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Spring Frost Early Warning for Apple Orchards Using WRF Model
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Introduction

Agricultural products frost in spring imposes heavy financial losses to agriculture particularly in northwest
of Iran’s orchards. Not only temperature is one of the most important climate parameters but also it is a very
crucial element in the agricultural sector. Untimely temperature fluctuations and rise and fall which are usually
unexpected will cause shock and heavy damages. Therefore taking into consideration the agricultural products
frost and offering an approach would be of great importance for reducing relevant damages. In studies carried
out by Omidvar and Dehghan Banadoki (2012) and Hesari et al. (2015) characteristics and different types of
frosts have been considered in relation to the agricultural products. Different models were introduced to predict
flowering date in different investigated regions. In more studies, in addition to determining the best model for
predicting the date of occurance of flowering stage, probable date of last frost has been estimated as well.
Investigating long term temperature changes is a method which applied by Martinez-Lischer (2017) and Vitasse
et al. (2018) to find out about established changes in flowering date and also changes in the last frost date. Nasr
Esfahani and Yazdanpanah (2019) realized that 48-hour early warning for frost occurrence can be performed
with adequate precision. Despite all studies in the field of products frost particularly during flowering date, it
seems a rapid frost warning system must be established and provided to make early warning for each orchard. In
this essay, since our goal is to make such early warning three days before frosting, so we have to investigate
accuracy and validity of 72-hour minimum temperature simulation using WRF model. On the other hand, we
must know phonological stage of each product in each orchard to inform the farmer about frost hazards based on
critical temperature, therefore the second goal of this research is to detect phonological stages through Landsat 7
and Landsat 8 images.

Materials and Methods
In order to achieve the aim of current study, 72-hour minimum temperature simulation through the Weather

Research and Forecasting (WRF) model was investigated and values of vegetation index were derived for a 30
meters pixel at an experimental orchard in Kahriz, West Azerbaijan Province, in 2016-2107. Computational grid
for 2 meters temperature simulation using WRF model contains of three nested grid with horizontal resolution of
27,9 and 3 kilometers. Horizontal resolution of terrain height and land use data is equal to 30 second (about 1
km). The initial and 3-h boundary conditions with 0.5° horizontal resolution from the Global Forecast System
(GFS) were obtained from National Centers for Environmental Information (NCEI). Based on the previous
research KFMYJ physical scheme configuration for WRF model were used in this research. Model's hindcasts at
03:00 UTC hour for each of 51 synoptic weather stations of northwest of Iran in internal computational grid
were interpolated by MATLAB software with interp 3 function using linear method, then the obtained values
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were compared to minimum temperature observed in the stations by using MAE, MSE, RMSE and MSSS
indicators. Phenological statistics, the time of beginning and end of growth stages were obtained from Iran
Meteorological Organization. Besides, 77 Landsat 7 satellite images of ETM+ sensor, and 41 Landsat 8 images
of OLI sensor were downloaded from United States Geological Survey website from March to September 2007-
2016 with a spatial resolution of 30 meters. In this research, atmospheric and radiometric correction were
performed with the FLAASH method on the metadata file in the ENVI software environment and then
vegetation index was calculated using NDVI index.

Results and Discussion
Examining the evaluation indicators of the WRF model, results revealed a significant correlation and
regression model between 2 meters temperature variable from WRF model output and minimum temperature
variable observed in the entire stations for 72-hour simulation. As a result WRF model can be applied in 72-

hour temperature simulation in the area of study. Another finding of this research indicated that in comparison to
the field-recorded data, NDVI values gained from Landsat images properly indicates changes of phenology
stages in the relevant apple orchard. In this study, the indicators used to evaluate the model error showed model
hindcasts are more accurate for 24-hour and then 48-hour simulations than for 72-hour simulation, but the 72-
hour simulation accuracy is not much different from 24-hour and 48-hour simulations. In northwestern Iran,
which is a mountainous region, it is very difficult to simulate airflow in areas with complex topography,
therefore the total correlation coefficient of all stations in all three simulations is in the range of 0.5, and the error
rates of MAE and RMSE, respectively reaches about 2.8 and 3.8 Celsius. According to the second finding of this
research, the NDVI indicator obtained from Landsat 7 and Landsat 8 satellite images can show the progress and
changes in the phenological stages of apple trees.

