i n g  May and Jun e reach ing a max imunt in

~

‘

~
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July. The evaporation from land areas is relatively high during the early

months so that interior locations also show an early season surge . Howeve r ,

locations such as Mandalay , Burma and Bangkok and Sakaerat Forest in Thailai 41 ,

being leeward of the coastal mountain ranges of Northern and Southern  Burm a

and Malaysia , show a decline in rainfall during June and July, the months

of maximum r a in fa l l  on the windward side of  these mountain ranges . These

s ta t ions  do not fu l l y exhibi t  the monsoonal e f f e c t  un t i l  Augus t and Se t t~~ ih ,  ~ -

The hi gher l a t i t u d e  inland s ta t ions  of Chapa , Hanoi and Luang Praban g  are

more nearly in phase with the coastal stations of Tavoy and Rangoon. l i e

stations along the southeast coastline show a significant delay of th e

monsoonal rains with Niiatrang , for example , experiencing maximum r ailliall

in October  and ‘bovember when the t r ans i t i on  from the  s o uthw es t e rl”  monso on

reg ime to the northeasterly monsoon regime impends.

5.  SU~t 1ARY AND CONCLUSIONS

The characteristics of the climate of Sakaerat  Forest , T h a i l a n d , i t ve

been discussed in this  paper .  The area is inf luenced b y a cool , d r y  n o r t h —

east monsoonal flow generally o f f  the Asian cont inent  dur ing the p e r i o d

from November to February  and b y a warm , mois t southwest  monsoonal  I h F- OF

o f f  the An d aman Sea and the  Gul f of Thai land dur ing  the p e r i o d  f r i ~~~ \ g r  i i

to Sep t ember .  This  l a t t e r  period is cha rac t e r i zed  by two d i s t in c t  r - i t f l I - t J l

surges in May and September separated by a period of lesser rainfall IltL r in ~

June and July. The climatic regime at Sakaerat Forest is somewhat si t -t b h o

to t h a t  a t  Bangkok , 190 km to t h e  s o u t h w e s t .  However , di  f f e r e n c~- - i n  I - I F -F:

t i on  and si g n i f i c a n t  d i f f e r e n c e s  in the  h eat  and mo is t ll r t- bal ini -~ i I) t i

l or e s t  y ie l d s  a consistent cool b iat- i  o f  about  2 . ‘t 1 i n  t h e  S t L , h i t i t  h- i ’ t ~ - s1

and a more compl i ca t ed  in t e r r u p t ion of t I m -  ann ua I I t V  c It- ~ F 1 re I I t  I V I  :~ :. j

~~~

_ 

compared with Bangkok. Both stations exhibi t  lowering t empera tures  i t i d
- - ._ - .—

~~~~~
— ‘ — 
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relative humidities during the cool northeast  monsoon . The evapora t ion

increases during this period due to low humidity values. The divergent

f low aroun d the Asian continental high pressure cell suppresses the pre—

cipitation , however , and leads to an advective flux of moisture out of the

Thailand region and re la t ively  low precipi table  water  values.

I)uring the warm , moist southwest  monsoon , the tempera ture , r e l a t ive

humidity , precipitable water and precipitation are all relatively high at

Sakaerat  Forest . Sakaerat , Bangkok and several othe r s t a t i ons  in southeast

Asia show double maxima in precipitation during the season , the first

surge during spring being supported largely by high amounts of evaporation

but the second and larger surge during late summer and fall being supported

by a large advection of moisture into the region from maritime sources

to the sou th  an~ southwest . Tavoy and Rangoon , Burma , on the  eas te rn  and

n o r t h e r n  shores of the An daman Sea , show sing le and very large monsoonal

riin fall effects extending from May to September  and peaking in July ,

about two months earlier than the surge in Thailand. iThatrang , Vietnam ,

and other eastern coastline stations in Southeast Asia , show relativel y

weak early season rainfall surges and the  la te  season p r e c i p i t  C It  ion  m I x i m l t m

comes one to two months  la ter  than  the  surge in Thai land .

Titus , the preci pitation cycles in Southeast Asia seem to  he t cornp lt-x

f u n c t i o n  of the seasonal shift of the circulation pat t e rn  in r e l a t  ion 1F F

t h e  d i s t r i b u t i o n  of sources of maritime air , and w indward r eac h es F t  t h e

warmed land evapora t ion  sources. Forest  cover , such as that t t  S I k I L I C i t

Fores t , f u r t h e r  mod i f i e s  the local heat , momentum and m o i s t u r e  b u d g e t s  so

that exchanges of these p r o p e r t ie s  be tween  t h e  e a r t h  and at n o s p i i t - r e , an d

- — ,—- ~~~~ ~~~~~~~~~ 
— 
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mean values of proper ties , are generally different than at urbanized but

otherwise comparable locations in Southeast Asia.

6. SUPPLEMENTAL INFORMATION

In this Sec tion, various supplementary results are included which

f u r t h e r  character ize the climatolog ical conditions at the TREND experiment

s i te .

In Section 111.1, mention was made of a comparison between daily

average values of hourly effective temperature and effective temperature

computed from daily mean temperature and relative humidity for three parti-

cular days. Table (8) shows the details of this comparison for December 14,

1967 ; Apr il 19, 1970; and Augus t 13, 1970.

Table (9) gives the effective temperature distribution for daily mean

values . The en t r ies  are the period average values of the number of days

each month with daily mean effective temperature in the intervals shown.

The entries in parentheses are percentages of the total number of days of

that particular month during the period of record at Sakaerat . The effec-

tive temperature gives a reasonable first approximation to heat stress

prob lems in tropical countries. It can furnish guidelines for  c l o t h i ng

to he worn and to levels of physical labor that can he tolerated. Et fecti v- F

t e m p e r a t u r e  is a fairly good measure of sultriness. This is , of course ,

a ~;uitjective sensation and , for non—indi genous individuals , a matter of

degree of acclimatization.
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Table 8. Daily mean of hourly effective temperatures compared w i t h  v a l u e s

determined using daily average temperature and dail y ave rage  r e l a t i v e  h u m i d i t y .

Time Dec. 14 1967 
Effective April 19 , 1970 Eff ective August 13, 1970 Effi-~~~Iv-

Temp. R. H. Temp . Temp . R. H. Temp . Temp. R. H. Temp .

0100 13.5°c 83% 13.0°C 2 7 . 7 °c 78~ 25.8°C 24.0°C 94~ 23 .5°t

0200 12.7 92 12.5 27.1 78 25.3 24.0 94 23 .5

0300 12.0 86 11.7 27.0 75 25.1 24.0 94 23.5

0400 11.2 92 11.0 27.0 71 24.9 24.0 92 23.~
0500 10.7 88 10.5 27.0 66 24.5 23.0 100 23.0

0600 11.3 86 11.0 26.9 66 24.4 22.9 9~h 2 .7

0700 12.0 78 11.6 28.0  63 2 5 . 1  2 5 . 1) 81

0800 13.4 72 12.9 30.0 58 2 6 . 3  2 ( . O  80

0900 14 .7  62 13.9 32 .0  56 2 7 . 6  2 8 . 5  70 2 5 . 9

1000 16.7 56 15.5 34 .0  52 2 8 . 8  30.5 59 2 1 . 7
1100 18.3 54 16.8 36~ O 46 2 9 . 6  31.2 56 27 . fl

1200 19.5 50 17.5 37.0 38 2 9 . 4  33.0 56 28. -.
1300 20 .3  48 18.1 38.0 39 30.1 33.0 56 28. - .

1400 21.8 47 19.3 36.3 42 29.4 31.9 70 28.9

1500 22.2 47 19.7  3 6 . 7  44 29 .9  2 4 . 2  98 2 4 . 0

1600 21.2 48 19.0 35.0 48 2 9 . 2  25.1  98

1700 18.0 64 16.7 34.0 48 2 8 . 3  2 5 . 0  98

1800 15.0 83 14.5 32.1 54 2 7 . 5  2 5 . 0  93

1900 14.0 87 13.7 30.2 62 26.8 25.0 86

2000 13.3 88 13.0 30.3 60 26.7 25.0 88

2100 13.2 90 13.0 29.9 66 2 6 . 8  2 4 . 0  98 :F 3 . R

2200 12.9 
- 

89 12 .7  2 9 . 2  70 26 .6  23 .9  100

2300 12 .7  92 12.5 28 .9  76 26 .6  2 3 . 2  100 2 3 . 2

2400 12.5 86 12 .2  2 8 . 2  8~ 2 6 . 6  2 3 . 9  98 2 3 . 7

Average 15.1 73.7 14.3 31.2 59.8 27.1 26.1 85.7 2- , . 7

Effective Temperature 14.6 27.4 25.1
de termined from daily
mean temperature and
relative humidity

— - 
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rable UI Monthly average values of ciimato logical elem ents aver aged ove r the  p e r i o d  o f

— — record at Sakaerat x-periment Station. 
_____________ — _____ _______ ______

Hours Hours Precipa— Evapora—
sun — day — tatlon tion

— 2fl.th T R. H. Teff shine flg~j (rnm) 
- 

(mm) U - ’t U / l t t A * A+

______ 
(°C) (%) (°C) 

_______ — 
Total Dali’ Total Daily ~~~~ (mraI 

_______ ________

1 22.65 69.07 21.00 7.20 11.33 11.4 0.37 124.9 3.94 30.2 1.0 —112 .6  —106 .4
2 25.12 63.67 22.87 8.03 11.67 4.1 0.16 177.8 5.33 31.5 1.3 — 172.4 —170 .9

3 27.46 67.27 24.93 7.27 12.03 82.5 2.67 194.2 6.27 38.9 7.4 —104. 3 — 7 6 . 4
4 26.60 73.40 24.60 6.97 12.47 116,4 3.90 168.3 5.61 40.3 1.4 —505 —62.0

5 26.77 78.63 25.10 6.00 12.83 171.6 5.57 145.7 4.70 43.6 3.3 2 9 . 2  1.1
6 26.48 81.33 25.10 4.70 13.00 122.3 4.03 125.6 4.19 48.2 4.6 1.3 22.1

7 26.09 80.33 24.77 4.70 12.93 77.8 2.43 133.0 4.29 46.6 —1. 6 —56.8 —56.7

8 25.82 79.90 24.40 5.07 12.63 122.2 3.90 115.4 3.77 45.6 —1.0 5.8 5.7

9 25.19 82.20 24.13 4.80 12.22 252.2 8.70 92.9 3.10 42.6 -3.0 156.3 157.9

~O 23.98 85.00 23.00 5.80 11.82 120.4 3.90 90.2 2.75 41.0 —1.6 28.6 28.7

j.l 22.90 81.43 21.80 6.83 11.43 51.6 1.70 101.2 3.38 36.9 -4.1 —53.7 —74.5

12 21.48 71.53 20.00 7.70 11.25 0.0 0.00 133.5 4.31 29.2 -7.7 —141.2 —150.3

Avg. 25.0 76.2 23.5 6.3 12.1 94.4 3.11 133.6 4.30 39.6 0.0 —39.2 —40.1

T ~al .132.5 1602.7 0.0 -470.2 —481.7

* — —
‘sidual of Average Value s : P — E + (tuU/tIt)

~Average of Residuals for the period 7— 68 to 9—70 (See Table 2) 

~~~~~~~~~~ - 
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TABLE h a. DIUR N AL VARIATION OF CONDITIONS AT SAKAERAT EXPERIMENT STATION

FOR MARCH.

C F~~ - 5 . :  - - ( “ c ) - - - 
- 

- :  l~~F i~ - - - I - ( IF (~
0 ’  I C Co ~;- -~~ -~- - ‘- — - ‘ ~~~~~ 3~~~~ - — _ ~~~~~~ 51 I— C C )  I — - -- . 

—

01 2 . 3  2: - .,: 01- . . 7 - , , -  0 7- c c  0 1 1 . ,  0 .0  1’ . ] > -  C . i . CH )

02 2 7 1 , 9 7! . 8 2 , 7  7-1 .7 19 .  O F t  71, . > : 0 _ C _ I  i t - C  0 . 1 3  . 0 1 1

(‘3 22 . 0 2 - 1.2 3 M ,  ~ J . r -  1)2  0 1 . 1 7 . 1  0 3 . 1 )  0. 01 0 . 1-1 (> 33

0”. 21 ,6  2 4 . 0  2 1. 1  2 1 .3 9 . 1  >1 . 1 F ’ . t  0 4 .3  0. 5 fl - C C  . 1 73

05 2 1 . 4  2 3 . 8  7 3 . 9  2 3 .0  ( : 0 . 4  0 1 3 5 ,  1 . 1, tOe Ct)  0 .00 .033
(16 2 1 , 5  2 3 . 7  - 3 , F; 2 3 . -i ‘15 . 1 01.8 0. 4 . 0  8 7 . 3  0.11 0. u01

07 2 2 . 3  2 4 . 2  2 6 . 6  3 3 . 7  > 1 3 . 3  0 1 . 0 L i . 9  0 -1 .7  0 .0  0. 02 . 0:01

08 2 5 . 0  2 4 . 0  2 1 , 2  2 5 . 9  7 7 . 8  7-3 1 7 1. 7 7 4 . 5  0.0 0 .00 .0-3 0

09 2 7 . 2  2 8 . 3  2 t . 1  3 . 2  (.4011 4 61.5  (-3 ): 0 0  0.0’) .0 1:2

10 2 9 . 2  32 , 3  31.3 30. ) 5 7 . 0  7 C C - i  iS ..! 56 . 1 ( 0 . 0 ’  0 .00 .003

11 30.8 31.9 33.2  32 .0  1.3 I F  - 3 4 5 . 2  0 .0  0 .0 ) 0  .000

12 3 1.8 33.0  3 4 . 4  33 . 1 6 6 . 5  > 3 .3  43 . 8 0 0 1 . 9  0 .0  C .O0
13 32. 5  32 .8  35.2 3 3 . 5  1 , 3  41 . 0 4 1 . 6  13.3  0 .0  0 .)  . 113

14 32 .2  33 . 1 35.0  33.4 ! . 2 .3: 1 40 .6  1.2 .5  0 .0 0 .2 / ,  0 .01 . 0) 13

15 3 1 . 7  32 .6  3’. . l  32 .8  /.1 . 5  4 3 . _I 4 3 . 2  4 3 . 6  0’ .) 0 .34  0 .0 1, .160

16 30.5 3 1.6  33 .2  3 1 . 0 1  4 0 1 . 0 ;  4 2 . 0  4 5 . 9  4 7 . 9  0 .0  0 .80, 0 . 4 5  .l.:,7

17 2 9 .6  30.0 31. 5 30.4 53 . 1; 5 3 . 3  4 9 . 1  5 1 . 9  0.0 0 .41  0 . 60  .337

18 28 .0  2 6 . 7  20 .8  2 3 . 8  ‘9 . 9  S M ?  5/ . 1  58. 4 0.0 0 .0)  0 . 1 7  . 3 ) 7

19 2 6 . 3  2 7 . 2  2 7 . 8  27 .1  ( - 0 1 . 5  £ 1 . 7  ( .4 . 5  (1 , 9  0.0 1.12 0 . 16  1, 7 7

20 2 5 .3  2 6 . 5  2 7 . 2  2t . 3  7 3 . 3  ( - .6  6 5 . ?  6 9 . 2  0.0 0 , 02  0 0 1 6  . 0 2 7

21 2 4 . 8  2 6 . 4  2,~.6 2 5. 9 /1. . ’) (5.6 / - , ? 73~ 3 (‘ . 1, 0 . 1 1 ) (‘ (‘4 .0 13

22 2 4 . 3  25 .9  2 6 . 2  :s.s 1 0 1 5 / 2 0 1 ’  7,’ .)  75 . 9 0 .0  0 .07  0 . 0 2  .007

73 23 .9  2 1.7  25. 1 2s . 5 8 ) .? 7 3 .7  1 . 8  7 8 .6  0 .0 0 .00  (1 . 1-) . 0100

24 23 .5 25.5 2 5 .6  ‘-. .9  [ 5 . 3 7 5 . ?  7 9 .9  (0 . 2  0 .0 1. 33  0 .0 0  - 13 3 

______________  _______
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TABLE lib . DIURNAL VARIATION OF CONDITIO NS AT SAK.AE RAT EXPER IMENT STATION

FOR JUNE.

T~ p’~~ s i r .- (°1.) P i t  F 2 .  >30  t .  ~ ) Prec ip itation (~~n)
ir ( - - 1.~~~~’) -.7r ti-- - - . 6 — 2 -  ( — 1 7 ’  ‘- 1 7 ,  o - .\- ,.g .  ~ -69  ( ‘— 6 9  6—7 0 (- —~~~~~ ;.

01 2 .1 2’..) 3-1 .1 :11 .1 93.0 90.9 59 . 5  91.9 0.00 0.15 0.03 .17- 0

0: 7 . 0  2 3 . 9  2 4 . 0  2 1. 0  93 .8  9 1 .6  (2 . 5  9 1 . 6  4 0.07 0.02 .031
03 :1 .9  7 0 . ); 3 3 , 0 1  2 0 . 8  9 4 . 2  9 1.6. 917 J 9 2 . 1 0  0.03 0.02 . 0 ) 1

04 7 o , 7  2 0 .1  2 1 . 6  3 3 . 7  9 3 . 8  9 1.1 ‘-2 .9 91.9 0 .00 0 .02 . 4 0 7

03 2 0 . 3 2 3 . 0 :  7 1 . 1 7  -03.8 9 4 .2  90 .0  9 1 .3  92 . 0  0 .30  0 . 0 2  0 . 0 2  . 1 1 1

00 ’ 7 . 9  33 . 0 2 0 . 0  2 0 0 -  94.t 9;o. (- ‘101 0 92.4 0.00 0.00 0.00 tOO

( 17 - .(  .3 . 4  7 - 1 , 1 7  7 . 0  1 ) 0 10 4 7 , 1- : 7 . 2  0~~.2  I 0.0- 1 0.03 . o : o .
02 : - . 7  1011 1- - 0 1 2 ~~. I, 0 1 . 3  4301- 7 1 . 1 7  [ . 0 . 7  0 . 02 0 .0 1)  - 2

(-‘0 2 0 1) 2 7 . 9  . 00. 3 2’ - ) . 7 4 . 8  7 4 . 0  ~~.S  7. ’ . 0 1  0.1 (1. 02 + . 1 7 - 1

11 - . 7  2 . 7  1 . 4  3 . 1  73. 7 77.2 (01) (.7 0.00 .0 -

2 1  33 .0  3 ) 1  1 . )  3 - 3  ( 1 .)  1 -1 .2 _I ’ .1 7 - . ?  4 . 0 10

12 7~~01i 7 : 3 . 7  3 1 . 11 32 .3  - . 7  ( ‘3 .3  (-7.0 1 ~~ :i - 0 .s t.-

13 1 3 t  31. 01 3’1. ’i C C . > :  1 - 1 .9  ( -7 . 1  7 . )  ( -0 1 8  - 0 . 1 0  11.6 1. ‘0 1 . 5  . 7 ? .)

14 z9 .9  301 1’ I ’l l 3- .! 01 , 2 ( - 5 . 0 ( ( ‘ . 01 0’ . 2 1  001-’ ( 2 ( 7  . 3 . - - -

J 5  201 ,’ 2 ’ . 7  79 , 4 , 2 1 . 5 ( ‘ . 7 ( 1 7 -  ‘6 , 7  1, , ’ . lt 0.6-0 0.7’. 0 . 14  . 3 - 1

36 2:: , )  .0 1  7 - 0 , 3 7 8 . 0  71. 2 71 01- ( ‘ i , 3  / i ’ . 7  1 . 1 0  0.91: 0 . 3 3  . I M I

17 2 1 . -I 2 2 . )  7:.2 .‘7.9 75.1; 74.1- 72.5 7-1 ,1 0.31) 0,-’’) 0.13 . 2 1 - 1

1% 2 3 . :  217e ;  2 / .0 2 4 - 3 1 7 1 . 3  79. > 7 9 . 5  01 - ’ . ?  0 .0 3  0 1 - 1  0.31 .11 :,

19 2 5 . ! 7 5 . 7  2 1 . 7  2 - 0  (:1 . 7  81. 1 01 .8  85 . 5 4 0. -I t) 0 . 15  . 1 1 0

20 2 5 . )  2 1 . 2  2 0 1 0  2 3 .)  87.5 1 7 1 . 2  1 0 7 . 7  111.1 0.00’ 0.25 .112

2) ‘/ 1 .9  ‘1 0’ -.011 7 1 . 0 1-9 . ’ 92 . ” 4 7 , !, .2  0 . 2 9  0. 02 . 1 : 0

77 2 - 7  2- ’ . ?  7 1 . 7 -  2 - . . 1 96. . -  9 3 . 1  18. ’. ~F . 1 0 . 1 - i  0 .36  .1,’ )

73 / 1, 1  2 . . ’ 2 ’, . 5 1 0 1 5  5 1 . . 93 .1  [- - ‘ .0 “ 1 . 2  0. 53 0 . 1 1  . 2 1 1 ’

i-i . -1 7 4 . 2  .‘4 .3  2-01 1 92 , 1 93 . 1-  “-3 .1 ‘;~~~~] 0 . 6 ]  0 .001  . 1 1 , 1

- . . _ -
— -------__ - ~~~~~~~~~~ _~~~~~~~~~~~ _~~~~~~-;* _ . ,  -- _. _ -  — - - - — --— —~~~ ----. —‘--_- 
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TABLE lic. DIURNAL VARIATION OF CONDITIONS ATSSAKAERAT 
EXPERIMENT STATION

FOR SEPTEMBER.

T, . 1 - - - , ; i - i r - - ( o )  h: l i H v -  ~‘~ 1 ;  - ( 3  0 : 501 ,
II ’ ,: 9 — 1 0 —  9~~’ ’; 0- 7 k -  i— , -,- . 1 — 0 ~ . ‘_ - ‘ - 5  ‘1 — 7 : ;  

