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Table 1- Descriptive statistics of the meteorological variables in the study area
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Figure 1- Temporal pattern of hourly radiation (a) and aerodynamic (b) components and reference evapotranspiration (c)
estimates derived from (FAO56-PM), and (ASCE-PM), models and ET,»FA056-PM1; g hASCEPMI v546 (c) for a short
(December 21, 2008) and long (June 21, 2008) day in Abadan region. In this figure, t,,-se’, tse,’ and t,,-sf represent sunrise and
sunset at current day and the sunrise at following day (hour), respectively. Subscripts L and S represent the short and long
days, respectively.
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Figure 2- Long term average of the rations of 24h sum to daily radiation (ET,>*"™ / ET,*"%), aerodynamic (ET,>*"*™ /

ET,**™) components and reference evapotranspiration (ET,**" / ET,%) and the aerodynamic component fraction (ET, 2% /
ET,*") derived from (ASCE-PM), and (FAO56-PM); models at hourly time scale (a, b, ¢, and d, respectively)
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actual vapour pressure (a), air temperature (b), wind speed (c), and solar radiation (d)
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Table 2- Comparison of daily estimates of the radiation component and the reference evapotranspiration derived through the
standard R,, estimation approach (1st and 2nd approaches) with the estimates derived from 3rd to 6th approaches”.

Sbiy e ,loi
(Evaluation statistics)

Rui 39152 3,545,

T LIRS
(RuEstimation ~ MAD ~ ME  MAE  RMSE r EF MSE RSB RNU RLC (finglrank)
WP (mm) o) (om) (o) () () (nd) () () (%)
Qb adlge 3,4 0.3136(1) -0.1479 0.1479(1) 0.1571(1) 0.9992(1) 0.9852 0.0247 88.6941 0.0162 11.2897 1
(o sko) ail39, 5 0.7171(2) 0.0800 0.1679(2) 0.2087(2) 0.9932(2) 0.9739 0.0436 14.7031 23.7173 61.5796 2
(Radiation

component (mm) 6 1.2791(3) 0.2621 0.4302(3) 0.4822(3) 0.9788(3) 0.8608 0.2325 29.5496 25.9658 44.4846 3
&0 8y B 3,4 0.3136(1) -0.1479 0.1479(1) 0.1571(1) 0.9999(1) 0.9986 0.0247 88.6941 1.3199 9.9860 1
(o o) 4il39, 5 0.7171(2) 0.0800 0.1679(2) 0.2087(2) 0.9993(2) 0.9976 0.0436 14.7031 20.1429 65.1541 2
(Daily reference 6 1.2791(3) 0.2621 0.4301(3) 0.4822(3) 0.9967(3) 0.9872 0.2325 29.5596 13.9186 56.5218 3

evapotranspiration (mm))

@

® Rank of each model based on the calculated statistic is given in the parenthesis.
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Table 3- Evaluation statistics used for comparison of the performance of ASCE-PM and FAO56-PM models for retrieving
the daily radiation and aerodynamic components and the reference evapotranspiration, using 6 different R, estimation
approaches at different time scales"”

bl o lof s,
|H .
:/Iudlal MMAD MME MAME MRMSE SDRMSE MPearson MEF SDEF MMSE MRSB MRNU MRLC "'LV
M) m) ) ) ) om0 00 @m) 06 06 o6 Firal
ran
(ASCE-PM)1

0.8800(2) 0.3274 0.3294(2) 0.3764(2) 0.0668(2) 0.9921(2) 0.9125[8] 0.0270[8] 0.1462 75.369 2.6668 21.9642 (2)[4]
(ASCE-PM)2 1 1017(2) 0.4705 0.4705(2) 05203(2) 0.1025(2) 0.9882(1) 0.8316[11] 0.0521[11] 0.2812 80.7261 1.6823 17.5916 (2)[6]
(ASCE-PM)3 0 8105(2) 0.3553 0.3553(2) 0.3980(2) 0.0554(2) 0.9914(2) 0.9038[9] 0.0235[7] 0.1615 78.8766 1.2048 19.9186 (2)[4]
(ASCE-PM)4 1 0612(2) 0.5118 05118(2) 05567(2) 0.1189(2) 0.9874(1) 0.8069[12] 0.0679[12] 0.324 83.6243 0.8223 155534 ([7]
(ASCE-PM)S 0 6784(2) 0.1683 0.1683(2) 0.2405(2) 0.0190(2) 0.9937(2) 0.9705[6] 0.0042[4] 0.0582 48.8968 12.3006 38.8027 (2)[3]
(ASCE-PM)6  (3319(1) 0.1345 0.1345(2) 0.1755(1) 0.0086(1) 0.9991(1) 0.9875[1] 0.0011[1] 0.0309 59.7373 26.8272 134354 (1)I[1]