Conclusion
This study showed the efficiency of the WRF model for 72-hour simulation of the minimum temperature as
well as the potential of Landsat 7 and Landsat 8 images in detecting apple phenological stages in the study area.
Therefore, by using the WRF model for 72-hour minimum temperature simulation and recognizing the
phenological stages from Landsat images, if the temperature in any orchard reaches a critical level in the next 72
hours due to the phenological stage, frost warning can be announced and then frost mitigation should be done by
the farmer.
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Figure 1- a) Computational grids of WRF model, b) Geographical location of the smallest computational grid, northwest of
Iran, in which hindcast assessment of WRF model carried out. c) Northwest of Iran digital elevation model, d) Location of

synoptic stations were used to assess simulation of WRF model (https://girs.ir).
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Figure 2- On the left: apple experimental orchard of Kahriz, West Azerbaijan Province Agricultural Weather Research
Center. Image source: Google Earth. On the right: geographical location of the apple experimental orchard in Iran‘s map
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Table 2- Time of phenological stages of apple orchard of Kahriz Agrometeorological Research Station based on field data

JL 59,
Jle Date of year (DOY)
Year Wlgr S8 Al USS el S dgt0 i Bgt0 (e
Bud formation Blossoming Flowering Fruit growing Fruit ripening
2007 95 109 121 135 251
2008 83 90 97 104 236
2009 89 96 103 124 257
2010 69 76 97 118 258
2011 94 103 115 125 259
2012 97 106 115 132 251
2013 69 84 96 104 259
2014 69 90 97 114 254
2015 73 92 100 118 275
2016 82 93 107 121 272
(Mean) ;.55ko 82 94 105 120 257
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Table 3- Results of indices used in evaluating of WRF model simulations

(Simulation duration) (g;lwamd wae  MAE

MSE RMSE MSSS MBE

(24-hour) aslw Y¥

14319 3.784  0.548 0.909

(48-hour) aiclw FA

14385 3.792  0.554 1.167

(72-hour) aslw VY

14708 3.835 0.558 1.211

all stations
0BS = 2.861 + 0.5457 WRF24

L]

all stations
08S = 2811 + 0.5465 WRF48

all stations
0BS = 3.122 + 0.5216 WRF72

VY 9 FA OTF bagslwam 3 ol 0y Jlowd dllaio 1> saisadlin 2031 g WRF Juo (sbaodld ygmw )5 ) b 1350 g alaleo -V IS

Figure 3- Equation and regression line diagram of WRF model minimum temperature data hindcast and minimum
temperature data observed in synoptic stations in northwestern Iran in 24, 48 and 72 hour simulations
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Table 4- Model Summary

Model Summary P-Value

R Square

Adjusted R Square  Std. Error of the Estimate

Joo aods Pryladie At pd B e oy 35912 3 yllinsl gUns
wrf 24 0.588? 0.000 0.346 0.345 3.12655
wrf 48 0.599°  0.000 0.359 0.359 3.06821
wrf 72 0.553¢  0.000 0.306 0.305 3.11100

a. Predictors (oS i yiw): (Constant) (cub), wrf 24 b. Predictors (s w jie): (Constant) (<o), wrf 48 c. Predictors (leass i i) -
(Constant) (<o), wrf 72

ol dtwly st Sl s

25 jlus do g Lajite 1 S 2 392 g0 £ 9>
Sl Go)S) sladie 3 Jites sbayisie culps )b sine
OF—w yd s U;Om Aad o uL.».: I) i LSL“LS}L*’W
(constant) culi o pd 2445 o0 0alie j55' e Joa Significant
St Ioline dily gloyiie (Sl sl 90 2 e GupS g
2,5 oolatwl yaaw )3y ddlre jo oyl les o g