~~~ - .- - - . 1 - 0 1 .  ‘ 0 - 7  6—-

01 - - ‘ . - , :1. 4 — . 1  : 7. 1’  9 > . ! 9, - ‘.; . t _  , 0... 0 . . . — C- . ( - . . ; — - 
-

(i2 2 1 . 1 7  270 .7 7 2 . 0 -  2 7 . 3  > , , 0 9 2 . -I ( 1 1 , 1 5 2 . 7  ‘ 7  0 0 . 1 3  0 .7 ,  . 7 ’ )

03 21.5 2 2 . 1 7  2 2 . !. 2 2 . 2  8 6 , 1  ‘10.7 9 7 .4  ‘.0 . 5  (1 .8 0 ’ . !. ’, 2 . 2 0 ,  0 1 0 ’
04 21 . /. 2 2 . 3  2 2 . 1  7 1 . 9  8 6 . 3  9 3 . 7  53 .1 9 1 .0  0.2 0 1 ( 6  0 ( 1  . 1 23

05 20 .1 22.2 2 1 . 9  2 1 . 7  86.0 p 4 . 1  5-1.1 9 1 . ’ 0. 2 (0 . 33  0 .07 i  . 1 0 7

06 21.1 2 2 .0  2 1.8 2 1.6  ( 6 , 2  9 4 . 7  9 4 . 01 9 1 . 0 < . 1  0. ) > 0 . 0 - i  . 0 1 2

07 23 .7  2 2 . 9  23.0 ‘.2 018.01 93.3 93.4 ‘>5 .9 - .1 0.34 0 . 1 ) 2

OS 25 .6 25 . 1 2 5 . 3  2 5 . 3  8 3 . 5  1-012 79 .9  83 .2  0 .1 (0 . ) )  001- ) . 1 7 7

09 27 .3 27.0 27.6 27.3 71.1 7 6 . 7  ( ‘9.! 7 2 . 1. ‘Mi 0 .0 5  4 . 0) 0

10 2 6 .]  28.5 2 8.8  2 8 . 3  6 6 .6  70.8  6 3 .9  6 7 . 8  < .1 0 . 0 ’ - .0 1:

11 2 9 .8  2 9 . 3  .0 3 . 2  2 9 . 8  ‘ ‘ .9  65 .7  6 1. 5 ( - 7 . 1  0 .0  0 . 0 ’. 
-

12 3001 2 9 . 5  30.7 30.3  56 .4  ( .6 .2  59 .8  (0 . 8  ( . 4 7  . 1 ’ , ?

13 30.6 29. > 30.7 30.2 55.3 (01.0 ( 1 . 5  6 1 . 6  0.0 0. 1: 0 .00  . 1 ’

14 30.0 28.9 29.3 2 - 0 .4 501 .1 7 0 . 9  4 7 . 9  65 . 7 < . 1 7 , 0 ’  l e O  J . - ’ 1 7

15 29 .0  2 0 1 . 2  2 6 .4  7 0 1 ,5  6 1 . 8  7 3 . 3  1 . .]  ( 9 . 1  0 . 7  1 . 3 1  ( I s)  7 , 7

20  2 8 .5  2 7 . 3  2 7 . 1- 2 / . 8  ( . 9  7 7 . 9  t o - . -’ 2 . -’. 1 . 2  0 . 7 9  3 . 2 7  3 . 001 7

17 2 7 . 3  25 .9  2 6 . 4  .8.5 72.1 8.018 83.1 7 9 . 1  0 ; .? ‘ . 1 7  0 . 2 3  . 0 1 1 - 3

18 2 5.9 2 4 . 7  25 .1 25 . 2  81.8 11.8  8~ . 5  (- - . 6  0.7 ‘i .27 1.]’l .771’

39 2 4 . 6  23 .8  23 .8  7 . 1  87.0  9 1 . 6  9 1 . 7  91 ’ .! 0 .5  ( . 15 (0 . 1 1  . 1 5 3

20 2 4 . 2  23 .4  2 3 . 3  2 1 , 6 89.1 93.1 91 .9  9 . 6 0 . 2  0 . 3 3  00 1 0  . 2 ) 0

2 1 23. 9 73 .3  23.1 2 3 . 4  9 0 .4  93.7 ‘ 17 . 4  F ? , ?  0.3 (1 .1 :  0011-I .3 1- 5

22 2 3 . 7  2 3 . 2  2 3 . 0  2 3 . 3  91 .2  93. 5 9 2 . ) . 9 7 . 1  (~. 3 (0 . 3 ”  0. 01 - ’ - . 2 ’  0

23 23.6 23.0 2 2 . 8  73 .1  9 1. 0  9 3 . 6  ‘12. 6 ‘1 2 . 5  (‘ . 3  (0103  0 . 00  . 3 6 1

24 23 . 6  2 2 . 8  7 2 . 7  23 .0  9 1.0 93. 01 9 . 3  ( : F , 3 0 . 7  (‘- . 2 - . 0 . 01 ’.. . 1 o /
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TABLE lid. DIURNAL VAR IATION OF CONDIT 1 0 5 1 - AT IAKAERA T EXPERIMENT STATION

FOR DECEMBER. 

- ,  - - ( °C~ 
01- : - . 0 -,- I ’  1 

__________ 
P t  e c i~~ ( t a t  to’, (r -~ )

- ‘1 - 0 1  t:’ 0 - -As (. 12-67 12-69 ~~~~~~~~~~ 
- -

(1 Ic’ .] i s . .- t L . U  , 
I 1’ 0

152 0 ” 7 ; . 9  2- ..’ 1 7 .  I -_ - - . . 3: - - , , -  I ‘, + 4

03 15. 1, : - j . 7  1 1 - i  1 7 . 1 .  9 - 1. 1  ‘ 17 . 1 7  - - “ . 2  ‘ J ’  7

01. 1 5 .0  2 1. - . 1- 0 1 ’  1 7 . 1  9 - . I ‘I ’0 . >  - . 2  - ‘ 7 . 1

05 1.. . 01 ‘ - - . 1 7  1 . . t -  16 . 7  ‘1’ .0 , - - - -  - 1 -

06 3.1 .5 . - - ( 1  2 5 . 5  I (- . / 0 .  ‘i ‘ ‘ - . 0 .  ‘ - ; ; ,  ‘ . 3

07 1 ’,. 8 - - — ‘ - . 11 . 5 17 . 2  - ‘ ‘ . ‘ - ( - . 2  1 - 1 . 0 0 - -

08 3 7 . ’. - - , . -, 1 - 7 . 3  2 31 .~ , 79, 1, ( ‘ - . 9  1 0 17  0 1 . 1

04 1 9 .5  7 ° - S . 7 > 6 7 7 . 0 .  . 2  5.1 . 7  ‘ - ‘ . 1: ‘ - 0 . 1-

10 21 . ’> 2 . - . C , ‘ .~~
, . 1 - , . )  C- , . i  - 1.9. 1 :- .

11 21. - ~1’ . 1 0 1 . 0 1 2 5 . 8  . 1.1 4 : 3 . 7  6 ) . (- ‘ 010

12 2 3 . 9  2 1 . 1 ’  . 5 . 8  ; o . 9 5 , 7  1. 0 1  1, 1 . ‘ - 1, 1 , 4

13 25.0 31 .7 014.0 - 77. ’- 5). — ‘1 .1 /, ‘01- ‘3 . 6

11 2 5 . 7  ~ 1. ’i 7 7 . 7  ‘‘ - . 3 4 6 . 9  31.1 -‘ .2 5 -‘. 1 . 5

15 2 0 1 . 1  i l . 8  2 7 . 1  7 - 3 . 3  !,( . ( .  3!, , ?  4 , 0 -‘. 1 . ’

16 26.0 31. 7 26.6 7019  4 3 . 9  23 .7  - ‘ - . 0, -‘. 7 . 7

17 23.6 2 1 0 . ’? 2 3 . 8  2 , / , 7 . 9  12. 1: ‘ - . 3  5 - 1 . 7

18 3 9 . 01 ‘ 5 . 7  2 0 . 9  2 2 . 2  7 9 . 7  .5 2 . 0  1 0 1 3  1 ’ . ’.

19 38.2 7 3 . 5  1 9 . 1  2 0 . 3  0s -’ . O -  6 0 1 . 6  1 0 .5  78 . 2

20 17.4 22. 4 18. ’, 39.0 008.3 16 .2  ‘7010 1 - ] , ?

21 3 / . 0  2 7 . 2  16 .5  1 9 . 2  85 . 0, 71 ’-. !. 0 1 . 0  0 .’. ?

72 16 .01 7 3 . 8  1 0 1 . 3  19 .0  9 0 . 6  ( ‘ 7 . 2  > 0 . .’. ( . 4
23 3 6 . 5  2 0 1 5  1 / 8  19 . 0  9 0 . 3  0 1 . 8  0 - 7 . 5  >01 .9

2- ,  1 6 .2  1 1 . 1, 17 .5 1 2 . 4  93 .9  > s & . 6  - . 0  7 . 2

~~ iIIIII___ _-_-- -.- _.-_.._. — -  -.-, — -. — ——--- —- -—..“
~~~~~~~

--‘—- .
~~

—,- —- - “ ,--- _,—.,-,---.-.— ----- _ —  —.— - — --——- .-  —.—--- — -  - — -—-—-,—‘
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FIgure 9. Monthly Variation of Climatolog ical Conditions at
Sakaerat Experiment Station. [D ee Table 2 for  T a b u l a t e d
Values.]
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In order to guide the selection of short periods for intensive study

of energy balances , turbulent fluxes , and the like , the en t ire period of

record at Sakaerat Experiment Stat ion was scanned to pick out days and/or

periods of significant weather conditions .

Table (] 2.I gives the dates of days with more than eight  hours of sun-

shine . The number of hours  of sunshine is also shown as well as a coded

symbol for  the precipitation events of each day . Thus , those days with a

b lank precipitation code represent clear days with no rain during the

twenty—four hour period ; dates with (*) or (+) are clear or mostly clear

days but with rainfall amounting te less than an inch for the twenty—four

hour period; etc.

Table (13) gives the dates of days with less than three hours of sun-

shine . A gain , tile number  of hours  of sunshine and the preci p i t a t i o n  code

are also shown for  each day . Thus , entr ies  w i t h  blank preci p i t a t i o n  codes

are cloudy days bu t  days for  which no precipitation fell in a twenty—four

hour  pe r iod ;  days w i t h  (.4-4.) are rainy days with more than  an inch of pre-

cip itation in a twenty—four hour period ; etc.

Finally, Table (14) gives dates of days with one fu l l  hour  of sun-

shine at noon during the period of record at Sakaerat Experiment Station .

_ _ _  — -.
~~~-- .  — -~~~~~~~ —----— --—- - -— .~~~—-~~~~~~~~-



TABLE 11 . DAYS W I T H  MORE THAN 8 HOURS IF SUNSHINE
DURINC THE PF.RIOD OF RECORD AT SAKA E RAT EXPERIMENT STATION

(Precipitation (P) Code: blank No rain , * between O—lOmm rain , + between 10—25,mn rain ,
-~‘~ greater than 25mm rain , N information missing)

Date Hours P Date Hours P Date Hours P Date Hours 1’
Sunshine Sunshine Sunshine S , ,n sh in e