(FAOS6-PM)L §7449(1) 0.111 0.1312(1) 0.2091(1) 0.0400(1) 0.9930(1) 0.9729[4] 0.0101[6] 0.0453 39.5551 3.6273 56.8175 (1)[3]
(FAOS6-PM)Z 4 0g73(1) 0.285 0.2000(1) 0.3609(1) 0.0902(1) 0.9876(2) 0.9172[7] 0.0321[9] 0.1384 617712 18136 364152 (1)[4]

(Radiation component)

(FAOSE-PM)3  6g99(1) 0.1250 0.1334(1) 0.2185(1) 0.0297(1) 0.9919(1) 0.9710[5] 0.0074[5] 0.0486 38.1411 6.7298 551201 (1)[3]
(FAOS6-PM)4 ( 9749(1) 0.3243 0.3268(1) 0.3972(1) 0.1144(1) 0.9862(2) 0.8982[10] 0.0470[10] 0.1708 63.9205 2.924 33.1555 (1)[5]
(FAOS6-PM)S ( 5g50(1) -0.0535 0.0535(1) 0.1960(1) 0.0088(1) 0.9945(1) 0.9805[3] 0.0019[2] 0.0385 7.9753 445802 47.4445 (L)[2]

(FAOS6-PM)E  5635(2) -0.0906 0.0906(1) 0.1898(2) 0.0144(2) 0.9984(2) 0.9853[2] 0.0026[3] 0.0362 227086 58.794 184974 (2)[2]

—
S (ASCEPMIL 51705(2) -0.2966 0.2966(2) 0.4064(2) 0.0195(2) 0.9986(2) 09864[3] 0.0014[4] 0.1655 534746 28504 17.9313 (2)[3]
,-3* g (ASCE-PM)2 1 5837(2) -0.2221 0.2221(2) 0.3050(2) 0.0236(2) 0.9989(2) 0.9923[2] 0.0013[2] 0.0936 53.4403 203774 26.1823 (2)[2]
:3; ; (ASCE-PM)3 5 5329(2) -0.3147 0.3147(2) 0.4297(2) 0.0182(2) 0.9986(2) 0.9848[5] 0.0013[3] 0.185 53.7502 29.8655 163753 (2)[4]
fg § (ASCE-PM)A 1 5837(2) -0.2221 0.2221(2) 0.3050(2) 0.0236(2) 0.9989(2) 0.9923[2] 0.0013[2] 0.0936 53.4403 20.3774 261823 (2)[2]
g (ASCE-PM)S 5 4755(2) -0.3003 0.3003(2) 0.4103(2) 0.0267(2) 0.9987(2) 0.9861[4] 0.0016[5] 0.1691 534334 28.9903 175762 (2)[5]
é:': (ASCE-PM)6 1 5837(2) -0.2221 0.2221(2) 0.3050(2) 0.0236(2) 0.9989(2) 0.9923[2] 0.0013[2] 0.0936 53.4403 203774 261823 (2)[2]

FAOS6-PM g 9506(1) -0.118 0.1180(1) 0.1763(1) 0.0067(1) 0.9993(1) 0.9975[1] 0.0002[1] 0.0311 44.7424 5.0347 50.2229 (L)[1]

(ASCE-PM)L 1 6841(2) 0.0433 0.0812(2) 0.2734(2) 0.0319(1) 0.9986(2) 0.9958[4] 0.0011[6] 0.0758 10.1766 27.3652 62.4581 (2)[3]
(ASCE-PM)2 4 3375(2) 0.2515 0.2502(2) 0.3621(2) 0.0470(2) 0.9984(2) 0.9927[10] 0.0017[9] 0.1333 51.8041 3.7792 44.4167 (2)[5]
(ASCE-PM)3 1 g333(2) 0.0632 0.0788(2) 0.3074(2) 0.0210(1) 0.9985(2) 0.9948[7] 0.0007[3] 0.0949 7.6720 39.7914 525358 (2)[3]
(ASCE-PM)4 1 3602(2) 0.2957 0.2979(2) 0.4001(2) 0.0672(2) 0.9984(2) 0.9910[11] 0.0027[11] 0.1646 557603 5.893 383467 (2)[6]
(ASCE-PM)S 1 9172(2) -0.1129 0.1129(1) 0.3273(2) 0.0165(1) 0.9990(2) 0.9944[8] 0.0005[1] 0.1074 119363 550004 329734 (2)[2]
(ASCE-PM)6 1 2822(2) -0.0692 0.0692(1) 0.2438(1) 0.0327(2) 0.9994(1) 0.9970[2] 0.0010[5] 0.0605 8.0686 54.3 37.6314 (1)[1]

