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INTRODUCTION

Tenrperature is an impcrtant weather factor
affecting biological processes. The rate of
gro\\-th. dcvelopment ard surviyal of ulost
organisms is temperatu re dependent. Bi ological
response to temperatrre is non-linear (Wann et

al. 1985) and devclopment has been

demonstrated to occur at a rate proportional to
biological time i.c. proportional to accunrulation

of 'hour degrees' or 'da1' degrees' abovc a
certain temperature thrcshold (Bernhardt and

Shcphard, 1978). Sy'sternatic temperature
variations on diurnal basis, tlierefore. arc

requircd in tlre input to agricultural models.

particularly crop growth rnodcls.

In most of thc surface meteorological
obsen'atories daily ntinimutn and tnaximrtm
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ABSTRACT : For nranv agricultural and clirnatological purposcs it is usel'ul to
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The results present a reasouable fit based on thc ovcrall diurnal trends. Linritcd
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grou,lh nrodels particularlv of raintcd crops to predict their vields.

air temperatures arc conxxonly reported. The
ambient air tcnlperature varies in a somervhat
rcgular pattern reflecting both the annual and
diumal c),cles of extra-terrestrial radiation.
Since these cyclcs can be described adequately
it should be possiblo to have an empirical
rnodel rvhich is capablc of restructuring mean

diumal tenrpcrature variation from ma.ximum

and mininrum tcmperatlrres for a particular
location and time of the year,

Tenrperature curves aro a combination of
periodic sine ancl cxponultial dccay curvcs.
They are not readily reprcsonted by a ferv

terms of a Fourier series. and furthennore
such methods ignorc the basic phl,sical
relationships of the diumal cycle. The trvo
most frcquentlt' used techniques for s inrr"rlating
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hourh temperaturcs are cnr:rg)' budgct nrodels

and empirical modcls. Energv budget ntodcls
havc proved more accurate than sinrple cr,rn,c

fitting models but have disadvantage of
requiring data on many climatological variablcs
and heat transfer paramctcrs. Flukcr (1958)
and Parton ( 1978) dcvelopcd ernpirical nrodcls
b1, using Fourier heat conduction equation
u'hich requires onlv maximum and minimuur
tcrn;reratures (Parton and Logan, 198 l)
Scvcral researchers tried to predict diumal
variation in tentperature bv using curve fitting
rrrodels like linear (Saunders, 197 5). non-linear
(Hcucr et al. 1978), Fouricr scries (Carson,
1963: Walter. 1967 and Hansen and Driscoll,
1977) sine exponential (Parton and Logan,
I98l) and sinusoidal (Dc Wit et al. 1978).
Wann et al ( 1985) conrparcd scveral
rnathcmatical rnodcls rnentioncd above and

concluded that Sinusoidal nrodcl n'as thc bcst
one. This study makes an attcmpt to sinrulatc
hourlv ternperaturcs b1' using sintrsoidal nrodel.

METHODOLOGY : SINUSOIDAL
IvIODEL

Tlre nrodel rvas initiallv prcsented by De Wit
et al. (1978) and rvas obtained frorn tlte
subroutineWAVE in ROOTSIMU V4.0 given

bir Hoogenboom and Huck ( 1986). The rnodel

uscs rl'rinirnum tempcraturc of the next day,66
divides the day into trvo segnlcnts. The one is

frorn sunrise to 1400 hour and the other from
1400 hour to sunrisc of the follo*'ing dar'. Thc

modcl assurres that -

i. rnaxinrurrt tentpcrature occurs at 1400 hour,

ii. urinimutn temperatttre occurs solttetinle

around suurise

iii. and acosinefllnctiondcscribes the variation
for thc period from the tinrc of Ininittrtttrr

tempcrature to the tinte of llaxinruur
tempcrature and another cosine firnction
for the period fi'om the tinic of maximunr

tcmpcrature to thr; tirnc of tninintum
tclnperature of thc ncxt da1'.
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The intcn'eniug tcnrperatures are calculated
fronr the follou'ing cquations :