1967 1968 1968 1968

1 1— 1 7  8 . 8  1—5 8 .9 3 — 5  8 . 4 5 — 2 6  8 . 0’ *
11—18 ~~~ 1—6 8.8 3—6 8 . 5  5 — 2 0  1 0 . 8
11—1 9 8 . 6  1—7 9 .0  3—7 9 . 1  6— 1 9  8 .1
11—2(1 8 . 4  1— 1 1 8 .5 3—1 0 9 . 2  6 — 2 0  8 . 4
01— 4 8 .1 1— 12 9.0 3—11 8.9 6 — 2 1  01 ,~.
12—5 8 . 9  1 — 1 3  9 . 1  3— 14 9 . 3  0 1 — 2 2  8 . 9
12—b 8. 9 1— 14 8 ,5  3— 15 8 .9  6 — 2 3  8 . 9
[2 — 1 1  9 .1  1—1 6 8 . 9  3— 17 9. 0 6—24  8 . 3
12—14 01 , 2 1—17 8 . 4  3—18 8 . 8  7—7 8 0 1
1 2 — 1 5  ‘3 .1) 1—19 8 . 3  3—1 9 8 . 4  7—8 8. 2
12—16 ~o ,9 1— 20 8.6 3— 20 8.6 7— 19 9. s
12— 17 8 . 6  1—22  9 . 0  3—26 8 . 7  7— 28  8 .0
12—18 8 . 1  1— 28 8. 9 3 — 2 7  9 . 3  8— 7 8. 5 *
12— 19 8. 9 1—29 9. 2 3—28 8.5 8— 19 9 . -. *
1 2 — 2 1 )  8 . 7 1 — 3 1  9 . 0  3— 2 9  8 . 3  8 — 2 ( 1  9 , 4 *
12—21 00 , 10 2 — 2 9 .8 3—30 8. 7 00— 21 10 , 1,
1 2 — 2 2  8. 7 2— 3 9. 9 3—31 8.0 8— 2 5  9 . 3
12 — 2 3  8.9 2 — 4 10.0 4— 1 9. 7 8— 26 8 , 01
1 2 — 2 4  8 . 7  2— 5 10 . 0 4 — 2  9 . 8 8 —2 4  10 . 3
1 2 — 2 5  10 , 1  2— 6 9 . 6  4— 3 1 0 . 1  9— 9 10 , 7
1 2 — 2 6  50 . 6 2—7 10 .1 4 — 4  9 .3 9— 0 1  8. 8
[ 2 — 2 7 ‘9 .1 1  2—8 9 . 5  4—15 8 . 4 9 — 2 2  8 . 0 *
12—28 8 . 9  2—9 8 . 9 4—20  10 . 3  4— 27 5010 +
12 — 2 9  8 . 2 2— 10 10 .1 4— 27 8 .5  9— 01; 00 , 1
12— 30 8 . 3 2—1 1 9 . 9  5—11 8 . 7  * 1 0—2 ‘9 . 7
12— 31 8 .9 2—13  8 .9  5—16 8 . 5  10— 3 9 . 1

2 1 5  9 . 4 5—20 9 . 3  1 o — 2 >  ‘o .b
1968 2— 1 6  9, 6 5— 2 1  10.1 [ 0 — 2 4  9 .7

2— 18 9 . 2  5—23 10. 4 10—25 00 ,7
1—2 8 ,9 2 — 2 7  8 . 4 5— 24 9. 6 1 1 0 — 2 0 ’  10 . 7
1— 4 -0~~7 2 — 2 9  8.5 5—25 8.3 10—28 0 .4

Date Hours  P Date Hours P Date  Hours  P D a t e  H, -- , r-. I’
S u n s 0 , j r , e Sunshine Sunshine  S u n , > ,  I

[ ‘ 0 0 1 8  1968 1969 1969

1 ( 1 — 2 9  ‘901 ,  1 2 — 1 5  9. 2 2— 12  10. 0 - , — 2 0  11) . -

10—3 1 10. 1 12 — 1 9 8 . 8  2—16 8 . 6 .— . ‘0 , ;

1 1 — 1  “ .6  12—20 9 . 2  2 — 1 7  9 . 1  - , — - 00 ..
1 1 — 2  9 . 4 1 2 — 2 1  9 . 0 2—18 9. 5 4 — 0 1  10 . ’ -
11—3 -~ .5  1 2 — 2 2  ‘0 .1  2—19 9 . 8  5 — 1  8 0 1 0  *
[ ( — 4  ‘ ( .5  1 2 — 2 3  9 . 2 2— 20 9 . 7 5— 5 “ . 0
1 1 — 5  ‘0 , 4 1 2 — 2 4  9 . 0  2— . i  9 . 8  5 — 9  4 ,~~

1 1— 7  - o .3  12 — 25 ‘0 , 15 2 — 2 2  9 . 7 5 — 1 2  10 . ”
11 —8 8 . 5  12—2 6  8 . 4 2 — 2 3  9 , 3 5— 0 1 )  00 , 1
11—11 “ . 5 12—27  10 . 3  2—24 8 .0 5 — 2 1  8 . 1
1 1— 12 9 .3  1 2 — 2 0 ’  8 . 5  2 — 2 5  8 . 0 01—2 0 . 4
1 1 — 1 3  9 . 4 12— 30 1 . 9 2 — 2 8  10 . 0 ‘ - — 2” 4 .;( *
11— 1 6 ‘0 . 5) 1 — 2  8 . 7  00— ( I l  8 . - ’  *
1 1 — 1 7  0 . , ) 1969 ( — 3  8 . 6 7 — 5  ‘0 , -
11— 18 9 . 3  3—4 8 . 9 ‘— 0 - , ‘9 . 1  *

1 1 — 1 9 “ .‘‘ 1 — I  50 .0, 1— 5 8 . 7 ‘ — b ,  ‘9 . 5
11— 2 0 9 . 1  1 — 2  9 . 1  1—8 9 . 0 io— i -. “ . 5
1 1 — 2 1  ‘ , O 1— 3 ‘0 . 2  1 — 1 0  “ . 5  ‘ 0 — l I -  4 , 1)
1 1 — 2 2  9 . 2 1—8 .4~~1, 3—2(1 8 .2  8 — 4  00 .00 *
1 1 — 2 3  ‘01,0 1— 1 0  8 , 8 0— .’? 9 . 4 8— . ? ‘0 . 4 *
1 1 — 2 4  8 . 1  1 — 1 1  ‘901 , 3 — 2 0 3  10 , 5 I - I — I l  - 01 1k
I l — I l ,  00 ,- I  — 1 5 )  ‘0 . 1  — ‘ ‘4 8 . 5 4 _ ’ 0  ‘.,~~
1 1 — 2 8 ‘ 4 .,)  1 — 2 1  10 . 8 — 1 0 8 , 7 I ’ I — ) )  8 . ’-
12 — 2 -0 . 1  1 — 2 3  50 , 3 * - — 3  8 .01 ) 0 — H -  00 , ’
1 2 — 1  4 . 4 — 26 -‘9 . 2  _ _ , — 4 _  ‘4 . 5 1 ; ’ — > 44 . ’-
1 2 — 4  ‘4 , 3  I — .’7 ‘4 , 5  -

j
, — )  8 , 4 1 , 1 — 0 0 0  ‘7 , 1 ;

1 2 — 5  ‘ . 1  ( — -‘‘9 9~~) , — ‘ 0  ‘4 , 5 1 ’ ’ — l ’ 0  44 , 1
I l — / “ . 4 .7— ’- ‘ .0 - . — ‘ ‘  8 , 7 1 ; ’ — 2 4 1  00 . *

2 — 4  - ‘ .2  1— 1, ‘0 ,4. 4 — 1 3  9 . )  ( ‘— 2 8 8 . i ’
(2— ’0 ‘9 .4, 2— 7 ‘4 . 01 4 — 1 4  ‘4 , 4 ) , ~— . 0 44 , ’,
1 . — I l  ‘0 . 1  1—40 4 • 7  - — 1 5 1 , 5 5 0  ) ; o — 4,1 8 . ’)
1 2 — 1 2  ‘ . 3  2— ’’ ‘4 .8 - — 1 6  ~~~~ I I - ’  44 .4
> 2 — 1 3 . ‘ 2 — 1 0 1  4 ,- . ‘ — 1 7  ‘4 . 7 > > — j l 8 . 4

1 -4 ‘ . - ‘ 2 — 1 1  ‘4 , 7  , — 1 8  ‘9 . -. 1 3 — 1 1  ‘4 .6

- - ----~~~~~~~ —~~~~
-
~~~--- --- -.-.-~--.. . - . - - - -  -- -- -,.-~~- -—- -—‘- .-- -- - 

-



TABLE 12 (CO NTINUED)

Dat e Hours P Date Hours P Date Hou rs P Date Hours  P

Sunshine Sunshtne Sunshine Sunshine

1969 1970 1970 1970

11—12 8 .4 1— 3 10. 0 — 2 4  9 . 7 4—3 0  10. 0

11— 13 8 .7 1— 7  8 . 5  2 2 5 9 . 7 8-2 8 . 9

1 1— 2 0  8 .3  1— 8 9 . 0 2 — 2 6  9 . 8 5— 3  8 . 3

11— 21 8 . 8 1—9 9 . 1 2 — 2 7  10, 2 
- 5— 8 9 . 4

o 11—22 8.7  1—10 9. 1 2— 28 10 . 1 5— 2 6 9 . 3

1 1 — 2 7  9 .1  1—1 1 8. 6 3— 2 8 . 3 5 — 2 7  9 . 1

11—30 9 .1 1— 12 10. 0 3 — 3  8 , 4 6—2 8 - 7

12— 1 9 .0  01 1— 13 9.0 3— 4 8 . 8 6—1 0 9 . 4

12— 2 8 . 7  01 1— 14 8 .4 3—5 8 . 2  6— 16 ‘3 .5

12— 3 8.9  N 1—18 9 .0  3— 9 8 . 6 6 — 2 4  9 . 2  *

12 — 4 8. 9 0-! 1— 19 9. 3 3— 10 8 . 1  6— 2 9 50 . 3  *

12—5 8 .9  >4 1—20 8 .1  3— 11 40 . 9 7 — 2 8 .0

12— 6 8. 7 >8 1— 21 8 .4  3— 12  8. 8 7— 3  9 . 6

12—7 8 .9  >4 1— 23 9 . 2  3 — 1 3  8.9  8—9 9 . 1

12— 8 8.9 >4 1— 24 8 .7  3—1 4 8 .9  8— 10 5 0 . 4

12—10 9 .1  01 1— 26 8. 7 3— 15 9 .1  8—30 10 .2

12— 11 9 . 3  01 1— 2 7 9 . 3  3—1, 6 9 . 1 8— 3 1  8 . 3

12— 12 9 . 2 M 1—2 9 9 . 3  3— 17 8. 8 9— 4 8. 5 *

12— 14 8. 6 N 1— 30 8 .9 3—1 8 8. 8 9— 8 9. 2

12—1 8 8 . 1  01 1— 31 9 . 5  3 — 2 5  8. 8 9 — 2 5  8. 3 *

12— 21 8. 9 01 2 —1 8 . 7 3 — 28 8. 3 10— 4 9. 1 M

12—22 8.9 N 2— 2 9 . 5  3—29 8 . 8 10— 5 8. 4 01

12 — 23 8 .9  N 2— 3 9. 4 3— 30 8. 6 10— 8 8.6 N

12— 24 8 .9  ‘1 2— 4 8 .5 4—9 8. 7 10— 10 8 . 1 N

12—2 6 9 . 2 ‘I 2— 5 9 .5  4— 10 9 . 6 10— 20 8 . 5  01

12—27 8.8 >4 2— 6 9 . 5  4— 14 9. 6 10— 25 8 . 5 N

12— 29 9 . 2  N 2—7 10.0 4— 15 10 . 3 1 1 — 5  9 . 3 H

12— 3 0 9 .9  ‘0 2—40  8 .9 4— 16  10. 5 1 1— 6  9 . 0  01

12—31 8. 8 01 2— 9 9 . 7  4— 1 7 9 . 9  1 1 — 7  ‘o , 2 ‘1

2 — 1 9 9 . 6  4— 18 10. 6 1 1 — 1 2  9 . 3 N

197 0 2— 20 10. 7 4— 19 10. 1 1 1 — 13 04 . 8

2 — 21 10 . 2  4— 20 10. 4 1 1 — 1 4  (0 , 3 01

1—1 9 .0  2— 22 9 . 9  4— 2 2  8 .1  * [ 1 — 1 5  8 . - ’ 01

1—2 9. 0 2— 23 9 .8  4— 29  8 . 0 * 1 1 — 1 7  00 . 5 0

Date Hours P
Sunsh in e

1970

11—20 8 .3  >4
1 1 — 2 1  8 . 1 N
12— 11 8 .0 M
12— 16 8. 43
12— 17 8. 8 04
12— 18 8 .5  ‘3
12 — 1 9  8 . 3  N

1 2—20 8. 6 M
12— 21 8 . 7  01
12 — 2 5  8 . 8

_s 
-~~~~



TABLE 1 0 . DAY S WITH LESS TH AN 3 HOURS OF SUN$ H I NE D U R I N G  TIl E P E R I O D  OF RECORD AT SAKAERAT EXPERI M ENT STATION

(Precipi tation (P) Code: blank, no rain, * bet ween 0— lOr mu, + between l O — 2 5 m m ,  -4-4- ~ rea t er  than 25mm, N I n f o r m a t i o n  miss ing

‘ate Hours P Date Hours P Date Hours P Date Hours F
Sunshine Sunshine Sunshine Su nshine

___________________ 
1968 1969 1969 

—

1 1 — 2 7  ‘1 .9 8— 3 0 .9 3 — 1 7  1 , 8 -4 -4- 8~, 7  5 ) 5)  *
11—28 2 . 7  8—4 2.1 * 3— 18 0 ,0 * 03—50 ( . 1) *
12 — 8 1, 8 8—5 0 . 4 + 4—5 0 . 0 -4-4- 8—9 0. 2 *

8— 10 0 .1 4—2 6 0 . 0 + 8— 1( 0 0011
1968 8— 11 0.0 4— 28 1.8 + 8— 1 1  0 . 7

* 
8— 1 2  0 .4  * 5— 7 0 . 0 8 — 1 2  001 ; *

~~* - .  8— 1 3  0 .0 5— 1 6 2 . 6 -
~~~ 8— 1 3  2 . 0  *0 . 1 8— 14 0 . 6 * 5 -2 7  1 . 4 * 9—3 0.0 +- j  - ‘— ‘ -. 3 

* 
8— 18 0 . 2  * 5 — 2 9  0 , 0 * 9— 4 0 . 0  ‘—‘-
03—2 1 2. 3 5—30 0 . 2 * 9—5 2 . 0 4  *
9 — 2  2 .8  5 — 3 1  0 . 8 * 9— 6 1.8 +.

~ ;‘
~ 

9— 5 0 .4  * 6—5 1 .3  * 9— 1 5  2 . 1  *
- ~~

‘ 
* 

9—6 0 .0 n — S 1 .5  9 — 1 6  01 .1  -4-4-
-‘— -* ‘ ‘  9—7 0 .0 6 — 1 2  2 . 3  * 9~~17 0 . 0 1  *

9— 1 2  2 .4  ‘0- 4- 6—13 1 . 7 + 9— 2 0  1 . 0  -o--~
- ‘ 

‘-. - 

+ 
9— 13 0 .3 + 6—113 0 . 0 9— 2 1  2 . 7  +

~— 013 0 .1 9—2 8 2 .7 * 6— 2 5  0 . 6 * 10— 2 0 .0  ~~— 6—1 1 . 2 + 10— 10 2 . 2  + 7 — 3  0 .8 * 10—5 1 . 8  *
~~~ ~~~ * 

10— 15 2 .9 * 7 4 3  0 .0 + 10— 6 1 .5
- 

- 
. 10— 16 2 . 0  * 7— 1 1  1. 5 * 10— 7 0 .6

+ 10— 21 0.3 * 7 — 1 2  0 . 0 * 10— 9 2 . 5  *
6 8  1 7  * 

10—22 0.1 +4 7 — 1 3 0 . 2  10— 27 1.6
11—25 0 .5  7— 1 8 2 . 4 + 1 1 — 1  1 . 2  +

6— 17 1.1  
* 

12— 6 1.9 7— 19 0 . 0 + 1 1— 2  0 . 7  *

~~~ 
~~~ 

* 
12— 1 0 1.8 7— 20 1 .5  1 1— 3 1 . 3  -o--’-

9 1. 
* 

7— 2 3 0 . 3  * 11—2 5 2. 5
6—30 1 . 3  196 9 7— 2 4  2 . 7 1 1 — 2 9 1. 9
7— 5  1. 8 7— ~~3, ‘ 8 12—19 1 6 ‘0

* 

~~~ 5 ~~~ * 
0 .0 * 12— 28 1:5

7—2 6 0.9 2— 2 1. 6 7—30 0 5
7— 2 7  2 . 2 * 3— 14 1 .7  8—5 0 : 7

Da te Hours P Date Hours P Dato Hours P
Sunshine Sunshine Sunshine

1970 197 0 1970

1—4 1.1 8— 3 0 . 0 * 12—5 0 . 0 01
1—5 0 .1  8— 14 0 . 4 12— 1 0 2 . 4 01
1— 6 1.1 8—1 8 0 . 0 * 12—1 4 0.1 N
1— 1 5 2 . 5  + 8 — 1 9  2 . 7 1 2 — 2 2  2 . 5 N