Silwtad bl oS ool 3 ol Ban Sl 4 g L
slaadls oLl aieh cwl aelw VY JBlis glaed
Lol )3 js8is jite (gjlwand ol ly sadamlon
oSl oadonly L ¥ JSCs 5 ol oy Jless adlaie
L g ol dilaio g SluwnsS b gillae s sla jadls aids
ol Cowd 4 gl ol Sbiol Cygods badiss oo

2ol (sl yisio (s e G pd 9 (Shased o pd (i

olds g LaolKiws! JS ;0 WRF o 5l oselcasday J8las (slod
ot Joois adlaie (ol sadodly Hlis ¥ Jado ) sadosnlie
SlwnsS” sblie )3 WRF Jao g cawl SliwdsS dilaio G ol
Eo—enop LI odd cely ol el o) (58 oL silwans o
Bl 2Vt 0 adlasdjge slajg) )3 (Krer o ps jhide
e ((Siod Glime (395 L 92 5o Jlas Jl nl L
@ aog b ogd duglio +/+0 glad aw b b &5 cunl o] o
Oljee 4oml)d Causl yiaS +/+0 I P-Value jlude ¥ Jado j> a0
Shalie lod U aiclo VY o YA OF sl gilwdnss  Siwoed
P-Value laie aSol & a5 L0 Jgio 10 puizmeds (Cuwl 3 mo
Jie €S oS o ol <[40 1,18 Significant lea L
Silwdd 4 B a4 Jre g Cunl )3 dne 0038 S S,
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Table 5- ANOVA®

Sum of Squares

Model ANOVA Clas o gaaine of Mean Sqtfare F Sig.
owibyly Jlos Jae ... Slaryo (155ke S
S8
Regression WRF 24
oemes5, WRF 24 4954.502 1 4954.502 506.839 0.000®
Residual WRF 24
sailesdly WRF 24 9374.503 959 9.775
Total WRF 24
Js WRF 24 14329.005 960
Regression WRF 48
omrS, WRF 48 5069.033 1 5069.033 538.461 0.000©
Residual WRF 48
sailesdls WRF 48 9037.373 960 9.414
Total WRF 48
JS WRF 48 14106.406 961
Ref’;ejj;fr\',vvgﬁ; 2 4097.111 1 4097.111 423.329 0.000@
Rfif;ilv\\/,vRRFF;; 9291.183 960 9.678
Total WRF 72
J5 WRF 72 13388.294 961

a. Dependent Variable ( Jatue yize): ObServed (sasosnlin) b. Predictors (oS w i) (Constant) (cob), wrf 24 c. Predictors (loass” o jin):

(Constant) (<o), wrf 48 d. Predictors: (Constant) (<ot ), wrf 72

Ocalps Jgaa—F Jgaa
Table 6- Coefficients®

Unstandardized Coefficients

Standardized Coefficients

(00wis 3 libins! ! p)

(0w ylliaw! gl )

Model Coefficients Std. E Sig.
o ol . Error

Jue culpl B 5 a5l Beta t T
&> oo

(Constant)(cub) 2.861 0.227 12.619 0.000
WRE 24 0.546 0.024 0.588 22513 0.000
(Constant) 2.811 0.229 12.270 0.000
WRF438 0.547 0.024 0.599 23.205 0.000
(Constant) 3.122 0.251 12.461 0.000
WREF 72 0.522 0.025 0.553 20.575 0.000

a. Dependent Variable ( Jiu. ). Observed (sisesalis)