Fiil ',- Ft RISE arrd 1400h ,r [f ':. ]Ll00lr

T (H) : TAWj I AMP(cos{I{r (10.0 + RISE)I

For RISE .,: lI . 1400h

TGD - IAVE -AMP (cos { (lI-RISII)(l4-RISE)}l

rvhere

RISE : lhe tinrc ol'sunrise in hours

'l(H) = the lerrperature at anv hour. I'I : iu hours

H' : II + 0 if II . RISE.II': Il - 14 il'FJ :. 1400h

TAVE = (Trnin - Tnax) /2. : (Trnax - Tmin)/2

DATA SOURCES

The air temperature data used to devclop
sinusoidal model for calculating hourly
temperature s \yere collected frorn the
Universitr,of Punc obse rvaton, ( 18"32' N. 73o

5lE and -559 nretres height). Randomly
selected 3 days from cach tuouth and year
(total 144 da1,'s) for the pcriod of l99l - 93

(3 1,ears) fonned the data base. For validation,
the hourll, obscrued temperaturc values for
the sanre da1's rvcre collected fi'ont the
thermograph rccords. The infonnation on tirne
of sunrise for diffcrent months in thc 1,en1 i5

obtained from the India Mctcorolgical
Department.

ERROR ANALYSIS

To test thc nrodel. trte,asurcd and simulated

tenlperatures at hourly inten'al lverc contpared.

The 'goodncss of fit' rvas asscssed in
several rvays. Tho ovcrall accur&c.v of the

shapc of tlre sintulatcd cttn'e rvas exantined

by calculatcd root lllcalr sqttaro crror
(RMSE). Whcn the predicted temperatures
wcre closer to the obscrved ones, the RMSE
rvas smaller. It is a bettcr error irrdicator siltce

it tends to penalize largc individual errors

heavill'.
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Tlre sum of rcsiduals (RES) and the sum
of thc absolute value of residuals (IRESI)
can be used to dcternrine thc tcndencv of
the modcl to consistentlv ovcrpredict or
under predict the tenrlleratrrrc over a givcn
period. After comparison of RES and
IRESI it is possible to dotcrnrinc hou. errors
in the nrodel cancel ovcr tirnc. A Iargc
positrvc RES that approaches IRESI
suggcsts that the modcl consistently
undcrestirrratcs the actual tcrnperaturc
rvhercas a large negative RES compared
to IRESI denotcs a tcndcncv for thc
urodel to ovcrcstinrate thc obsened valuc, A
srrrall RES vis-a-r,is IRESI indicntcs that the

crrors in thc model canccl ovcr the 24-hour
period.

RESULTS AND DISCUSSION

The diurnal chauge in nrcan air tenrpcrature
near thc carth's surface is a result of
conrplicatcd cnerg), cxcirange processes rvhich
involve solar heating during the day and
radiative cooling during the night (Oke. 1978).
The air temperaturc exhibits a regular pattern

of variatiou that follorvs diumal cycles of solar
radiation. Superirrrposcd on these regular cl,cles

are fluctuations of variable duration and

anrplitude created b.v changing rveather
conditions like cloudiness. rain- s,arm and cold
spells ctc. These fluctuations havc bcen

rernovcd fronr the data and the regular cl,cles
have been isolated and studied b1'using monthly
diurrral data averaged for the vears 1991.92
ancl 93. Figure I shorvs that the modcl pcrforms
rvcll in sirnulating thc mean monthh'diumal
tompcrature and that scasonal changcs in the

pattcrn aro l'ell rcprescnted in thc model. A
srmrnrarr ofstatistical comparisons ofobscned
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and simulated temperaturcs are prcscnted in
Table l.