1—16 1. 2  8—20 0 .0 * 12 — 2 9  2 . 5-0 N
1— 17 2. 4 8— 2 3 00 , 1) *

O 2— 11 1 . 3  8— 25 1 . 1  +
1— 1 2 0 .0 * 8—26 0 . 0 *
3— 6 2. 7 9 — 2  1. 1
3— _ l i  I; . ‘ 4 — 9  1. 5 *
3—26 ~‘ . 0 9— 10 1. 1 +
0—4 2 .6  * 9— 1 1 2 . 1 *
3 — 1 3  1. 5 *0- ‘4—1 7 1 . 3  +4
4 — 2 0 ,  1. 4 * 9— 2 7  1. 0 01
S — I S  2 . o- +4 ‘3— ”4 1 .54 ‘1
5— 10, 1.~ 1 0— 11 1 . -’ 0- 1
5 — 2 3  4 . -, + > 1 ) — I l  .l .’3 0-I
6—40 1 .9  44—I- 10—1 6 - ; .~ 0 1-I
6 — 1 3  0 . 2  + 3 , , — I ’ 3  0 .4 ‘1
‘ , — [ 4  1.0 * (0— 2 4, ‘‘ . 0 0-I
6— i S  2 . 4 10 — 2 7  2. 1 M
6 — 2 1  53 .5 * 10-29 1. 7 01
6 — 2 1  2 . 5  * 1,1 — 4 ) 1 ‘ ‘5’ ‘1
6 — 2 4 4  I .  * 10—1 1 0 .0 N
1— 0 1 , 7  * 1 1 — 1  (5 , 6 ‘1
7—8 201 ’ 1 1 — 4 4  1 , 54 ‘3
7—9 1. 4 * 1 1 — I l ’  0 . ’- ‘3
7 10 2 , 3  * 1 1 — 1 1  - 2 2  ‘0
7— 1 4  0 . 4 * 1 1 — 2 9  1 . ’’ N
7 — 3 5  ( 0 , 0) 1 1 —  I I I  11 . 7 ‘7
7— 1 6 ‘, .4 1 1 — I  11 , 5  01
7 _ 3 7  * 1 2 — 3  2 . 1  ‘1
7 — I - ’> 10 .2  * 1 1 — - S  2 . 9 ‘1
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SECTION IV — ‘tNA ~ Y S I S  OF ~: I N D  AN I) TEMP E RATU RE

PROFI iJ-~ CHARA( TERISTICS

1. PRELIMINARY AN A I ,Y SIS OF j ’ - lj ’E RA TURF AND W I N D  PROFILES

T e m p e rat u r e  and w i n d  s j o t - k ’ d  d a t a  f rom the two towers were sub jec ted

to preliminar y tna1s -~~ s fo r  t h r e e  d i f f e r e n t  periods of the yea r . Figures

3a ,h , c show t y p i c a l  t e m p e r a t u r e  and wind speed p ro f i l e s  fo r  each tower

d u r i n g  day and n i g h t  per iods  for Janua ry  1—14 , 1970 , during the cool ,

dry northeast monsoonal f low ; for  J une 20—30 , 1970 and September 6—12 ,

1970 d u r i n g  t h e  w aro n , moist  southwest  monsoonal f low . The p r o f i l e s  repre-

sent  averages of all available profiles during the hours shown and over

the periods m e n t i o n e d  above .

The cleared area genera l ly  maintains  hi gher tempera ture  and wind

speed than the forest. There is an inversion of temperature just beneath

*
the fo re s t  canopy in January dur ing the dayt ime w i t h  s t rong  lapse above .

The warmest temperature is at 30 m , generally near the canopy top. This

warm layer tends to carry over into the clearing. Even though the tempera-

ture in January is lower than in June or September , this warming effect

is more pronounced in January . This is because the cloud cover is less

dur ing  the cool nor theas t  monsoon than  dur ing  the mois t  southwest  monsoon

and the sun shines on the forest for longer periods of the day in January

than in June or September. [See Section III of this report.] Lile noc—

turnal profile of temperature for January also shows prominent radiational

cooling at the canopy top level due , in part , to the low values of prcci—

pitab le water in the air colisnn above t h e  f or e s t  region dur ing  the n o r t h e a s t

monsoon.

* Baynton, et al. (1965) found similar behavior above a t ropical forest. 

- - -----~~~ --- -- - - - - _ - - - -
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The temperature of the forest floor in all three months is consider-

ably cooler during the day than the su r face  in tile clearing.

During the January daytime period shown , the surface temperature in

the clearing was cooler than at 1 l I et er  above t i le sur face  due to  low

shrub growth which was subsequently cleared —— the daytime temperature

profiles in the clearing for June and September show maximum temperatures

at the sur face . Consistent with tills , the surface temperature in the

clearing during the night in January remained warmer than at 1 meter.

This is due , in part , to the displacement of the effective level of

radiational cooling to the top of the shrub growth and possibly also to

a drainage cooling e f f e c t  above the sur face of the sloping terrain which

is evident in tile profiles for bot h the fores t and the clearing . During

June and September , the higher  mois ture  content of t i le air  tends to

suppress any strong surface radiational cooling in tile clearing during

the  nig h t t i m e  hours . This leads to a d iurnal  change in tile t emper atu re

profile which amounts  to more of a shift to cooler t empera tures  at a l l

levels during the night than a lapse reversal at low levels.

Tile nocturnal temperature profile in the clearing during tile drier

mont i l  of January  also shows a r a t h e r  S t rong  inve r s ion  above 1 meter

w h iL e  the s t r o ng es t  i n v e r s i o n s  in t i l e  f o r e s t  o c c u r  above  t i l t - lower and

upper  s t o r i e s  of the f o r e s t .  The n o c t u r n a l  p r o f i le s of Lem ~’t r . l t I o rI-

in the c l e a r i ng  d u r i n g  J une and S ep t em b e r  do D o t  t-x iiib i the p r o m i n e n t

i n v e r t e d  s t r u c t u r e  of  J a n u a ry .

_ _  -—---C’ -~~~
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The day—night temperature difference at 30 m , near the top of the

forest canopy, is 4°C for all three months while at the surface the

difference is only about 1°C or less. In contrast to tills , ~O the c lear ing

tile differences are generally largest at the surface. O f course , such

differences between six—hour averaged temperatures under—estimates the

true diurnal v ar i a t i o n s  in t e m p e r a t u r e. For exaxnp le ,in Section III  of

this report , we have established the mean diurnal variation of air

t e m p e r a t u r e  at  Sakaerat  Fores t  to be about 7°C in June , 8—9 °C in

Sep tember  and 11—12° C in December .

The s u b — s u r f a c e  t e m p e r a t u r e  p r o f i l e s  show the clearing to remain

always warner than the forest soil even to a depth of 1 mete r . The

s u r f a c e  t e m p e r a t u r e  undergoes  a s t r o n g e r  d i u r n a l  v a r i a t i o n  in the clearing

as e x p e c t e d .  The t emp e r a t u r e  d i f f e r e n c e s  b e t w e e n  t i le  f l o o r s  of t i l e

f o r e s t  and c l e a r i n g  d u r i n g  the daytime period are about 3°C , 3.5°C and 5.3°C

in J i u uj r v , June  uii S e p t e m b e r  r e spec t i ve ly while at night the diffe—

cences a re  on ly  abou t  1° C or less for  all t h r e e  months. \t  one m e t e r

d e p t h , t i le  d i f f erences  in tempera ture  between the f o r e s t  and c l e a r e d

area  are abou t  l L , 2 . 5 ° C and 2 ° C f o r  J a n u a ry , J u n e  and S e p t e m b e r

re s p e c t i v e l y  o- ith v e ry  little v a r i a t i o n  f r o m  day t o  night.

The wind  speed p r o f i l e s  rh o w  t i l e  d r ag  e f f e c t  o f  t i le  f o r e s t  canopy

in all oeasons  and ~ t all t i m e s  of t i le , 1.iv . Above t i l t -  f o r e s t  canop Y ,

the w i n d  speed t ends  to  show a L o g a r i t hm i c  b e h a v i o r  wh i le w i t h i n  t he

canopy , the  wind speeds are low w i t h  r a t h e r  u n r e m a r k a b l e  ver t i c a l

v a r i a t i o n .  Tile , L n e m o l 4 I - t L -r  i t t i l e  40 n l eve l  of  t i l e  t o - ’er in  t u e  f o o r eo -o t

_ _ _  _ _



- 

I _ _

66

had a bearing failure during January so that the values shown for 40 n

are not representative of the winds at that  level. * Tills anemometer  was

rep laced shortl y after the two week period represented b y t h e  J a n i i a r - --

data and does ,‘)ot contaminate  the p rofi les fo r  Jun e or Sep tember .

The day—ni ght  d i f f e r e n c e s  in the wind speeds indicate  a n o c t u r n a l

increase of wind speed at all levels in June and September during the

s o u t h w e s t  monsoon , but a daytime maximum of winds in January during the

northeast monsoon. This is the case in both the forest and clearing.

The wind speed profiles in the clear ing d e p a r t  cons iderably f r o m  a

lo~~ar it h im i c  r e l a t i o n  i n d i c a t i n g  t h a t  the cleared area  is sig n i f i c a n t ly

i n f l u e n c e d  b y the - arrounding forest. It should be noted , however ,

th at  tue data appear to de fine two distinguishable layers with the wind

speed in t u e  f i r s t  10 or so meters  beha ving d i f f e r e n t l y  than the  data

above . ThiS 15 particularly evident in tile June and September periods .

Presumably , the wind cha rac te r i s t i c s  at low levels are closel y in f luenced

by roughness and s t a b i l i t y  condi t ions  near the f loor  of t i le  fo r e s t  w h i l e

tile forest canopy influences the wind behavior at upper levels along

t he  t ower .

* Personal communication with J. Zabransky, Field Experiment e r during tile
TREND p r oj e c t . 
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2. Stability Characteristics of the Forest Area

For an assessment of the mean s t a b i l i t y  cha rac te r is t i c s  of the

Sakaerat Fores t area ,values of the Richardson number were computed for

several layers using wind and temperature profiles averaged for each

thirty minute period of the day and further averaged over the periods in

January , June and September represented by Figure 10. Figure 11 shows

the diurnal v a r i a t i o n  of the various Richardson numbers  f o r  these three

months . Richards on numbers are generally posi t ive during nighttime

hours ch anging to negative values during the day . The transition times

are  a b o u t  0700 and 1700. The m aj o r  e x c e p t i o n  to  t h i s  cycle is d u r i n g  t i l e

m l O f l t i l  of J a n u a ry  w h e r e  t i l e  daytime warm l ayer  d e ve l opm e n t  above ~he  canopy

m e n t i o n e d  p r e v i o u s ly  y ields unstable c o n d i t i o n s  in t i l e  layer 32—36 m , but

stable d a y t ime  c o n d i t io ns  i n  the  l ay e r  l b — 4 0  ci . The two l a y e r s  show m o r e

consis ten c y  d u r im p  J u~ nd S ep t e m b e r .  l i e  r e a d e r  s ij o t i l d  t a k e  care  to

n o t e  t i l e  d i f f e r e n t  s a L t - a  in i - i  -. ; i lr e  h a  and F i g u r e s  i1i~ , c.

Bulk R i c h a r d s o n  g r a d i e n t  n u m b e rs  were c o m p u t e d  in  t i l e  m a n n e r  of

L e t t a u  (1957) f o r  s ev er a l  c o n g l o m e r a t e  layers i n  t i l e  f o r est  and c le a r i n g .

The hulk Richardson  gradient n u m b e r  is c o m p ut e d  f r o m  local F i i c l i a r d s o n

numbers  as f o l l o ws :

(R i )
1 = i~ (R i ) . / I. Z .
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where (R i) . is tile local Richardson number at a given geometric mean

height and the sum ir over the various sub—layers comprising a

thicker layer wilose stability is to be characterized. Lettau presents

the stability classification shown in Tab le 15 for layers near the surface .

Figure 12 silows values of (Ri) L for  the layer 32ni — 46 ci above the fores t

canopy .  The summation is ca r r i ed  ou t  over t i le t h r e e  geo ti l e t r i c  mean

heigh t s  of  33.9 01, 40.7 ci and 38.4 m . All values shown fall within the

neut ra l  c l a s s i f i c a t i o n  of convective stability according to Lettau ’s

c l a s s i f i c a t i o n .  Tile values for January are all p o s i t i ve  and e xh i b i t

an i r r e g u l a r  d iurnal  v a r i a t i o n  due  t o  t u e  more  c o m p l i c a t e d  t h e r m a l

s t r u c t u r e  as exemp l i f i e d  in Fi gu res 10a and h a .  The values  f o r  J u n e

and September are smalle r in magnitude and quite consistent with slig ht

p o s i t i v e  values at  n ig h t  and n e g a t i v e  va lue s  d u r i ng  t u e  day f r o m  about

0700 to 1700 local t inle .

F i g u r e s  13a ,b su es- bulk  R icha rdson  gr ad i e n t  nu mb e r s  f o r  t i le layer

1—16 ci in t u e  c l ear i n g .  G e o m e t r i c  mean h e igh t s  f o r  t h e s e  c o mp u t a t i o n s

are 1.41 01, 2 01 , 4 i i  and  8 i . ~o t e  t h a t  t i l e  sca le  f o r  J a n u a ry  ic  two

o r d e r s  of  m a g n i t u d e  la rger  t ilan  t h a t  f o r  J u n e  and S e p t emb e r  c o r r e sp o n d i ng

to much g r e at e r  e m ~t renleS of  stability and ins t ab  i lity during t i l e  c l e a r

sky c o n d i t i o n s  of  J a n u a ry .  ‘ihe d i u r n a l  v a r i at i o n  d u r i n g  J a l lu a rv  is a l so

much fllore i r r e gu l a r  t h a n  d u r i n g  J u ne  or ~ ep 1 c ub e r  althoug h all t h re e

r i on t it s  show n eg a t i v e  v a l u e s  d u r i n g  t a’ day  and poi ;it ive v a l ue m ;  i t  II g h t

Figure i 3~ shows bu lk  R i c il ar dso n  g r a d i e n t  numbers for I I c  1a ~~er  16—4h m

in t ile c l e a r i n g  [geome t n c  mean  i l e i g i l t ’  for t i I c s e  c o r mi p ilt it  10115 I N -  13.9 to ,
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TABLE 15. STABILITY CLASSIFICATION OF BULK RICHARDSON GRADIENT NUMBER
(After Lettau , [1957])

Stab ility (
~~
)L ,( l 0 3

fm) Stability (Ri)L , ( l O 3/m)
Class Class 

_______________

L3 =Extreme Lapse < than —15 Il =Weak Inversion 5 to 6

L2 =Moderate lapse — 15 to —10 12 =Moderate Inversion 7 to 9

Ll = Weak lapse — 9 to — 5 13 =Strong Inversion 10 to 19

N = .‘ieutral — 4 to 4 14 =Extrem e Inversion > 19 

- -- ------- - -.-C’-C’-—~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~ — ‘- ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~---C’--’---- _ - - - - - -C’--C’--- -
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22 .6  to , 33.2 to , 38.4 m]. Tu e scale is the same as Figure l3h but , again ,

two orders of magnitude smaller than Figure l3a. Thus , t i l e  r ange  o f

stability is much greater in the lower layer than the upper layer during

January but comparab le during June and September. The bulk Richardson

gradient numbers are in the neutral category of Lettau from midnig ht to

about 0730 during June and September but in an inversion class during

these hours in January . January and June snow a shift to negative values

during tile day but  September exh ib i t s  stab le conditions during the daytim e

hours. All months show neutral or stab le values after about 1700 local

time .

3. Roug hness Charac ter i s t ics  of the Forest  Area

Estimates of roughness parameter , z , datum displacement height , d , and

frictio x~ velocity , u~ , were made for the forest canopy using a large

sample of 30—minute averaged wind profiles occurring during near—neutral

conditions in January, June and September. Computation of ( R i )
L 

were

first made for each individual 30—minute averaged wind and temperature p ro-

file for the periods January 8—lu , 1970; June 20—26 , 1970 ; and Septemben 9—Il ,

1970 for the layer 30—46 ci j u s t  above t i l e  f o r e s t  canopy .  Tu e r e s u l t i n g

values were used to screen the samp le to extract only those profiles falling

in to  the “ N ” category of Table 15. Since there was doub t about  the wind  speed

measurements  a t  40 to in January , the da ta  a t  t h i s  level were exc luded fo r

this per iod .  For comparison , comp u t a t i ons of  (R i ) 1 were also made fo r  t i i~~

layers 1—1 6 to and 16—46 to in the clearing for tile June and S e p t e m b e r  pe r iods .

- - ._  
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A f r equency distribution of the number of occurrences in each stability

class is givea in Teb le 16. Nearly all the cases sampled for the layer above

the forest canopy during the moist , southwest monsoon period (i.e. those

for JUL i and September ) fell into the near—neutral classification of Lettau .

For the same layer in January , during the cool , dry northeast monsoon , about

41% of the cases exhibited near—neutral conditions with slightly less than

10% falling in various of the unstable categories and slightly less than

half falling in various of the stable categories. For the clearing, tile

lower layer exhibits a wider variation of stability than does the upper

layer for both June and September. Slightly less than 80% of the cases in

June and about 69% of the cases in September show near—neutral conditions

in the upper layer of the clearing ; evidence of the modify ing influence of

the surrounding forest as noted earlier.