sblad g oud atwls’ (Stuser Glise 5l 350 5 g 9 35 )
B il o i o) > &5 535 33550 Yl (sihotind
g IP¥ s (Sumod (i 3 J15 T 15 D 08 SliwnsS and,
2 ey oo wamabo 4o 0 ¥/0 3l o 4 Jae MAE (gllas 50
5 IV YU (SKiied s LaolKiwg] 81 50 ¢ o)l ol
2 oles; ool ) sl wgmdw 453 Y0 U Jie MAE (llas
YL Jas MAE (gllss el 5 plls slinogS e csloelSie

ol o gudes 4> 33 Y/

o Ceand 3 s bl hl 3 sdes glas lgenl

el 013 & 8ly Gl g 4S5 L ol i 219 0 i
2 S5 oshd Sle (550 slaosS 1) 4l (ol odes Clelis)l
P By g il gl gyl 0y slaogS g il Jlod
Plan and Budjet Organization, ) sas e JoSis bl Gai
5 S 4 e (Sion 53500 hiunsS Sy s & (2018
2 ey o g a3 Y/Q Gl io 4 Jao MAE glas 4 /Y
s b Jlas )3 13 03 (sloogS Cuows 4 (b (3] i
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Figure 4- Geographical distribution map of the indices calculated in the WRF model 72-hour hindcast evaluation: a MAE), b)
R, ¢) MSE, d) RMSE, f) MBE, e) MSSS



VP Coligm oyl - (05958 e)l.o.{;‘u\‘f.\.lq‘JBj%j & i \YA

Sacie aalllandyge ddlhaio y3 S8 )gbds el cuwd 4 OLI sxieiw
P eV a ale paSii b /YS90 4 Glgd dls e > NDVI
e iy 4 ogae Ay 0y9d 33 g /0 o +/¥ & by S s
xS S e NDVI sl @ aagi b (A 9V Jgha) sy
L oS ol o €L jloadedd (5glgid Jolye &5 cé)S
HUasl a s aseS len o)l mllas  alS idg jesls claodls
OBy Y 35 9 Sy ady & dagi b (2alS 090 (Ll am ey o0
3L ) 65VL e JL S slmole 5 iy IS i
bls 2alS g wles 2S5 «lgs glaoygd 4y cuws |y NDVI

.M

s U walise glbolKiu! > RMSE (slad yolis xje8
s |y (g yiddin sl Jlide IS ysbay Jg 3l  Siales MAE
Al yeS Jae glas oS SlolSiuw] (5 aad o oL MAE
slbes Jlade 4 o pioeed Cuwl $S605 ) 4 MSSS a3 L
b x5 5 S o & MBE [a5ls 18l 5eS Jso
Gl 5 28l

slolsale yagluad 5 i £l (5551938 Jal yo o
BL 550 9 c5ia e Sy S (sl NDVI a3l ol
Jenlpe Hlel L golbas casog)l (6559liS wliislon ol comw
odlauwl b g Voo V=YV sla Jlw po olStus] )3 oddbcad (g59)i8
A cwsd g ETMA ssiziw ¥ cwdd glaojlanle yolas jl

NAVI (ALS gy gad U g amg)l 32 RS (5559 WiS Lo linilgd NS 35 50 oliuns! o Ely )3 il o (5599938 Ul o~V Jgo
Landsat 7 ETM+ yglai ;! saelcawda

Table 7- Recorded apple phenological stages in apple orchard of Kahriz Station and NDVI vegetation index gained from
Landsat 7 ETM+ images