(FAOS6-PM)L 1 0p73(1) 0.0091 0.0719(1) 0.2203(1) 0.0442(2) 0.9990(1) 0.9972[1] 0.0015[8] 0.0453 11.9223 126599 754177 (L)[2]
(FAOS6-PM)2 1 1746(1) 0.1709 0.1942(1) 0.3048(1) 0.0450(1) 0.9986(5) 0.9948[7] 0.0014[7] 0.1384 40.5092 3.744 556568 (L)[4]

& 3y P
(Reference evapotranspiration)

(FAOS6-PM)3 ( 9911(1) 0.0355 0.0692(1) 0.2414(1) 0.0252(2) 0.9989(1) 0.9968[3] 0.0008[4] 0.0486 9.2503 243504 66.3813 (L)[L]
(FAOS6-PM)4 1 1689(1) 0.2136 0.2309(1) 0.3426(1) 0.0661(1) 0.9985(1) 0.9934[9] 0.0023[10] 0.1708 44.8196 8.1202 47.0601 (1)[5]
(FAOS6-PM)S 1 1566(1) -0.1481 0.1481(2) 0.2919(1) 0.0184(2) 0.9991(1) 0.9955[5] 0.0006[2] 0.0385 25.7457 37.3434 36.9108 (L)[1]
(FAOS6-PM)6 1 9108(1) -0.1866 0.1866(2) 0.3079(2) 0.0221(1) 0.9994(1) 0.9952[6] 0.0008[4] 0.0362 36.5735 39.2358 24.1908 (2)[3]

sty 31 shiel il e Roy 3yl cslod e ) Koo cslils FAOS6-PM g ASCE-PM s 5 5,Skae ooyl sy S 55l 51 shael gz gl ol
Al oo Rt 355l oy 03lisal 3590 5,59,  solod blday FAOS6-PM 3 ASCE-PM s g5 ciliseo cla il g 3,Shes o)l 4, ,S5by

® Rank of ASCE-PM and FAO56-PM models for each R, estimation approach is given in the parenthesis. Rank of ASCE-PM and
FAO56-PM models based on all studied R, estimation approaches is given in the bracket.
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Table 4- Comparison some of the calculation term used in ASCE-PM and FAO56-PM models”
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3,50y, SR gN o es ol . , oo ne o Olelu jlo
R sily ASCEPM Jas USSP ) sslows Seolidgl g ginds T TEE R 2y d (RrG)™
nl 25915 (-) FAO56-PM ) - (celw) 9,9 Ra“TRa “p Gy
R ) (cel) (cel) Cengirot O )
N . (Aerodynamic (Day length based on . -
carsion ceograme (Sl Gotiw GBI i
component - fraction for - i calculations of nighttime
fraction for . used in cloudiness o confliction (h))
FAOS56-PM function (h)) radiation and
ASCE-PM — estimates (-)) aerodynamic
estimates (-)) components (h))
1 0.5862 0.6177 9.1216 10.7970 1.6753 1.0875 1.0540
2 0.5794 0.6019 12.0251 12.0251 0.0000 1.2328 1.1325
3 0.5949 0.6303 9.1216 10.5047 1.3831 1.0619 1.0647
4 0.5883 0.6118 12.0251 12.0251 0.0000 1.2494 1.1607
5 0.5924 0.6256 9.1216 10.7384 1.6168 1.0000 0.9864
6 0.5842 0.6120 12.0251 12.0251 0.0000 1.0000 0.9745
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® R,: net longwave radiation (MJm?), G: soil heat flux (MIm?), subscripts 24h and d represent 24h sum and daily values,
respectively.
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Figure 6- The variations of model efficiency (EF) of ASCE-PM (a) and FAO56-PM (b) models for retrieving ET}, using 1st
to 6th R, estimation approaches ((R)); to (R,))s, respectively) at different time scales
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Introduction: Subdaily estimates of reference evapotranspiration (ET,) are needed in many applications
such as dynamic agro-hydrological modeling. The ASCE and FAO56 Penman—Monteith models (ASCE-PM and
FAO56-PM, respectively) has received favorable acceptance and application over much of the world, including
the United States, for establishing a reference evapotranspiration (ETo) index as a function of weather
parameters. In the past several years various studies have evaluated ASCE-PM and FAO56-PM models for
calculating the commonest hourly or 15-min ET, either by comparing them with lysimetric measurements or by
comparison with one another (2, 3, 5, 9, 10, 11, 16, 17, 19). In this study, sub-daily ETo estimates made by the
ASCE-PM and FAO56-PM models at different timescales (1-360 min) were compared through conduction of a
computational experiment, using a daily to sub-daily disaggregation framework developed by Parchami-Araghi
et al. (14).