For nea r—neut ra l  condit ions , i t  is hypo thes i zed  t h a t  t he  wind speed

variation with height above the forest canopy is represented by the l o g a r i t h m i c

relation

u(z) = (ut/k) ln [(z — d + z )  / z ]

where u(z) is the wind speed , u~ is the friction velocity appropriate to

t ile canopy ,  k Von Karman ’s constant , z is the canopy roug hness  pa ramete r

and d is the datum displacement height. Of tile various methods for esti—

mating z , d and u~ which appear in the l i t e r a t u r e , the method adopted in

t il l s  s t u dy  is that described by Steam ’s (1970) , although comparisons will

be made with other methods . In Steam ’s method , the parameters z , d , u~

- _ — ~~~~~~ ~~~~~-- — -~~~~~ — ~~~~
- -
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TABLE 16. FREQUENCY DISTRIBUTION OF CONVECTIVE STABILITY CLAS SES
FOR PERIODS IN JANUARY , JUNE AND SEPTEMBER

Period No. of Stability Class
Layer Cases L3 L2 Ll N Ii 12 13 14

Jan•8—1O ,l970
Forest— (30—46m) 144 3 2 9 59 6 6 6 52

June 20—26 ,1970
Fores t — (3 0—46m) 336 0 0 0 336 0 0 0 0

June 20—22 ,1970
Clearing—(l—l6m) 138 31 8 12 71 15 0 0 1

June 20—22 ,1970
Clearing— (l6—46rn) 138 1 7 16 108 3 0 3 0

Sept .9—hl ,l970
Forest— (30—46m) 144 0 0 1 140 3 (J (1 0

Sept.9—ll ,l97O
Clearing— (l—l6m) 144 38 4 7 17 21 14 15 28

Sept .9—ll ,1970
Clearing— (l6—46m) 144 0 0 0 99 6 8 5 26 

~~~~~~~~~~ --~~~~~~~~~~ —-- -~~~~~~~~~~~~ — ---- - -- - - -
~~~~~~~~~~- - - - -
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are determined by an iterative pro cedure designed to minimize the mean

2

square deviation ~ E . where
1 

1

E. = u(z.) — (ui/k) ln [(z . — d + z )/z }

The iteration procedure of Steam ’s was applied to the ensemble of 30—

minute averaged wind speed profiles in the layer 30—46 to above the forest

canopy which fell in the “N” category of Table 16. The June data were

f u r t h e r  pa r t i t ioned  into a ba tch  (A) of 201 cases for which the solar

radia t ion  impinging on the fores t  canopy was relatively steady , and a ba tch

(B) of 72 cases during periods of compar~~ive1y rap id f l u c t u a t i o n s  of solar

radiation. The iterative procedure converged for 273 of the 336 June

cases but only 40 of 59 cases in January and 67 of 96 cases during September .

The cases for which convergence was not obtained generally corresponded to

values of (Ri)
1 

which were negative and somewhat near the cut—off of the “~2’

classification of Table 15 suggesting that the limits of this cateogry

should be narrower than as given in Table 15. Other investigators [for

example , I enschow and Johnson (1968)] have chosen to narrow the  limits of

the near—neutral category .

Tite r e su l t i ng  es t imates  of the  averages and s t andard  deviations of til e

parameters  z , d , u
~ 

are presented in Table 17. Th e roughness parameter

var ied  considerably over t h e  per iods  examined .  Tile mean value  fo r  t u e  J a n u a r — -

days was only 0 .83 meters  w i th  a s t anda rd  d e v i a t i o n  more than half of tiit ’ m ean

- - C’----— —C’- C’- - — -—--C’ -- _
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TABLE 17. AVE RAGE VALUES AND STANI)ARD DEVIATIOdS OF ROUGHNESS
PARAMETER, DATUM DISPLACEMENT HEIGHT , FRICTION VELOCITY
AND CANOPY STRESS FOR THE SAK AE RAT FOREST.

— — — —l — —2Period z (m) d (m)  u~~(m—s ) t ( u ~ ) (dyne s—cm
No. of Convergent —l
Cases 

(m) J [
~~d

(m) ] [; (to—s ) ]

_ _ _ _ _ _ _ _ _ _ _  
0 *

January 8—10,1970 0.83 29.53 0.33 1.31
40 cases [0.47] [ 0.05 ] [0.09 ]

J une 20—26 , 1970(A) 5.48 27.18 1.42 24 .2
201 cases [1.66] [ 0.69] [0.45]

June 20—26 ,1970(B) 5.62 27.16 1.26 19.1
72 cases [1.77] [ 0 . 7 2 ]  [0 .45]

Sept. 9—10 , 1970 3.61 28.09 1.07 13.7
67 cases [1.101 [ 0.75] [0.48)

Average (weighted 4.69 27.58 1.21 18.97
by No. of
cases)
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value . The mean pro f iles of Figure 10 indicate lower wind speeds during

January than during June and September. For June, the mean value of forest

roughness parameter is about 5.5 to with standard deviation only a third of

the mean value . The values of datum displacement height show more consisten~y

over the three  periods but  are larger in January than in September  or June.

The f r i c t i o n  veloci ty is smallest in January and largest in June .

Our resul ts  using Steam ’s method were compared against various emp irical

formulae which have appeared in the literature. Stanhill (1969) gives a

r e l a t i onsh ip  between d and canopy hei ght , h , as follows:

l o g ( d )  = ( 0 .9 7 9 3 ) l o g ( h )  — 0 . 1 5 3 6

This r e l a t ionsh ip seems to be in excel lent  agreement w i t h  values r epor t ed

in the l i t e r a t u r e  for vegetation canop ies of lower height. Szeicz , et al.

(1969) found an empirical relationship between z and h as follows :

log(z ) = log(h) — 0.98

Figu re  14 shows es t imates  of d and z using these formulae  fo r  canopy hei ght

- -  ; of 29 m — 35 m along with our  resul ts  us ing S team ’s method and a

summary of several o the r  studies given by Leonard and Federer (1973).

lile Stanhill formula yields a displacement height some 4 — 10 ci smaller t h a n

t h e values estimated using Steam ’s method. The Szeicz formula vU-I c i s L I

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ C ’ _ _ _A _ _ _ _. _ ___ _ _ ~~~~ _ -_. -— — —



- -——--- - - - - -
~~~~~~
- - --— —- - - --C’--- ------ -— -

~~~~-~~~~~~~
- --

~-

79

E

•1

I~

___
-

~~~~~~

~~ LC~
w pe~ 

u__i
>- w Q ~~ 

—

a: —

~~ ~ 
—

> a: NTh ~~~~~ 
..._4 1

LU LI L U 0 0)
LI LU C~-J —

>- Lii II

~~a: a:
I _J~~~~~o - f l

—I < a: u
I L ) O  > -~~~~~~

v.a LI ~~~~~~~~~~
LU a, 02
U) 0 _J LD

p a: < 0 2
a: I — - - - I - o
LU w ~~~~ —. a :  —
z - >- — _j  -
= — Lr~ ~~~~a, <
<p a,
a: I— w F- I I

C~ CD U) LU I I I I I I I
>- LU - LU o 0
a:’ a: NTh F- ~~ ,~)  (,J 2 0

U) 

- 

LU 

(S~~~I]W) IHOI]H AdO NV J
• _j  ‘—I ~~~ II a, L) a, U) U)

‘—‘ 0*  D~~ — ~ )
L o~~~ >- a: a:
- a: ~j  a, a: a: o ç <I’

a: _J U) LU LU
o LI ~~ a: 0 0 I ~~ —. =

Cr L U < w  _J~~~~. Z ~~~~~~02 I~~~~
’ —

~~~~~~
(I’ < ~~~~~ LO 

_______

~_i ~J LU I On o co a, a, o~ 
t ,j~~ 

1idS
I LL LU _J 02 —~ I S J (3,jf~’ =
-‘ CD U) J ~~~ 0 0

a : C  O LO < —~- --- Z ~~
LU v.2 Z 02 LI 02 < < -J -

02 < ~~1 LO ~~ —I
F —I ~— LU 02 ~~~ —

O —‘ 0 LU ~~I < 0 0 ~~—i a: a: a: ‘-— cii U) z —

Lii I ~~ ~~ < + I— t—
-~ LU z F- I— LI ~~ ~ I— o

C) D ‘--‘ ~ I ~) 0 0 U) 
* 

- c’j A j  - - -
-~~ LU < LU < I I 

._
_J a: ~~ I- I- F- LU - -

c D ~~~~~
- i_ i  —-

O I ~~
-o

La

Li.

— -  — - - • .  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ ,.



80

result which is consistent with the profile estimate for September but not

for January or June .

A test  was made f o r  possible correlations between z and d with wind
0

speed at the top of the tower (46 t o ) .  Rauner (1960) found that z in-

creases and d decreases with increasing wind speed while Tajchmann (1967)

found that z decreases and d remained constant as wind speed increased.
0

Alle- (1968) and Belt (1969) found no significan t dependence on wind speed

if d were allowed to he different for each computation of (z , d) but when

a fixed value of d was used for an ensemble of profiles , z was found to

decrease as wind speed increased but only for a particular wind direction.

In the present study , the profiles were not partitioned according to vind

direction , however , d and z were comput’ed independentl y for each prof ile .

Tab le 18 shows the results of a simple correlation—regression analysis

app lied to the ensemble of 384 cases in January , June and September. it

should be noted that the range of wind speeds above the  fo re s t  canopy is not

— 
very large. onetileless , tile roughness param eter ~s found to be au increasing

f u n c t i o n  of wind speed and the datum disp lacement he ight  a decreasing f u n c t i o n

of wind speed , which supports the findings of Rauner. Both parameters

correlate best with the wind speed near the canopy (i.e. u(32)) but t u e

cor re la t ion  be tween  d and u ( 4 6 )  is also s i g n i f i c a n t  at the 5% level.

Tile co r re l a t ion  between roughness and wind speed is s l i g h t ly  h - t t  c - r ’ ~- hk-fl t

l o g a r i th m  of z is used.
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Finally, a preliminary analysis was made of a small sample of wind

speed profiles in the clearing to de termine to what extent these profiles

can be f itted by simple algebraic relationships. Profiles of 30—minute

averaged wind speeds for four days in January and two days in June were

fitted , in the least squares sense , to linear and quadratic functions of

hei ght. Table l9shows the results of these trials. The data at the top

6 or 7 levels in the clearing seem to be adequately fit by a linear relation

and the winds at all levels seem to be adequately fit by a quadratic

relation.

4. Summary

An analysis of the characteristics of wind and temperature distributions

in a tropical evergreen forest in Thailand has been presented in this paper .

Temperatures are generally cooler and wind speeds lower during the northeast

monsoon season as compared with the southwest monsoon period . Conditions are

more var iable during January since the skies are clearer , the moisture content

of the atmosphere above the forest is less and the radiational budget is more

dynamic. The atmosphere just above the canopy therefore exhibits a much

more complex thermal character during January than June or September with a

large diurnal variation of s tability which is also highly dependent on the

proxim ity to the canopy.

Conditions during the warm , moist southwest monsoon generally show a

m uch weaker diurnal variation. Cloudiness and atmospheric moisture are
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TABLE 19. PRELIMINARY RESULTS OF FITTING WIND SPEED DATA IN
THE CLEARE D AREA TO LINEAR AND QUAD RATIC PROFILE
EQUATIONS FOR JANUARY AND JUN E

Date Number of tower Number of Degree of Explained
levels used starting Profiles Polynomial Variance (%)

________________ 
from the top 

__________ ___________ _____________

June 20—21,1970 6 96 1 98.7

June 20—21 ,1970 7 96 1 98.1

June 20—21,1970 8 96 1 96.7

June 20—21,1970 8 96 2 98.2

Jan. 4—5,1970 6 96 1 79.5

Jan. 4—5 ,1970 7 96 1 79.8

Jan. 4—5 ,1970 6 96 2 82.9

Jan. 4—5,1970 8 96 2 83.9

Jan. 6—7,1970 6 96 1 97.9

Jan. 6—7 ,1970 7 96 1 97.5
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greater during this season which tends to dampen the diurnal cycle in the

radiation budget and , hence , the variation of stability above the canopy.

The re is a much higher frequency of near—neutral conditions above the canopy

during this season than during the cool , dry northeast monsoon season.

For near neutral conditions in bo th monsoon periods , the winds in the

microlayer above the forest canopy show a reasonable fit to a displaced

logarithmic profile. The datum displacement height has an average value of

about 27.6 meters but varies over a range of about 2(1/4) meters from the

northeas t to southwest monsoon periods . This seasonal variation is about 3

times larger than the standard deviation of the short period sample estimate

during the southwest monsoon per iod and nearly 50 times larger than that

for the northeast monsoon sample.

The roughness parameter for the canopy exhibits a strong seaso nal

variation with a mean value of 0.83 m for the January sample , 5.55 m for the

J une sample and 3.61 m for the September sample. The seasonal variation

is about 2.7 times larger than the standard deviation in z
0 during the short

per iod samp les of June but about 10 times larger than that for January.

The canopy stress has a mean value of 1.3 dynes—cm
2 

for January and the

much larger mean values of 21.6 dynes—cm
2 

for June and 13.7 dynes—cm
2 

for

September.

It is interesting to note that for the January cases for which the

stab ility of the air above the canopy is much more variable and the wind

speeds are smaller , the datum displacement height has its maximum value and 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_
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greatest consistency while the roughness parameter has its lowest value and

least (relative) consistency . A pooled sample of the 30—minute averaged

profiles of wind speed occurring in near—neutral conditions in January ,

June and September (some 384 cases) reveal a significant positive correla-

tion between roughness parameter and wind speed and a significant negative

correlation between datum displacement height and wind speed.

5. Supplemental Information

A. Thermal Characteristics for January

In discussing the stability of the air layer above the forest canopy

during the January period in Part 2 of this Section , it was noted that the

daily range of Richardson numbers was quite large. This was attributed to

a more dynamic variability of thermal stability. To substantiate this, the

thermal charac teris tics of the layer alone may be examined.

Figures (l5)and (l6)show time—height sections of temperature along

both towers averaged over each 30—minute period of the day and over the

days 1—14 , January, 1970. The effec t of the fores t is evident in Figure

(lS)wher e an inversion just below the tree tops and lapse condition just

above are established and persist throughout the morning and early after-

noon. No such feature is evident in the clearing area. A weak early

morn ing inversion in the trunk space of the forest tends to break down

around 1000 local time but becomes reestablished in stronger fashion during

the afternoon. At similar levels in the clearing , lapse conditions pre—

vail during this afternoon period. Similar features are apparent in

Figure (17) for 19—30 June , 1970 excep t that the perturbation at the level

of the tree tops seemed to be weaker during the early morn ing period.
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Figure (18) shows the static stability [(g/c ) — (.‘T/:.z)]/ ~ computed

for various layers defined by the top 6 levels of the forest tower. The

values for the ind iv idua l  layers are most consistent during the nighttime

hours 1730— 0730 local time . Dur ing  th is  per iod  the  values a ( 2 5 — 3 0 ) , ~‘ ( 3 b — 4 0 ) ,

s ( 4 0— 4 6 )  are all w i t h i n  about lxlO 4n 1 w i t h  ~ (25—3 0 )  cons i s t en t ly  pos i t ive

and ~ (36—4 0 )  and ~ (4 O—4 6 )  cons is ten t ly  nega t ive .

During the day the s t ab i l i t i e s  undergo a ra ther  well de f ined  va r i a t i on .

For example , consistent  wi th  the  warm layer development above the canopy

dur ing the daytime , ~ (2 5—3 0 )  is pos i t ive  in the s table lower po r t ion  of the

layer with :(30—32) and (32—3b) highly negative in the  unstable upper portion

of this layer. In the hi gher  layers Ic ar  th e top of the tower , :~(40—4b) and

a(36—40) both show large stable values during the day.

Figure 19 sho~’s values of static stability ~(32—46), ~(24—32), ;(16—24)

as a function of tine of day for the tower in the clearing. The distribu-

tion of temperature and stability at these hei gh t s  are not as s t r o n g ly

distorted by the forest canopy as immediately above the canopy , hence , the

values (and the ordinate scale of the diagram) are quite different than in

the previous diagram for the forest tower stal,ilitv distribution. The

stability values ~(32_46), ~(24—32) undergo  less diurnal variation than

:(16—24) and are gene ra l l y  w i t h i n  the  range —2 to +5x 10 5
n1

1 t h r o u g h o u t

the  e n t i r e  24 hour  pe r iod .  They g e n e r a l ly  sh ow c o n d i t i o n s  neares t  n eu t r a l

during the day .