Cge NDVI A iy Jol 50 NDVI - iy Jol 0 NDVI
Y ! G I G I
S”t G M’t r‘;bt‘“ (Landsat gl’t Growth (Landsat g’t Growth (Landsat
ate rowth stages 7 ETM+) ate stages 7 ETM+) ate stages 7 ETM+)
Jeo S Olas by 5
20.4.2007 Vo o 0304  14.2012 - 0.292 26.4.2015 o S5 0.650
Blossoming Dormancy Flowering
. | g . | & ® &
6.5.2007 o S5 0381 352012 ob S5 0.553 12.5.2015 o 0.566
Flowering Flowering Fruit growing
22.5.2007 il m’_ 0.391 4.6.2012 il A‘s’_ 0.657 13.6.2015 ol J‘;’_ 0.534
Fruit growing Fruit growing Fruit growing
7.6.2007 o 0467  20.6.2012 o 0.690 29.6.2015 o 0.497
Fruit growing Fruit growing Fruit growing
23.6.2007 Nl m’_ 0.627 6.7.2012 el m)_ 0.709 15.7.2015 el m’_ 0.451
Fruit growing Fruit growing Fruit growing
25.7.2007 o 0.724 22.7.2012 o 0.743 31.7.2015 oxe s 0.405
Fruit growing Fruit growing Fruit growing
10.8.2007 Nl m’_ 0.632 7.8.2012 el m)_ 0.718 16.8.2015 el m’_ 0.39
Fruit growing Fruit growing Fruit growing
11.9.2007 o ey 0.626  23.8.2012 owe iy 0654  17.9.2015 ow s 0.415
Fruit ripening Fruit growing Fruit growing
Clos sone - s L
5.3.2008 ~ 0.237 8.9.2012 e 0.684 14.5.2016 o0 0.432
Dormancy Fruit ripening Fruit growing
24.5.2008 Nl m’_ 0.552 6.5.2013 el m)_ 0.559 30.5.2016 il m’_ 0.544
Fruit growing Fruit growing Fruit growing
9.6.2008 g 0448  7.6.2013 o 0.686 1562016 g 0.499
Fruit growing Fruit growing Fruit growing
25.6.2008 g 0536  23.6.2013 g 0.728 17.7.2016 oo ) 0.486
Fruit growing Fruit growing Fruit growing
27.7.2008 o 0572 9.7.2013 o 0.691 2.8.2016 o 0.440
Fruit growing Fruit growing Fruit growing
11.7.2008 o % 0598  25.7.2013 o 4 0.669 18.8.2016 gt ) 0.461

Fruit growing

Fruit growing

Fruit growing
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ogze b

28.8.2008 : . 0.525 10.8.2013 . . 0.643
Fruit growing Fruit growing

13.9.2008 o e 0.567 26.8.2013 o Ay 0.622
Fruit growing Fruit growing

27.5.2009 il ) . 0.46 11.9.2013 el = . 0.624
Fruit growing Fruit growing

28.6.2009 o 0.548  27.9.2013 e O 0.667
Fruit growing Fruit ripening

14.7.2009 o Ay 0.643 2232014 _ U SE 0.427
Fruit growing Bud formation

30.7.2009 etand 055  7.4.2014 o S5 0.414
Fruit growing Flowering

15.8.2009 o Ay 0.574 25.5.2014 o Ay 0.685
Fruit growing Fruit growing

31.8.2009 o 0567  10.6.2014 o 0.733
Fruit growing Fruit growing

14.5.2010 o 046  26.6.2014 o 0.627
Fruit growing Fruit growing

305.2010 o 0411  127.2014 o 8 0.650
Fruit growing Fruit growing

15.6.2010 o 0466  13.8.2014 o 0.659
Fruit growing Fruit growing

1.7.2010 oy 0588  29.8.2014 owe ) 0.610
Fruit growing Fruit growing

17.7.2010 o 0.609 14.9.2014 e o) 0.570
Fruit growing Fruit ripening

18.8.2010 o 0.549
Fruit growing

3.9.2010 o 0.6
Fruit growing

19.9.2010 o o) 0.659
Fruit ripening

30.3.2011 ~ 0.299

Dormancy
15.4.2011 Wy s 0.345
Blossoming

17.5.2011 o Ay 0.581
Fruit growing

21.8.2011 o 0.673
Fruit growing

6.9.2011 o Ay 0.704
Fruit growing

22.9.2011 o o) 0.718

Fruit ripening
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Table 8- Recorded apple phenological stages in apple orchard of Kahriz Station and NDVI vegetation index gained from
Landsat 8 OLI images