Table 1

Statistical com;rarisons of diurnnl
tcmperatu rc simulations

Months Rl RMSE RES IRBSI

I

Janrnrl,

February

N'[arch

April

May

Junc

July

August

Septcmber

0ctober

Novembcr

Decembcr

0.90

0.9.5

0.98

().98

0.9-5

0.9"t

0.7+

0.92

0.91

0.67

0.91

0.99

2.il
3.19

2.13

2.22

2.02

2.20

1.46

I .2-)

L43

1.96

2.15

2.-t 8

4.17
29.83

29.23

32.60

8.73

8.53

-7.27

-10.50
8.77

-7.07

-2.20

5.20

4-s. l3

60.93

38.1 3

12.26

37.73

35.-53

28.86

24.90

29.06

37.83

4 t.50

-50.33

Thc table given abovc indicates that the RMSE
varied from a lorv of I .2-5 for August to 3.19
for February. A large positive RES values
approaching IRESI for Febmary, March and
April suggest that the model consistcntlv
undcrestimates the observed temperature.
A small RES comparcd to IRESI for the rest
of the months indicates that the errors in
the model tend to cancel over the Z4-hour
period.

The high R2 > 0.9 for most of the months
presents a rcasonable fit, based on the overall
diurnal trends. Hou'ever a very lorv correlation
coefficicnt is reported for Jul-v and October
marking variable diumal trends mostll' rcsulting
from prevalence of rains and cloudl' conditions.
Effcct of solar radiation ott tcntpcratttrc is
obvious. Tltc accuracy of nrodcl improvcs ilt
inversc proportion to cloud cover The rnodcl

is constructcd to procluce thc classic cliurnal
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MEAN MONTHLY DIURNAL VARIATION OFAIR TEMPERATURE AT PUNE
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rlrltlun of tempcrature . Such a rh\thrn is tnost
clearll'exprcssed on suu1,day s u'hen teri:cstrial
inadiation follorvs a sinusoidal path. On cloudy
dat,s factors other than radiation assurnc nrorc
importancc in deterrrining air tclnpcrature and
alter the shape of the diurnal tcmperature
curve. The lorv RMSE i.e. bclorv 2.0 for Julr'.
August. September and October goes u'ith a

good representation of a diurnal ternperature
trend (Figure l). Loiv RMSE and lorv
corrclation coe{ficient values for monsoon
months rnav be fturction of platvkurtic fonn
and irregular nature of the diurnal tenrperaturc
trends on u.rollsoon davs respcctivcly,. It is

irnportant to note that for most of the montls
during afternoon hours" thc model has a
tendencl.' to overpredict the actual value and

during thc period from 9 to l0 and 19 to 2l
hours the larger RMSE, RES and IRESI values
are rcported. The detailed anal_vsis ofthe hourll'
distribution of error paranlctcrs rcvealed tlrat
this mav be due to thc fact that thc sinusoidal
nrodcl docs not incorporate the infonlation on

sunset tirne as input. This reduccs the fleribility'
of model for data fitting bv not providing an

appropriatc description of the cooling process

after sunset. The model implicitll, Assurncs

that maximum cooling rate al$'a),s occurs at

the mid-point betrveeu the tirnes of maximum
and mininruln temperatures. In the same

lnalrler, it assumes that maximum hoating rate

is observed at mid-point betrveen thc tirnes of
nrinimum and rnaximunl temperatures. The

los,l,alues of RMSE are uoted during the nrid-

dav hours (1200 to 1600 hours) around tltc
tinre of ntarimum temperature. Thus the rates

of heating and cooling and the resultaut form
of tcmperatu re curve are completell' detemrincd

b1, thc tirnes and magnitudes of tltess
ten'lperature extremes.

Thc cursory examination of the hourly
obscrved and sinrtrlatcd tempcratures
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reveals that frorn rnidnight to about noon
timc thc tcmpcraturcs are under estimated
u,hcreas during thc rcnraining period of
the dal,thev are overcstimated. The inrportance
of sinrulated hourlv tenrperaturcs is relatcd
to ph1'siological processes involved in
plant grou,th models. The largc day-time
errors in diumal temperature may rvrongly
sirtrulatc photosynthesis and respiration
rvhich are at maximum during the day. For
rnodclling crop respiration and frost
resistancc accurate sinrulation of night-tirne
ternperature is neccssarl'. The slight over
asscssnlent of photosl'nthcsis and
transpiration fronr sunrise to mid-dav nnde
b1, the model is counterbalanced bv sliglrt
underestinration of the same fronr nrid-day
to sunset tirnc. Horvever. thc large errors
in sirnulation after sunset during r.vinter
months from October through Januan' iudicate
the inability of the model to predict
frostproneness of the area.