Figure (20) shows a distribution of values of static stability be t w ee n

levels (4—8m) , (2—4 m)  and ( 1—2 n )  a long t h e  tower  in the  clearing. The

layer n ex t to t h e  su r f a ce ( 1— !i ) sho ws t mt 1 lrt~es t d i u r n a l  var  i at  ion



_ _ _ _  . —-.—~~~.—— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.
~~~~

.

FOREST . DOTS ARE FOR THE LAYER 36M TO L4 6MJ
CIRCLES ARE FOR THE LAYER 32M TO 36M. CROSSES
ARE FOR THE LAYER 25M TO 30M.

I I I I I I I I I
•~ I I I I I I I I I I I I I I

10 -  S -

• • S 
-

• .••
• •

-

- 

0 
~~4.++~~

+++4+ P -

0 ~++4*4+.H++$%4~~~ -

•.•••.S••S••S 0 •.••• •
-

0 
-

I—
0

• 0

~a~9 
-

—10 I I I  I I I  I ~~~~~~~~~~~ I I I I  I I I I  I I I
0 6 12 1$

LOCAL TIME

Fi gure 18. Diurnal Variation of Static Stabi lity for Various
l am y c  ra Above t h i t ’  F’or~ s t  C~truo p v for  J an u ar y

-

~ 

.- ,~~~~~~~~- — -~~~~~~~~~~~ - :- .~ — .. .-.—~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



t j I

CLEARING . CIRCLES ARE FOR THE LAYER 32M TO 46M~DOTS ARE FOR THE LAYER 24M TO 32M. CROSSES ARE FOR
THE LAYER 16M TO 24M,

l i i i  I I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  I I
- +

1 0 4 +  + + -

- + + +
- 4-4- 4-4- + -

- + •4+ +
- +

5 D  • 00
.s.COD -

• ••~~••..••• S. • 5 0. . -

- cD ....
~~~~

0.. -

• •~~~~~~ •~~~~~ QD -
-

~~~~ 0 -  a a~ OTE + -

- 01~
+ 0

+
+

- +
0 - +

I I I I I I I I I I I I I I I I I I I I I I A
o 6 12 18 24

LOCAL TIME

Figure 19. 1)iurnal Var  i at. on of Ft iii Ic Stabil i tv for V a r i o u s
Layers  in L I m O  C lea r i n  f o r  J a nu a r y

~ - —-— - — .—-—--. - - - -  
~~~~~~~~~~~~~~~~~~~ ~~~ ~~~~~~~~~~~~~~~~~ —~~-—--.-‘--—-,—- —-———-—. - .  ~~~~ 

S..



_ _ _  • . ~~~~~~~~~~~~~~~~~~~~ -- . -~~~~~~--~~~~ . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

92

FIGURE 20. DIURNAL VARIATION OF STATIC STABILITY AT LOW LEVELS IN THE
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stability with a regime strongly coup led to the diurnal var iation in

surface temperature. In the layers (4—8m) and (2—4m) centered at 6m and

3m respect ive ly ,  the s t ab i l i t y  is more un i form over the day although

: ( 2 — 4 )  exhibits a diurnal cycle similar to o (l—2) but smaller in aniplitude .

Fig. 21 shows a time—height section for two week averaged static

stability in tIme forest for January . The section covers a typ ical

d i u r n a l  v a r i a t i o n  from the ground to the top of the tower and shows the

occurrence  of unstab le , nea r—neut ra l , stab le and inversion condit ions .

Spec ifically , the criteria used in this plot is

(1/-,) (~~~~/ 
z) a — 3 .333 x lO

_ 6
m~~ unstable

- 3 .333  x 10 6m 1 
(l/ ’) ( ~~~~/ r z )  a ÷ 6 .667 x 10 6m 1 

near—neutral

+ 6 .6 6 7  x lO~~ n 1 
. ( 1/ - ) ( - J  z )  30.000 x l0

6
m~~ stable

30. 000 x 10 6m 1 ( 1/ - )  (~~~~/ z )  inversion

wh e r e  = potential temperature

These criteria correspond roughly to the  following

1.1 (°K/ I ()U~1) unstabl e

) .8 (° K / I ( ) 0 ~1) ‘ 1 l ( ° K / I O O M )  near—neutral

I) I .8 (° K/ l00~l) s tab l e

i nver s ion

— ( • ‘I~/ 7 )

I-
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As can be seen , near neutral conditions during this period were quite

rare. The layer of air nex t to the fores t f loor shows strong invers ion or

isothermal conditions during the day light hours from 10:00 to 19:00, then

lapse conditions set in after sunset and develop large values during the

night and early morning. The trunk space region is dominated by inversion

and/or stable conditions with unstable conditions developing below tree—top

level just before noon and continuing until mid—afternoon.

After sunrise , a warm layer centered on about the 3Dm level just above

the tree tops develops and persists till the mid—afternoon gradually sub-

siding by sunset. The lower portion (25—30m) of this layer maintains inver-

sion conditions while the upper portion (—30—36ri) exhibits lapse conditions

which become unstable around 10:00. The above canopy jet tends to have its

maximum speed in the portion of this layer showing significant lapse. During

-
• 

the night—time hours , the temperature at 30m shows a gradual cooling which

establishes a thin unstable layer beneath and an invers ion immedia te ly  above

with a secondary unstable layer above that. At higher levels of the tower ,

stable or inversion conditions persia through virtually the en t i r e  day . 

•- ~~~~~~~-----~~ ~~~~~~~~~~~~~~- - - - - -  .-- .~----• .- . — .-- -, -- 
_
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B. Wind Direction During January and June

In Part  3 of th is  Section , it was shown that  the wind p ro f i l e  parameters

— pa r t i cu la r ly the roug hness parameter — varied considerably between

different periods of the year. There are several factors which might con-

tribute to these seasonal differences besides the prevailing wind speed as

discussed in Part 3. One of the most prominent differences in the forest

envi.ronment between January and June is the difference in the direction

of tile prevailing wind. June is in the middle of the southwest monsoonal

flow while January is characterized by flow from the north or northeast.

The upwind terrain characteristics during these two months is different

with several cleared areas about 800—1000 meters northeast of the tower

in the forest but generally unbroken fores t area to the south and southwest.

Also , the terrain slopes upward from the south and southwest to the towers

w i t h  an inc l ina t ion  of about 1:40 or greater  (ASRCT , 1969). The winds

dur ing  June are generally s t ronger  than during January but  the d i rec t ion

is more variable in January than June. It was noted in Section II that the

w ind direc tion data was logged onto the “A—tapes” and that these tapes were

not processed during this project. Never theless , limited wind direction

i n fo rma t ion  was available to us on computer p r i n tou t s  made from several

A—tapes during the TREND f ie ld  experiment.  These are summarized in Tab le

20 which shows the  diurnal variation of wind dire ction for January 4,

1970 and June 23 , 1970. The wind direction is in degrees from north.
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Table 20. Wind Direction (Degrees from Nor th )  f o r  January 4 , 1970
and June 23 , 1970

Hour of Day January 4, 1970 June 23 , 1970

0000 47 262

0100 49 265

0200 63 258

0300 102 259

0400 344 263

0500 341 261

0600 346 258

0700 351 259

0800 13 2 6 0

0900 58 249

1000 53 247

1100 45 256

1200 59 252

1300 30 253

1400 36 241

1500 47 2 4 5

1600 69 234

1700 83 254

1800 87 262

1900 65 259

2000 42 2 54

2100 76 270

2200 88 274

2300 84 257

- - ~~~~~~~~~~~~ 
.- ~~~~~~~~~~~~~~~~ ---

~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _
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C. Spec tral Analysis of Wind Speed Da ta

A limited amount of spectral analysis was done on wind speed data from

time towers . Time ultimate goal is to obtain spectral analyses (of kinetic

energy and wind—tempera tu re  co—spectra)  covering a large range of f requencies

by using ha l f—minu te  data  for  tile hi ghest f requencies  and h a l f — h o u r l y

averaged data for intermediate frequencies. These studies were started

relat ively late in the contract  period and , thus , only k ine t i c  energy spec t ra

involving the lower f requencies  are present ly available.

Time f i r s t  s tep in these analyses was to develop an app rop r ia t e  computer

program for  appl ica t ion  to til e TREND da ta .  The Graduate  Program in

~Ieteorology h a s  a spectra l  analysis rout ine  using the  Fast Fourier Trans-

fo rm ( FYI’) that  has been adapted to a number of meteorological studies.

Results  using time FFT we re compared wi th  results  of d i rec t  spect ra l  e s t ima tes .

The time series chosen for analys is wi th the FFT were for  10 days in

January  and about 10 day s in Jun e using data from several levels along

bot h towers . The FFT divides tile t ime series into  a number of equal  and

overlapp ing segments , obtains tile spectral estimate of each segment and

then averages. The length of the time series was 180 data points ( t h a t

is , 180 30—minute averaged values). S ince the method requires  t h a t  t ime

lengtii of record simould be a power of 2, the record is supp lemented by zeroes

up to 256 points which is the f i r s t  power of 2 beyond 180 . The number  of

lags was 127 (128 is the largest power of 2 which is less than  180). Psing

half—hourly averages as data , 180 values corresponds to 90 hours so that

t i le  largest  f r e q u e n c y  is about 3 days w i t h  t h i s  sample wh i l e  the  Nvq tm ist

f r equency  is ( l /2 . t ) = l  c y c l e / Im o u r .

_
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The kinetic energy spectral results from the FYI method are shown in

Figure 22 for the tower in the forest  for the period June 20—30 , 1970. A

“red ” spectrum was computed as a firs t order linear Markov process based

on one lag value of the autocorrelation series . This approach seems

jus t i f i ed  since the two lag value of the series approx imates the one lag

value squared [Gilman , Fuglister and Mitchell  (1963) 1. The autocorre la t ion

values for levels l6ni and 46m are p lotted in Figure 23. In Figure 22

two “ red” spectra are plotted to i l lustrate  the d i f f e rence  in the manner b y

which the “ red ” spectra is defined.  The dashed line was obtained using two

lags in the  autocorrelation funct ion  while the dot—dashed line was obtained

using one lag . The chi—square test can be used to test the significance

of each peak.

For the same record and using the same number of lags (127), direct

spec tral es timates were obtained and compared with spectra obtained from

the FFT method. The results are shown in Figure 24 and exhibit fea tures

comparable to those of Figure 22. That portion of tile spectrum above the

frequency of 20 cycles/hour seems to follow a (—2) power law [and not the

(—5/3) power law based on the Kolmogorov hypothesis].

In order to reduce computation and plotting time and increas e the

“ s tab i l i ty” of the spectra , the number of lags was reduced to 50 . The

results are shown in Figures 25a ,b and are similar  in s t r u c t u r e  to Fi gure 24 .

On Lne basis of these results , it seems reasonable to deal w i t h  the h a l f —

hourl y data by using direct  Fourier t r ans fo rms  w i t h  50 lags . The resul ts  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _
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comprising Figure 25a were als o p lot ted using the product  of spect ra l  density

and frequency along the ordinate as is sometimes the custom. This display

is shown in Figure 26.

Similar computations were d one for data taken along the tower in the

forest during January at levels 46m, 32m, 16m, 4m . The autocorrelation

f unctions are plotted in Figure 27. It is readily evident that  the levels

within the canopy (4m, l6m) have different autocorrelation characteristics

than those levels above the canopy (32m , 46m). The values drop off much

f a s t e r  and the computat ion of t u e  red spec t ra  using one lag in the auto—

correlation function seems justified. Normalized spectral density for the

16m level is shown in Figure 28a. In the frequency range above 0.3  cycles/

hour , the (—5/3) power law is indicated. Normalized spectral density

for the 46m level is plotted in Figure 28b. ~t seems that the red spectra

as computed here wi th  one lag is inappropr ia te  and tha t  in th i s  case i t

would be be t t e r  to average over a few lags and then compute the red spec t ra .

Before preparing additional computations of spectral estimates ,

the var iabi l i ty  of the time series was s tudied  to tes t  one of the basic

h ypotheses — that  the data belong to the same popu la t ion .  Using the record

for  Jun e , the data were divided into 5 samples of two days each . The mean

and standard deviation of each sample were computed as well as the 10 day

mean. Confidence limits for the mean of tile population of each sample

were computed us ing the “ t ”— t e s t :