&, Sy Jlpe NDVI &b iy Jolyo NDVI

Date Growth stages Date Growth stages
o i 5
2.4.2013 © o 0.450 18.4.2015 b 0.555
Blossoming Flowering
. ‘ g s &

12.4.2013 P 5 0.546 20.5.2015 o 0.608
Flowering Fruit growing

28.4.2013 o 0.569 5.6.2015 o ) 0.712
Fruit growing Fruit growing

30.5.2013 il s . 0.721 21.6.2015 el 4 . 0.560
Fruit growing Fruit growing

15.6.2013 o 0.757 7.7.2015 o My 0.513
Fruit growing Fruit growing

1.7.2013 o 0.727 23.7.2015 o 0.451
Fruit growing Fruit growing

17.7.2013 o 0.719 8.8.2015 o3 5. 0.417
Fruit growing Fruit growing

2.8.2013 o 0.706 24.8.2015 o 0.374
Fruit growing Fruit growing

18.8.2013 o 0.669 9.9.2015 oy 0.502
Fruit growing Fruit growing

3.9.2013 o 0.635 25.9.2015 O 0463
Fruit growing Fruit ripening

19.9.2013 e O 0.712 20.4.2016 o J5 0.581

Fruit ripening Flweing

1.5.2014 oy 0.754 6.5.2016 iy 0.640
Fruit growing Fruit growing

17.5.2014 oy 0.767 22.5.2016 o ) 0.598
Fruit growing Fruit growing

18.6.2014 oy 0.714 7.6.2016 o3 My 0.501
Fruit growing Fruit growing

4.7.2014 oy 0.727 23.6.2016 oy 0.529
Fruit growing Fruit growing

20.7.2014 ol 0.701 9.7.2016 o Ay 0.534
Fruit growing Fruit growing

5.8.2014 oy 0.685 25.7.2016 oy 0.424
Fruit growing Fruit growing

21.8.2014 oy 0.667 10.8.2016 o3 3y 0.472
Fruit growing Fruit growing

6.9.2014 oy 0.645 26.8.2016 oy 0.426
Fruit growing Fruit growing

22.9.2014 o o) 0.616 11.9.2016 o3 3y 0.431
Fruit growing Fruit growing

27.9.2016 e ) 0.439

3 5ysliS @ (BT Gy a8 b5yl dikate 3 (S35l pe ol |
Jace 5l eslaial b sl jg, dw (gl aieS (slod (gilwans )b

L sl jpsldS ol aomi s & 20 (il olej 51 JE WRF

Fruit growing
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= (Liu et al., 2019) | )LSen ¢ 9 (I Jlogylgisds Slodw,
Cad (o) pow SO0 & ) oo o5 (glon (slod Camlus
3> s gyl i o lasansls yidis (6550 9 adgl balps 4
S o g SCop sled (o 50 Je 0 )Sles oS
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Lk v o olSin] 0Kt o 3 WRF Jao ob e o)
clalas Jlaibe g +/AD 5l e do Lol ) Soused coys oS
51 odalcwndds NDVI ol ¢ guios opl 4Bl uo9d 3ub p
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oSS Ly plejed S oy e L ) G (S03glgd ol
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oSl 5l as (NDVI) LalS idgy olpuss o Jloy el
Oibg La Sy o g e dulne jo)S 9ole g joy8 AU
il 5 355 i S Sy gl asLs Joli (als
U LAL ()58l L NDVI e IS5 bay .5l blsyl s g
(Yoder and Waring, 1994) .b o iul33l 8,8 clale
o=l 28 oo 03> iy cpl )0 NDVI yolie Sy 50 oS laiss
NDVI jasls 5l s 5V palde ool 3 bl Joad L
53 pdlie cpyiiig YOS LYY Jlo jl (g conl sdalcwna
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