An exarnple of Jull' 16. l99l is illustrated
(Figurc 2-B) u,hen a modcl u'orked
reasonably well for calculating hourly
temperatures. This day indicatcd a smooth
diumal trend throughout the 24-hour period
and the range betrveen masinrunr and
minimurn tcmperatures was small (4.5'C).
Thc maximum tcnlperature occurrcd at
1400 hour rvhile rninimunl at the tirne of
sunrise: thus most of the assumptions of
the model u'ero uret. Thc sintulated results

for all thc hours are tcasouabll' close to the

observed values. The differetrce bctu'cen
cstimated and obsened hourly' temperaturcs
(Figure 2-C) clearly' indicates that the rnodel

undcr predicts till the time of Maximum
tenlpsrature and over protects aftenvards.
The error parameters for the dav are
sununarised in Table 2. In this casc, thc R:
is as high as 0.92. the RMSE. RES and IRESI
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are srnell suggesting a 'good fit' for thc obscrvcd
data

Table 2

Stltistiurl summrrl of magnitudc of crrors
on sclcctcd davs

Da)' RI RMSE RES IRESI
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large negativc RES describcs the tendency of
ovcr prediction of the modcl.

CONCLUSIONS

The modcl provides reasonable estimates of
the diumal variation of temperatures using
cosine fi.rnctions. Thc rcsults are predictably
bcttcr for long-tenn rvcrages sincc extrenrcs

tend to be srrroothcd As nloro data arc avcraged.
Thc bettcr agrccr.ncnt bctu,scn obscrvcd and

estimated tcrrrpcraturcs on clcar day's is

disconccrting on cloudy day's. The portability'
ofthe nrodcl strongly'depcnds on the tutre of
maximum tcmperaturo assuntcd and thus it is
location s1lccific.

Thc nrethod fails to assoss thc l'rostpronencss

of thc rcgion during a rabi scason as indicated

by' ovor prcdiction on night tempcratures.
Hou,ever. during nlonsoon nronths slight undcr
prcdiction after sunrisc balances aftornoon
over prccliction of thc obserr,'cd values. IIt
addition. thc nragnitudo of orror is minimum
during that ltriod ulrich is a tnain crop grou'ing
season in India. Thc rnoricl. thercforo, catt be

profitabll, uscd to nronitor grolth of rainfcd
crops and to prcdict crop viclds.
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A second examplc of Fcbruary' 2(r. l99l is

indicated in figurc 2-A. This dal'rcprcscnts a

relativelr, '1roor fit' of the sinusoidal nrodel for
conrputing lrourll' tct'ttpcratures. 'llltc trend of
obscn,cd data rvas not smooth aud tcutpcrature
diffcrence betrveen ntaxintuur aud urininruut

u.as largc (l1.4"C). Tlre lou'cst tomperature

occuned onc hour before sunrise and tltc highest

rcached at [500 hour. Sincc nrost of the

assuurptions of thc nrodel failcd. thc trcnds

throughout thc 24-hoLrr period rtere itot ucll
fitted to tho obscrved tonrperatures. Tlte largcst

positive differencc bctu'ccu estinrated and

obsen,ed terrrperaturcs (Figure 2-C) is notod

9"C for 2100 hour and thc ncgative otto is

6.5'C for 0(100 hour. The statistical sutntnan'

of error paramcters (Tablc 2) clcarll' points

out that correlation coefficierrt is lorr'(0.-55) as

comparcd to that of thc previous cxanrple . Tlrc
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