- t 05 [S/(n-l)~~~
2
] < + t 05 

~~~~~~~ *--~~~~-.-~~-_ - - - -  - -~~~~~- 
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where x is the sample mean , S is the samp le standard deviation, p is the

-• 
population mean, n—l is the number of degrees of freedom. The following

results were obtained : For 95 degrees of freedom , t=l.99 and the confidence

intervals for 95% level of significance appropriate to the 46m level of

the tower in the forest are shown in Table 21. The ten day average for

level 46rn above the forest was p 4.28 rn—sec
1 
which falls within the confi-

dence limits of the first four samples but not the fifth. The confidence

interval  for  98% level of significance for sample 5 is 2.448 < p < 3.072 and

the confidence interval for the 99.9% level of significance is 2.311

-i < 3.209 both of which exclude the 10 day mean.

Similar tests  at other levels in both  the forest and clearing during

both  June and January are summarized in Tables 22—35 . On the basis of

these results, spectral estimates for the data taken along the tower in

the forest  during June for a shortened period of 8 instead of 10 day s

were computed. The autocorrelations are not much different , however , and

are shown in Figure 29 .

The autocorrelations and spectral estimates for botim periods for

the towe r in the clearing were computed and are presented in Figures 30—34 .
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TABLE 21. Confidence Intervals for the 95% Level of Significance :
Wind Speed Data at 46m Along the Tower in the Forest
for June 20—30, 1970

Level 46m — Forest — June. p = 4.28 m—sec~~

Sample Number Confidence Interval Criterion Satisfied (x)

Sample 1 4.121 < p < 4.6 19 x

Sample 2 3.968 < p < 5 .022 x

Sample 3 3.895 < u < 4.405 x

Sample 4 4.210 < p < 4 .770  x

Sample 5 3.243 < ii < 3 .957

TABLE 22 . Same as the Previous Table Except Appropr ia te  to the 4Om Level

Level 40m — Forest — June . p = 3.72 m— sec~~

Sample Number Confidence Interval Criterion Satisfied (x)

Sample 1 3.564 < p < 3 .996 x

Sample 2 3.984 < p < 4 .356

Sample 3 3.377 < p < 3.823 x

Sample 4 3.641 < p < 4.119 x

Sample 5 2.866 < p < 3 .474
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TABLE 23. Same as the Previous Table Except Appropriate to the 36m Level

Leve l 36m — Fores t — June . p = 3.24 m—se c 1

Sample Number Confidence Interval  Cr i ter ion  S a t is f i e d  (x)

Sample 1 3.092 < p < 3.468 x

Sample 2 3.461 < < 3.779

Samp le 3 2 .954 < p < 3.326 x

Sample 4 3.174 < p < 3.586 x

Sample 5 2.499 < p < 3.021

TABLE 24. Same as the Previous Table Except Appropriate to the 4m Level

Level 4m — Forest — June. p = 0. 43 m— sec~~

Sample N umber  Confidence Interval  Cr i t e r ion  S a t i s f i e d  (x)

Samp le 1 0.435 < p < 0.505 x

Sam p le 2 0 .465 < < 0 .535

Samp le 3 0.411 < p < 0.489 x

Sample 4 0.345 p < 0 .415

Samp le 5 0 .307 < i~ < 0 .373
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TABLE 25 . Confidence Intervals for  the 95% Level of Significance :
Wind Speed Data at 46m Along the Tower in the Forest for
January 4—14, 1970

Level 46m — Forest — January. u = 2.28 m—sec~~

SampLi.e Number Confidence Interval Criterion Satisfied (x)

Sample 1 2.229 < p < 2.491 x

Sample 2 2.744 < p < 2.956

Sample 3 1.802 < p < 2.018

Sample 4 2.352 < p < 2.568

Sample 5 1.734 < p < 1.946

TABLE 26 . Same as Previous Table Except Appropriate to the 32m Level

• Level 32m — Forest — January. p = 0.55 rn—sec
1

Sample Number Confidence Interval Criterion Satisfied (x)

Sample 1 0.435 < p < 0.565 x

Sample 2 0.449 < p < 0.592 x

Sample 3 0.307 < p < 0.373

Sample 4 0.519 < p < 0.662 x

Sample 5 0.745 < p < 0.875 x 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~



114

TABLE 27. Same as the Previous Table Except Appropriate to the 4m Level

Level 4m — Forest — Janua ry . p = 0.27 rn—sec
1

Sample Number Confidence Interval Criterion Satisfied (x)

Sample 1 p = .2

Samp le 2 0.305 < p < 0.375

Sample 3 0.256 < p < 0.305 x

Sample 4 0.269 < p < 0.331 x

Sample 5 0.240 < p < 0.280 x

TABLE 28. Confidence Intervals for the 95% Level of Significance :
Wind Speed Data at 46m Along the Tower in the Clearing
for June 20—30, 1970

— l
Level 46m — Clearing — June. p = 5.9 rn—sec

Samp le Number Confidence Interval Criterion Satisfied (x)

Samp le 1 5.623 < p < 6 .267 x

Sample 2 6.333 < p < 6 .987

Sample 3 5.294 < p < 6.086 x

Sample 4 5.788 < p < 6.572 X

Sample 5 4.531 < p < 5.549

.-

~ 
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TABLE 29. Same as the Previous Table Except Appropriate to the 32m Level

Level 32rn — Clearing — June. p = 5.13 rn—sec~~

Sample Number Confidence Interval Criterion Satisfied (x)

Sample 1 4.810 < p < 5.390 x

Sample 2 5.574 < p < 6.126

Sample 3 4.655 < p < 5.325 x

Sample 4 4.983 < p < 5.637 x

Sample 5 3.949 < p < 4.831

TABLE 30. Same as the Previous Table Except Appropriate to the  l6m Leve l

— l
Level l6m — Clearing — June . o = 3.76 rn—sec

Sample Number Confidence Interval Criterion Satisfied (x)

Sample 1 p = 3 .468

Samp le 2 4.190 < ~i < 4.590

Sample 3 3.475 < p < 3.965 x

Sample 4 3.595 < p < 4.065 x

Sample 5 2.845 < p 3.555 

. _ ._ --
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TABLE 31. Same as the Previous Table Except Appropriate to the 2rn Level

Level 2m — Clearing — June. p 2.35 rn—sec~~

Sample Number Confidence Interval Criterion Satisfied (x)

Sample 1 2.195 < p < 2.465 x

Sample 2 2.691 < p < 2.949

Sample 3 2.253 < p < 2.567

Sample 4 2.191 < p < 2.509 x

Sample 5 1.591 < p < 2.109

TABLE 32. Confidence Intervals for the 95% Level of Signif icance :
Wind Speed Data at 46rn Along the Tower in the Clearing
for January 4—14, 1970

Level 46rn — Clearing — January . ~ = 2.95 rn—sec 1

Samp le Number Confidence Interval Criterion Satisfied (x)

Sample 1 3.015 < o < 3.305

Sample 2 3.650 p < 3.870

Sample 3 2.731 < ~~ < 3.010 x

Sample 4 2.683 < p < 2 .957 x

Sample 5 2.028 < p < 2.273

_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~-~---
_ - .-
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TABLE 33. Same as tue Previous Table Except Appropr ia te  to the 32m Level

Level 32 in — Clearing — January. p = 2.95 rn—sec
1

Sample Number Confidence Interval Criterion Satisfied (x)

Sample 1 2.531 < p < 2.789

Sample 2 3.070 < p < 3.270

Sample 3 2.321 < p < 2 .579

Sample 4 2 .330 < p < 2.571

Sample 5 1.728 < p < 1.973

TABLE 34. Same as the Previous Table Except Appropriate to the l6m Level

Level 16rn — Clearing — January . p = 1.66 rn—sec 1

Sample Number Confidence Interval Criterion Satisfied (x)

Sample 1 1.682 < < 1.918

Sample 2 2.080 < < 2 .300

Sample 3 1.419 < p < 1.681 x

Sample 4 1.401 < p 1.679 x

Sample 5 1.124 < t~ < 1.356

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ~-
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TABLE 35. Sane as the Previous Table Except  Appropr ia te  to  the 2m Level

Level 2m — Clearing — January . p = 0.83 rn—sec
1

Sample Number Confidence Interval Criterion Satisfied (x)

Sample 1 0.792 < p < 1.008 x

Sample 2 0 . 9 7 4<p < l . 2 O 6

Sample 3 0.584 < p < 0.816

Sample 4 0.676 < p < 0.904 x

Sample 5 0.554 < p < 0 . 7 2 6  

_._~~~~~~~~~~~~--_,.—- --~~~~~~~~- - -~~~~~ 
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Figure 34b. Normalized spectral density of kineti c energy at
32 meters along the tower in the clearing for January 4—14 ,
1970 using direct Fourier t ransforms wi th  50 lags.
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1970 using direct Fourier transform s with 50 lags.
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SECTION V

ENERGY FLUXES

1. Radiational Energy~

A. Data Available

As noted in Section II of this  report , radia t ion and dew point  data

f rom the TREND f i e ld  experiment was logged onto A—tapes  and none of these

data were preprocessed in to  a readily usable form . Some limited amounts

of radia t ion and dew point  temperature  data were available in the f o r m  of

computer pr in tou t s  of A—tape data made during the TREND experiment. Thus ,

extensive analyses of the radiation (and latent heat) budgets of the Thai

forest area are not possib le at this time. Representative samples of

radiational data are presented in this section using the printout informa—

• tion at our disposal.

Table 36 gives a summary of the periods for which measurements of

radiation fluxes , wind direction and dew point temperature could be taken

from computer printout sheets. As noted in this tab le, (and in Section II),

m i t c h  of  t h e  recorded dew point  temperature  i n fo rma t ion  is f a u l t y  due to

mal f i t t o t  j e l l i n g  sensors .

_ 
• • • • • •
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TABLE 36. Log of Periods for Which Radiation , Wind Direc tion and Dew
Point Temperature Measurements are Available from Computer
Pr in tou ts  Made During the TREND Field Experiment

Radiation Wind Direct ion , Dew Poin t  Temperature
1969

February 6—23 , 25—28 *February 6— 15 , 18—23 , 26— 28

March 1—13 , 18—25 *March 1—4 , 23—25 , 27—3 1

April 1—13 , 20—26 *April 1—5

September 29—30

October 1—10, 11—12 *October 28—31

*November 1—6

December 22—24 *December 22—24

1970
January 7—19 *January 3—21

February 5—24 *February 5—il

March 3—8, 14—29 *Mar ch 4—13

April  5— 14 , 20—30 *April 25—30 -

•

May 1— 18 , 20—31 *May 4— 5 , 27—3 1

June 1—4, 15—22 June 1—13 , 22—30

August 14—22 , 27—31 August 1—4 , 25 - 
-

September 4—18, 21—29 *September 4

* Faulty Dew Point Data.

1I~ 
- --- -
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B. Albedo Determinations

Wi th a knowledge of incoming solar radiation one can es tima te the

outgoing stream by multiplying the incoming flux by the overall albedo,

if known . Using measurements of both R ~ and R ~
-
, one can estimate the

S S

albedo from the ratio [R~~IR fl. With  a representat ive value for  the albedo

for tile forest , we red uce by one the number of radiative fluxes that mus t

- - be measured for an energy balance survey . Table 37 shows estimates of

albedo made from radiation measurements during the daytime in each of four

different months of the year. The overall average value of albedo for

these determinations is about 14% but varies from about 11% to 17% in the

sample tested. There appear to be some consistent differences with season

in the samp le. Since the forest top is not a rigid surface , one expects

variations in albedo related to time environmental conditions in the

forest.

C. Net Radiation

Table 38 and Figures 35—38 represent the information on the net  radia—

• don in a number of characteristic days during spring , sunnIer and winter.

December 23, 1969 and Apr il 21, 1969 are clear days and seem to be perfect

for energy balance study ; however , no humidity data were available for these

days. The required correct ions  to the incoming and o u t g o i n g  r a d i a t i o n s

were made for the Augus t 11—13 , 1970 data , since time Funk black body

t empera tu res  necessary to make these corrections were on the printouts.

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _
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TABLE 37. Albedo Estimates for a Tropical Dry Evergreen Fores t for
Selected Seasonal Per iods

DATE TIME R 4- R + 2 
ALBEDO

(ca~—cm
2
—min~~) (ca!—cm —min~~) 

(~ )

3/21/70 0930 0.7420 0.0996 13.4
1030 0.8663 0.1065 12.3
1330 1.0370 0.1153 11.1
1430 0.8853 0.1046 11.8
1530 0.3959 0.0497 12.6 

Average 12.2
• 1630 0.0927 0.0180 19.4

6/15/70 0930 0.2734 0.0346 12.7
1030 0.5203 0.0654 12.6
1330 0.5088 0.0614 12.1
1430 0.6902 0.0847 12.0
1630 0.3297 0.0456 13.8 

Average 12.6

1730 0.0806 0.0144 17.8

• 9/22/70 0 31) 0.5594 0.0863 15.4
1100 0. 8424 0.1150 13. 7
1400 1.2116 0.1408 11.6

1500 0.7195 0.0854 11.9
• 1600 0.1164 0.0195 16.7 

Average 13.9

12/22/69 0930 0.6975 0.1215 17.4

1030 0.9227 0.1481 16.0

1330 O.9t~82 0.1539 15.4
1430 0.8092 0.1295 16.0 

Average 16.2

Overall Average 14.1%

_ _
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- •  The numbers in parenthesis represent the corrected values. It seems that

the difference between corrected and uncorrected net radiation values is

within the limits of possible error.

TABLE 38. Net Radiation (Langleys/day ) for Several Days During the
TREND Experiment

_ _ _ _  

~~~~~

-- - - - --

~~~~~~~~~~~ 

DATE NET RADIATION % Hours of
Forest top Forest floor

(LyId )  (Ly/d )  FF/ FT Sunshine

April 21, 1969 f 441 43 9.75 ~-

• August 11, 1970 288 (288.6) 16 (16.7) 5.5 > 8

August 12, 1970 306 (306.9) 21 (20.1) 6.8 > 8

August 13 , 1970 287 (287) 15 (14.5) 5.2 8

Augus t 30, 1970 317 29 9.1 10.2

December 23 , 1969 353 -18 I 8.9 

• • - • • -• - - •~~~~~~.-- ~~~ ••~~~
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Some attempts were made to parameterize the net radiation flux in

terms of various temperatures measured simultaneously along the towers .

For energy balance studies , direct measurements of radiation are , of course ,

much more desirable than any parameterization but since the record of

radiational data Is quite limited , it is of interest to search for empirical

estimators of such quantities. It is also true that a paraxneterization of

radiational fluxes should incorporate information on cloud cover , humidity,

etc., but once again, the motivation was to test parameterizations involving

only temperature since there is far more temperature and wind speed in—

formation for these studies than any other kind.

The initial test was to search for a simple correlation between the

net infra—red radiation flux and the temperature in the forest canopy,

T ( ° K) [actually , the es t imator used was eT4 ; m=Ste p han—Boltzmann cons t a n t ] .

Radiation and temperature data were selected during nighttime hours between

2230 and 0530 for the dates June 19, 20 , 21, 22 , 1970. For the resulting

sample of 45 measurements we found the regression relation as follows:

~~1)net 
O.l777(c~T

4
) - 0.1047

where the radiation is In cal—cm 2
—min~~ , T is the absolute temperature

at the 30 meter level of the tower and is taken to represent time canopy

temperature. The correlation coefficient was only 41.9% and the standard

error of estimate was 0.00178 cal— cm
2
—m in~~ . Since this correlation was

- —‘ •— - - - —  ~~-~~-- —~~ -——- —---
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rather weak , the data were submitted to a stepwise screening regression

algorithm with several (admittedly interdependent) temperature predictors

to discover which were the most significant predictors and how great a

correlation could be obtained using temperature predictors alone. The

predictors used were as follows :

P ( ~ T
4) ; T

c
= canopy temperature [temperature at the 30 meter level ]

P = (aT 4 ) ; T =  temperature at the fores t f loor

P ’=(oT
4) ; T

a
= average temperature for the layer 0 m to 46 m height

T
t
= average temperature for the top layer 3Gm to 46m height

During the nighttime hours for clear sky cond itions , the net infra-

red radiation is generally negative; that is , more energy is radia ted

upward by the surface and/or forest than is received from the atmospher e

above. The first variable selected by the stepwise regression scheme was,

consequently, the forest floor temperature , T , which turned out to be a

more powerful predictor than the canopy temperature . Of the four temperature

predictors mentioned above , the above—canopy average temperature , T
~
, should

be most representative of the radiating characteristics of the atmosphere

above the fores t and, hence , of time incoming infra—red radiation. Indeed ,

the second predictor selected by the stepwise regres sion scheme was T
t
. Time

third and fourth pred ictors were , respectively , ~T and T .  The regression

equations corresponding to the four steps of the stepwise regression scheme

are g iven in Tab le 39 . Our Interpretation of these results is t h a t

_______________________________________ 
— - — -— — - - —~~~~~~
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temperature quantities alone are not sufficiently powerful as predictors

and that one should select only T
5 

and T
t and test other non— temperature

predictors (relative humidity, cloud cover , etc.) for their ability to

reduce variance. Also , the cons tant terms in each of the eq uations above

are rather large which indicates that the time mean value of the (radiating

temperature) predictors are rather significant in determining the net

radiation. In fact , this has a great deal to do with the resulting algebraic

signs which precede the various predictor terms in Table 39 . While the

regression equations could be linearized and the means extracted , one canno t

be too encouraged at the prospects of parameterizing radiational fluxes in

terms of temperature alone especially when one recalls the large variability

of cloudiness and humidity during the various monsoon periods .

2. Sensible and Latent Heat Fluxes

A. Outline of Possible Estimating Procedures

One of the most interesting aspects of the TREND experiment was the

potential for estimating all components of the complete energy and moisture

balance of a t ropical evergreen forest for many periods during the comp lex

monsoon cycle. As the reader is by now aware , it was not feasible to

completely achieve this goal during this phase of the tropical environmental

study due largely to the rawness of the original data and certain sensor

malfunctions . With the large amount of temperature and wind speed data ,

it was possible to make some estimates of sensible heat flux and limited

latent heat flux estimates . Before presenting these results , it is of

interes t to review briefly several alternative procedures f o r  making such

estimates .

- - - -
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Gradient Method

One of the better known methods for indirect flux determination

utilizes the gradient of temperature , specific humidity and velocity as

expressed in the following relations :

H = — Cp PK n (dT/ dZ)  (1)

E — pK (dq/dz) (2)

= m~~~~
’
~
’
~~ 

(3)

where

H — sensible heat flux (ly/min)

E — rate of evaporation (gr/cmn
3sec)

-r — shearing stress

p — air density (g/cm
3
)

K — eddy diffusivity for horizontal momentum (cm2
/sec)

C — specific heat of air (cal/gdeg)

K
~n 

— eddy diffus ivity for heat (cm 2/s ec)

Equation (3) is introduced here to point out the assumption of similarity

between the vertical flux equations of momentum, heat and moisture .

In order to bring the previous relations into operative status it is

the practice to make some assumptions and modifications about the relation

of the turbulent transfer coefficients . According to Pasquill (1949) they

are identical only under stable and neutral conditions . Swinbank (1955)

has shown tha t K.~/K increases with increasing instability. Taylor (1960) ,

after analyzing Swinbank ’s data and the data of Rider (195q ) comes to tu e

conclusion that both factors are identical . Uncertainty remains only under

very unstable atmospheric conditions . Investiga tions by C r a w f o r d  (1965)

favor the identity of both factors .To employ this i~t~thod , one must make

direct use of estimated values of diffusivities .

• .—-•- —--—— -• -— — -~~~~~~~~~~4. -.4-.4- -4 - --’-- ~
_
~~_4_~

__
~~

__ __ — •-
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Bowen Ratio Method (Bowen, 1926)

One of the methods which avoids direct use of the eddy diffusivity

factors but uses only their quotients is the Bowen ratio method. The Bowen

ratio is defined as:

T - T

~~= H / L E = y ( K / k ) (  S a
II W ~ —~~

- a

wlie re

L — latent heat u i  o v d p 0 r i t I ~~n

T ,T — -
~ u r f3 ce  and a ir  t e m p er a t u r es a

-- vapor p r e s s u r e  at s u r f a c e  and in air

~~
_ p s v c~’romete r  cons tant  (0. 485 mmH g . 0

C
_ l

)

Assuming identIty of transfer coefficients K.~, K and using the heat budget

equation adjusted to the air/forest interface , one may write,

R + S + EL + H = 0

where

R — the net radiat ion at top of fores t

S — heat gained or los t by vegetation soil and photosynthesis

EL,H — as before

If B = l/~~, the energy balance equation may be solved to yield

Q = - (R + s) / ( l  + B)

and

EL = — (R+s)B/(l + B)

This method has been used by many investigators and has been shown to

give reliable measurements  in many a g r i c u l t u r a l  s i t ua t i ons  (Tanner , 1’)( ’8 ;

Albrecht , 1937; Sverdr up , i~ 5i).

hII_ 
- —4-~-~~~—~~~~~~• • -•- gfl~~j ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -.
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Pro file Method

Another classical approach to estimating fluxes of heat and moisture

is assumption of adiabatic conditions and integration of the following:

K = K  = k u*z (4)
w m

where

k — von Karm arm constant

u~ 
— friction velocity def ined as

u~ = (/p)~~
2 (5)

Combining (3) , (4) and (5) y ields

k(u, — u )
4. 1 6ln [ (z

2—d+z 
) / (z1—d+z)]

where

u1, u2 
are wind speeds measured at two heights above the canopy z1 

and

and d is the zero plane displacement (explained later). Substituting

(6) into (4) and then into (2) yields

E = ~~~~~~~~~~~~~~~~
2
~~~~~~

[in 
~ 
2 O

) }
2

z —d+z1 o

which is known as the Thornwalte and Uolzman equation. If (6) and (4) are

substituted into equatJ ’r ~~1~ ) inst il of (2), one obtains

H ~~~~~~~~ 
T
i
)

[In ~~~~~~~~~~
1 — 1-i- -

1 o

I
• ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • - -- - ~~~~~~~ - - - •  ~~~~~ --— ~~~~~~ — - -—-
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Eddy Correlation Method

Vertical transport of heat and water vapor in the atmosphere is mostly

turbulent. If we define q ’ as the instantaneous deviation of q from its

mean value at the point , the product q ’w~ (w’ — the vertical component of

the wind speed) is the deviation of the instantaneous water vapor flow

from its mean value. The evaporation is found b y averag ing over time the

quantity

E =

Similarly for sensible heat flux :

H = C
p

Where the overbar  r ep re sen t s  the  ~1v’-r ag ing  opera t ion .