Materials and Methods: Daily and sub-daily weather data at different timescales (1-360 min) were
generated via a daily-to-sub-daily weather data disaggregation framework developed by Parchami-Araghi et al.
(14), using long-term (59 years) daily weather data obtained from Abadan synoptic weather station. Daily/sub-
daily net long wave radiation (R;) was estimated through 6 different approaches, including using two different
criteria for identifying the daytime/nighttime periods : 1) the standard criteria implemented in both ASCE-PM
and FAO56-PM models and 2) criterion of actual time of sunset and sunrise in combination with 1) estimation of
clear-sky radiation (Ry,) based on the standard approach implemented in both ASCE-PM and FAO56-PM
models (1st and 2nd R, estimation approaches, respectively), 2) integral of the Ry, estimates derived via a
physically based solar radiation model developed by Yang et al. (25), YNG model, for one-second time-steps
(3rd and 4th R, estimation approaches, respectively), and 3) integral of the calculated R, based on R, estimates
derived via YNG model for one-second time-steps (5th and 6th R, estimation approaches, respectively). The
capability of the two models for retrieving the daily ET, was evaluated, using root mean square error RMSE
(mm), the mean error ME (mm), the mean absolute error ME (mm), Pearson correlation coefficient r (-), and
Nash—Sutcliffe model efficiency coefficient EF (-). Different contributions to the overall error were decomposed
using a regression-based method (7).

Results and Discussion: Results showed that during the summer days, 24h sum of sub-daily radiation and
aerodynamic components of ET, and the estimated ET, derived from both models were in a better agreement
with the respective daily values. The reason for this result can be attributed to the nighttime value of cloudiness
function (f) and the longer nighttime during the cold seasons. Because the nighttime values for f are equal the f
value at the end of the previous daylight period until the next daylight period. The difference between sub-daily
ET, derived from the ASCE-PM and FAO56-PM models during the day and night was highly dependent on the
wind speed. In case of both models, daily aerodynamic component of ET, (ET,**") were reproduced more
efficiently, compared to radiation component (ET,*"). Except in the case of 6th R, estimation approach,
FAO56-PM model (with a mean model efficiency (MEF) of 0.9934 to 0.9972) had better performance in
reproducing the daily values of ET, (ET,"), compared to ASCE-PM model (with a MEF of 0.9910 to 0.9970).
The agreement between 24h sum and daily values of aerodynamic component had a lower sensitivity to the
adopted time-scale, compared to the radiation component. Compared to the FAO56-PM model the performance
of the ASCE-PM model in reproducing the ET,%™ ET, %" and ET,® had higher sensitivity to the approach
utilized for calculation of R, and hence, to the uncertainty of net radiation. Results showed that a smaller time
step does not necessarily leads to an improvement in agreement between 24h sum of subdaily and daily values of
ET,. Deficiency of the standard daytime/nighttime identification criteria resulted in a higher daily averaged
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daytime (1.3831 to 1.6753 h) used in cloudiness function calculations, compared to the respective value used in
calculations of the radiation and aerodynamic components. In order to estimate the sub-daily ET, under climatic
condition of the studied region, the use of ASCE-PM model based on the 6th R, estimation approach, (ASCE-
PM)s, with a MEF of 0.9970 is preferred, compared to other studied alternatives. Another advantage of the
(ASCE-PM)¢ and (FAO56-PM)s models is their computational efficiency in case of their implementation in
hydrological models.
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