This  best  me thod  of  e s t i m a t i o n  is d i f f i c u l t  to app ly to t h e  TR END

data since there art- no direct observations of vertical velocity and the

only values of specific humidity available are values related to thirty

minu te  averaged values of dewpoint temperature .

B. Resul ts

From Table 3h it is clear that very little dew point temperature data

is avai lable  for  c o m p u t a t i o n a l  purposes . [A large amount of the  dewpoin t

temperature data appearing in the computer printouts of A—tape data are

values of order 1O 3
~ C !]  Values of Bowen ’s ratio were computed for four

days in June using data at the  32m and 36m levels along t ile tower  in the

fo re s t  which was not  obvious l y and a b s u r d l y  f a u l t y  b y v i r t u e  of its ma~ nittidc- . 

“-- ~~~~~~~~~- •~~~--~~~ - - -- - • -•~~~~~~~~ - • —----- 
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Computations were made for each half—hour period and then averaged over

six—ho ur periods of each day . Resulting values are shown in Table 40.

TABLE 40. Bowen’s Ratio for Four Days in June, 1970

Bowen Ratio Time of Day

Date 0:00—6:00 6:00—12:00 12:00—13:00 13:00—24:00

June 23 , 70 .3729—03 — .1468—01 .4620—02 .9214—03

June 24, 70 -.2253-02 -.7589-02 -.5274—02 -.5352-03

June 25, 70 .6290—03 — .1788—01 — .4522—02 .1124—02

June 26 , 70 .6101—03 .8557—03 .1583—03 — .7583—03

The values shown in Table 40 are extremely small and fluctuate in sign.

Accord ing  to the stability statistics given in Section IV , the layers above

t u e  f o r e s t  canopy are frequently near neutral conditions so that a Bowen

ratio would be the ratio of two small and variable energy f luxes .  I t  is

not clear that the ratios appearing in Table 40 are very revealing . To

further document the situation on these four days , howeve r , six—hour

totals of rainfall at the top and floor of the forest were computed. The

rainfall totals are shown in Table 4lwhere it may be seen that rain indeed

fell during each of the 16 six—hour periods . Also , the frac tion of t he

daily total rainfall which reached the f loor  of the forest varied from a

high of 93% on June 26 , 1970 to a low of about 49% on June 23, 1970. Tile

• rain gauge at the forest floor actually collected more water than fell is

ra in  fo r  3 of the s ix—hour  periods shown in Table 41.
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h aving p e r f o r m e d  de te rmina t ions  of roughness p arameter  and da tum

disp lacement  level fo r  a large sample of wind p ro f i l e s  dur ing  January ,

June and September , the sensible heat f lux  [and , perhaps , the latent heat

f l u x i may be calculated using tile Th ornthwaite—Holzman equations g iven

in ti -me previous  subsect ion.  Such calculations were carried out fo r  the

periods in J a n u a r y ,  June  and September noted in Table 17 and wi l l  be

presented shortly. Before presenting these results , attention is drawn to

the f ac t  t ha t  the re  was a wide var iabi l i ty  in the values of z and d

calculated using Steam ’s method for the three periods . ‘Jhile the  T h o r n —

thwaite—llolzman equation is linear in tile wind and tempera ture  i n f o r m a t i o n,

it is highly non—linear in z
0 and d. In computing , say,  sensible heat

flux from ti-mi s equation , one faces a choice of using some average , repre-

sentative values of z and d in the equation or using “instantaneous”

values of these parameters determined from the actual  p ro f i l e  from which

the heat flux is computed. If the variability of these “site parameters’4

was su f f i cien t ly small , one would feel reas onably com for table in us ing

average values in heat flux computations . Table 17 of Section IV gives

evidence that such is not the case here . This issue is quite relevant to

• m icrometeorological s tudies  since some methods  for estimating z and d

yield only one pair of estimated values and the investigator has no choice

but to use this pair in all i-meat flux computations .

One can get an estimate of how bad the situation might be by performing

an error analysis of the heat flux equation of Thornthwaite and hlolzim m n .

- - -—- —_ -..~~~~~~~~ 4_-- —.-.--—— - • -------— -• _---_ - •_---_-_-—
~~--__-—_--_ _ ---_ -.- ---~~ _-----—---•- -
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TABLE 41. Rainfall at Forest Top (FT) and Forest Floor (FF)
for Four Days in June, 1970

Rain— Daily
Date fall (nun) Time of day Total

0 — 6 6 —12 12—18 18—24
June 23 , 70 Fr 6.6 5.r 6. 0 6 .9 25.2

FF 2.4 3.0 3.6 3.3 12.3

June 24 , 70 FT 4.8 5.7 3.3 6.9 20.7
FF 2.7 3.0 2.7 3.3 11.7

June 25 , 70 FT 7.5 2.1 3.0 4.2 16.8
FF 2.7 2.7 3.0 2.7 11.1

June 26 , 70 FT 6.6 41.1 6.0 9.3 63.0
FF 2.3 41.4 11.1 2.7 58.5

If one defines All as the error incurred in calculating the heat flux due

to errors , Az and Ad , in estimating the roughness and dattun displacement

height , then one may write

AH = (~H/~ z )  Az + (~ H/~ d)A d

The maximum relative error is obtained by dividing both members of this

equation by H and suinniing absolute values :

(AH/H) — (l/H)(
~H/~ z )  Az

0 
+ (l/H) (~H/~ d) Ad I
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The relative derivative terms may be calculated from the heat flux equa-

tion. Carrying this out one m ay write

(All/Il) = C [ j  (A z /z ) I + (Ad/z ) j

where

C [2 z (z
2
—z

1
) ]  / 

~~l 
‘
~2 

ln

Y1 = z 1 — d + z  Y 2 = z
2
— d + z

Thus , the er ro r  e f f e c t  involves onl y z , d , and the pair of levels used i~ i

the  computa t ion .  One may estimate the error e f f e c t  from the v a r i a b i l i t y

of z and d shown in Section IV in the following way : if one uses average

values z and d for z and d and standard deviations in z and d for
o 0 0

z 0 , d , then (A H/ H)  represents a measure of the discrepancy involved in

calculating H using average rather than instantaneous values of the profil e

t 

parameters. Ti-mat is , the quantity (AH/H) calculated in this manner hi-coat :-

• an estimate of the error limits encompassing 2/3 of the values of

• [hi(~~ , ~)—H(z ,d)]/1I(z ,~~). Table 42 gives values of (~ il/uI ) appropri ati

to time statistics of z , d fo r  the periods in January , June and Se p t t -ahc r

summarized earlier. It is seen ti-mat the non—linear e:~ror effect is a c tu a l l \ -

a damp ing effect. For example , for ti-me samp le covering September 9—11 ,

1970 using the levels 4Om and 46m , tile standard deviations of z and mi

relative to z are 35.4Z and 21.3% respectivel y, yet ti-me coefficient C = ~.397

(which  is a damping of  e r r o r  since C •l) and the d i sc rep.-incv ( li/hi ) =

22 . 57.. Thus , even though the e r rors  in z and d arc add  it ly e in ti m is
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approach , the corresponding relative error in H is less than the er ror  in

determining z alone. It is encouraging that errors in determining z

and d are damped by the Thornthwaite—Holzman equation. Nevertheless , the

entries in Table 42 suggest that one may incur large discrepancies in

calculating H using mean values of z and d as opposed to instantaneous

values. The coefficient C is larger in June than September and January

for all three layers shown and generally incre ases with decreasing height

of the layer. Due to larger variability in z and d in September compared

with June, however , the discrep ancy in H is larger in September than June.

The value of C is minimum in January so that even though the variability

of z is largest in this month , the discrepancy in H is smallest.

To obtain an empirical estimate of ti-m e effect of using period mean

pro f i l e  paramete rs , values of sens ible  heat f l u x  were computed f o r  June 2 3 ,

1970 f rom tile TREND p r o f i l e  data using t h e  T h o r n t h w a i t e — H o l z m a n  f o r m u l a  s -i t

perio d average values of z0 and d , and th en  us ing  “ i n s tan t an e o u s ” v a l c m - -s of

• z0 and d. The result is shown in Figure 39. The d i f f e r e n c e s  are s m a l l  ~-.‘hi -n

tne heat f~ ax is small but of increasing iunpo rtance as the f l u x  b ec -otn~-s 1 . m  r c~

General ly  speaking,  however , the two methods give compatible resu1ts~ The

• observed d i f f e r e n c e s  a t  eacti h a l f — h o u r  i n t e r v a l  d u r i n g  . lun e 23 , no r acI ized

the heat f lu x  value ca l cu l a t ed  w i t h  th e  hal f—hourly values of z and d . i i

is , (H/H) observed) were compared w i t h  - ì  theoretical i - S t  im.mt - of tilt - d j ~~c t c

ancy ca l c u l a t e d  as indicated p rev ious ly  but us ing z , d , -~ = —
0 0 0 0

• d d — d , fo r  each h a l f  hou r  per iod  [tha t is , (ii /b i) t S t  im .m t ej . Time r I

don be tween  ti -me two is shown in Figure  -~O. lost of the vii IIS ’~~ 1 i - - O~ ) I

straight line i n d i c a t i ng  that n~~st of the di scropani- v hetwe~-n the c ’m r • - - 1
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Fi gure 39 may be a t t r i b u t e d  to the va r i a t i on  in roughness parameter  and dis-

placement height throughout the period. The slope of the relationshi p shown

in Figure 40 is not unity , however , which indicates that the discrepancy be-

tween the two methods of calculation is actually less than that predicted by

the theoretical  error anal ysis.

Finally ,  Fi gures 4la , b , 42a , b , 43a , b show values of sensible heat flux

for two days each of the n~ nths of January, June and September , 1970. Compu-

tations were made using mean values of the profile parameters for the three

periods for each of three layers above the forest canopy . The characteristic

temperature structure above the canopy in January , which was discussed in

conjunc t ion  wi th Fi gure lOa , v~ elds s t r o n g  up w - i r d  sensible beat flux from the

canopy during the day through the layer 32—36m but variable or downward fluxes

through the highe r layers due to the tendency for inverted temperature struc-

ture in these higher layers. The total transport upward from the canopy was

larger for January 8 , when there were nine hours of sunshine falling on tile

canopy than for January  6 when there were only 1. 1 hours of sunshine on the

canopy . The sensible heat flux in June tends to be positive through all the

layers during ti-me day with slight downward flux at ni ght in the layer immediate-

ly abo”e the fo re s t  canopy.  Both  days were  p a r t l y c loudy w i t h  June 20 ex-

periencing more than three but less than ei ght houra of sunshine at canopy level

bu t  June 21 had onl y a h a l f — h o u r  of s u n s h i n e  on the canopy during the day . ‘~ ‘t e

tha t  the scales of Fi gures  42 a and h a r e  d i f f e r e n t  and t h a t  the  total transport

was much smal ler  on June 2 1 .  Bo th  day s  had intermittent rainfal l which furthe r

tended to interrup t the day t ime surge of sens ible hea t f l u x  f ro i r  t u e  canopy .

The two days in September  fo r  w h i c h  Fi gures  /4 3 1 , b were p repared  had l i t t l e

sunsh ine  and s i g n i f i c a n t  r a i n f a l l .  W h i l e  the sen sib le bc ’ i t  f l u x  t e n d s  t o  he

upward d u r i n g  the  day t  inc h o u r s  • the v ali- s -m re s m a l l  and t h e  ‘~
- • i r lab ii i  v I a rge
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SECTION VI — GENERAL S UMMARY

Ti -mis report has documented the major  resul ts  of work done at the

Unive r s i ty  of Mary land over the two year period June , 1972 — Augus t , 1974

under Contract  DAAK O2 — 72—C—0287 to the U. S. Army Eng ineer Topogra phic

Labora tory ,  Ft. Belvo ir , Virginia. The general objective of this work

has been to ext rac t  s c i en t i f i c  in format ion  f rom various raw meteorolog ica l

data materials  col lected during P ro jec t  TREND (Trop ical Envi ronmenta l

Data) . Pro jec t  TREND was a large U. S. Army sponsored in terdisc ip l inary

sc i en t i f i c  f ie ld  program in ti -me Sakaerat  Forest  of Thailand conducted

during the years 1967—70.

Certa in  ground s t a t ion  meteorolog ical data  were collected dur ing  ti - me

period Nov. 1967 to Sept .  1970 and cer ta in  o ther  micrometeorolog ica l da t a

were collected along two towers in the  fores t  area during about the last

two years of the f ie ld  experiment . At our disposal were measurenen t s  of

t empera tu re , re la t ive  humidi ty , preci p i t a t i on , evaporat ion , hours  of

sunshine , solar rad iation , infra—red radiation , profiles of wind , temperature

and dew point  tempera ture  in the  f o r e s t  canopy and in a cleared area w i t h i n

time forest area, and profiles of temperature beneath ti-me ground at bot h

sites. As the original data tapes logged at ti-me TREND e x p e r i m e n t a l  s i te -

were in very roug h fo rm when they were turned over to time universit y of

~1arvland , a considerable effort was required t o  develop compute r  pro - t - s s i ng

techniques which would produce  a usable  data source for scientific a n a l v ~~is .

This repor t  documents ti -me condi t ion of the raw data and sum m a r i  ~es

_ _ _  _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ • 
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current usability and availability of T REN D Project  micrometeorolog ical

data.

Data from the TREND pro jec t  have been analyzed to y ield a coherent

depiction of the climatological conditions at the Thai forest site. A

comparison was made of climatological condit ions in the Sakaerat Forest

with conditions at a number of locations in Southeast  Asia. Locations chosen

for comparison generally yield a depiction of the monsoonal cycles on the

eastern and western coasts and at low, middle and higher latitudes in the

inter ior  of the Southeas t Asian land mass.  I t  is found that  the local

e f f e c t s  of the large scale monsoon system in th is  area of the world are a

strong funct ion  of orograp hy and windward proximity to the  t rop ical waters

in which the area is nested and that mesoscale variations in, say , precipi-

tation may be quite dramatic in Southeast Asia.

• The influence of the tropical forest on the nature of the vertical

prof i les  of wind and tempera ture  have been given in th is  repor t .  Using

profile data on a frequency of once per thirty minutes , careful estimates

of forest roughness , datum disp lacement height and frictional stress have

been made for  three periods of the year : January (durIng the cool , dry ,

northeast monsoon season) ; June (in the middle of the warm , moist , south—

west monsoon season) ; September (during the month of maximum preci p i t a t i o n ,

also in the southwest monsoon season) . These estimates have been compared

wi th  s imilar  in fo rmat ion  for  o ther  types of crop canopy.  Sp e c t r a l  analyses

• of these data have also been ca r r ied  out fo r  periods of about 10 days in

_ _  ~~~~~~~~~~~~~~~~~~~~~~ _ _ _
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length during January and June .

Certain elements of the energy budget of the tropical forest were
r

studied.  These studies were somewhat limited because of difficulties with

ex t rac t ing  usable radiat ion and dew point temperature data  from the ori ginal

TREND experiment data tapes and certain instrumental malfunctions during

the field experiment. Estimates of sensible heat flux were made and are

presented.  Some calculations of latent heat f lux  and Bowen ’s ra t io  were

made us ing the dew point tempera ture  measurements from the TREND p r o j e c t .

In fo rmat ion  on incoming and re f lec ted  solar radia t ion f luxes and on ti -me

albedo of the Sakaerat Forest are presented.  Diurnal variations of net

radiat ion above the forest canopy and at the f loor  of the fores t are given

for  several days distr ibuted throug h the year .

Certain aspects of the research initiated during this project will be

continued . In pa r t i cu l a r , a t t en t ion  wil l  be g iven to the fo l lowing :

extending the  survey of wind and t empera tu re  p r o f i l e  characteristics of ti-me

tropical forest region to include d i ah a t i c  condit ions ; e s t i m a t i o n  of

sensible heat fluxes under near—neutral and diabatic conditions for

several periods of the year; analysis of other components of ti-me energy

budget including conductive heat flux into ti-me soil ; extension of spe-etral

analyses of wind and t empera tu re  da ta  to hi gher f r e q u e n ch - s  by utilizing

tile once per h a l f — m i n u t e  p r o f i l e  da ta ;  and f u r t i m e r  a t t e m p t s  to ex t r a c t

usable r ad ia t ion  and dew poin t  i n f o rmat ion f rom raw A — t a p e s  b r  v a r i o u s

per iods of the yea r .  S u f f i c i e n t  success in  t h e S e  e n dea v o r s  would  p r o v i d e  a

comprehens ive  su rvey  of the energy  budge t  of t i m e  t r~ l c m l  fore t r eg i o n

wh ich would be of wide  i n t e r es t  to  environmen tai sc-i ent i s t

~
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