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Comparison of Model’s Stability about Integrated Temperature Based on Linear
Hypotheses
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Abstract: Integrated temperature, as a measure of heat, has been widely used in the prediction of crop development
period, yield, diseases and insect pests. However, more and more studies showed that the integrated temperature is
unstable, and the stability of different integrated temperature models is different. Therefore, it is great significant to
analyze and understand the stability of different integrated temperature models for the application of integrated
temperature in agricultural meteorological work. In this paper, four linear hypotheses about response of growth and
development rate to temperature and five integrated temperature models were made. The first linear hypothesis is
that the growth and development rate of crops increases linearly with the increase of temperature when the average
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daily temperature (T) is higher than the lower limit temperature (Ty). It is the hypothesis of the active integrated
temperature model (Aa) and the first effective integrated temperature model (Ael). The second hypothesis is that
when the T is between the lower limit temperature (Ty) and the upper limit temperature (T,) of crops, the growth and
development rate of crops increases linearly with the increase of temperature and reaches the maximum (1.0); when
the T exceeds T, the growth and development rate of crops remains constant with the increase of temperature. It is
the hypothesis of the second effective integrated temperature model (Ae2). The third hypothesis is that when the T is
between T, and T,, the growth and development rate of crops increases linearly with the increase of temperature and
reaches the maximum (1.0); when the T exceeds T,, the growth and development of crops stagnate. It is the
hypothesis of the third effective integrated temperature model (Ae3). The fourth hypothesis is that when the T is
between Ty, and the optimum temperature (Ty), the growth and development rate of crops increases linearly with the
increase of temperature and reaches the maximum (1.0); when the T is between Ty and T,, the growth and
development rate of crops decreases linearly with the increase of temperature and decreases to 0.0; when the T
exceeds T,, the growth and development of crops stagnate. It is the hypothesis of the fourth effective integrated
temperature model (Ae4). Based on these hypotheses, long time series of crop development period observation data
and surface meteorological observation data of two winter wheat stations, three spring maize stations and three
summer maize stations in Shanxi Province were selected to calculate the active integrated temperature and four
effective integrated temperature. Using the coefficient of variation, the average simulation deviation of the crop
growth period and the simulation accuracy of the crop growth period as indicators, the stability of the five integrated
temperature models were evaluated. The result showed that the coefficient of variation (CV) of Aa model during
different growth stages for three representative crops in each station were between 0.062 and 0.143; the CV of Ael,
Ae2 and Ae3 models were between 0.073 and 0.201; the CV of Ae4 model were between 0.072 and 0.179. That is,
when using the CV as an indicator to test the stability of each model, the stability of Aa model was highest, that of
the Ae4 model was the second and that of the Ael, Ae2 and Ae3 models were the weakest. The average simulation
deviation (SD) of Aa model for different growth periods of three representative crops in each station were between
1.3 and 5.8 days; the SD of Ael, Ae2 and Ae3 models were between 1.5 and 6.6 days; the SD of Ae4 model were
between 2.2 and 6.7 days. The simulation accuracy (SA) of Aa model for different growth periods of three
representative crops in each station were between 39.5% and 92.3%; the SA of Ael, Ae2 and Ae3 models were
between 28.6% and 87.2%; the SA of Ae4 model were between 26.5% and 84.6%. That is, when using the SD and
SA as the indicators, the Aa model had the best simulation effect for different growth periods of the crops and had
the highest stability. The simulation accuracy and stability of Ael, Ae2 and Ae3 models had no significant difference
and were higher than those of Ae4 model. For spring maize and summer maize, the stability of each integrated
temperature model was consistent from emergence to tasseling and from tasseling to maturity, and the stability of
each integrated temperature model from emergence to tasseling was higher than that from tasseling to maturity.
While the stability of each integrated temperature model for winter wheat from jointing to heading and from heading
to maturity varied from region to region. Therefore, in practical applications, it is also necessary to select the
appropriate base point temperature according to the crop planting region, variety relationship and growth period, and
to select a more stable integrated temperature model based on the comprehensive analysis of the stability of multiple
integrated temperature models.

Key words: Integrated temperature; Linear hypotheses; Stability; Coefficient of variation; Simulation accuracy of

growth period
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Table 1 Representative station’s geography information and observed year of phenological phase about 3 main crops

1E¥) Crop ¥ 14 Station Z¢ ¥ Longitude(°E) 2 Latitude(°N) K Altitude(m) EAY Year

& /NFE Winter wheat KA Taigu 112.53 37.43 781 1981-2019
#W] Yanhu 111.02 35.03 375 1981-2019

FF 2K Spring maize R I Lingqiu 114.18 39.45 968 1981-2019
I Xinfu 112.70 38.42 797 1981-2019

HBH Xiyang 113.70 37.60 854 1981-2019

2K Summer maize 52 Yaodu 111.50 36.07 450 2010-2019
4491 Yanhu 111.02 35.03 375 1999-2019

P38 Ruicheng 110.72 34.70 502 1999-2019
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Fig. 1 Four linear hypotheses about response of growth and development rate to temperature
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Note: Ty, is lower limit temperature, T is optimum temperature, T, is upper limit temperature. The same as below.
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Table 2 Three fundamental points of temperature in main growth periods of representative crops (daily mean temperature)

{E4) Crop "B 1) Growth stage Ty (CC) Ty (C) T, (CC)
4 /NF Winter wheat AR JH 10 20 32
HlifE-p# HM 13 22 30
#F K Spring maize i —HlikE ET 12 25 35
liAfE—p T™M 10 24 35
K 2k Summer maize - ET 12 29 35
FlrAfE—p# T™M 10 27 35

e JH AR BRI, HM &N Al ET W R FOK R oK i AR, T™M A3 oK sl oKl

MEZR S R IA.

Note: JH is the jointing to heading stage of winter wheat. HM is the heading to maturity stage of winter wheat. ET is the emergence to

tasseling stage of spring maize or summer maize. TM is the tasseling to maturity stage of spring maize or summer maize. The same as

below.
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Table 3 Coefficient of variation of five integrated temperature models on growth period of winter wheat based on four linear

hypotheses

i K4S Taigu #hiH Yanhu

Model POl JH - HM PR JH -2 HM
Aa 0.143 0.100 0.127 0.099
Ael 0.182 0.156 0.201 0.132
Ae2 0.182 0.155 0.201 0.129
Ae3 0.182 0.145 0.201 0.125
Aed 0.166 0.108 0.179 0.119

T Aa AEPEKRE BRI AR AL PR PGS BURAR, Ael. Ae2. Ae3 F Aed 73 Kk B M 4 B AR
MR T 4 T BN . Aa M1 Ael BIRYAGE MBS 2 HAFE R () m AR N BRI (Ty) I, FEAERK R
AR BRI TS R Ae2 BRI NS T AT Ty 5 LR (T RN, /EYEKR R R
FEMTE e RGBS, JFABIR A (1.0): 49 T il T, 1, EYEKR FERMEE TS R EHEE AL . Ae3 BIYNEL
PEBGR T AT Ty 5 Ty Z 10, AR R B AR B R T i i 2 VG S, JRA RO (1,005 4 T B T, 0,

TEDER R B Aed BIREGEANEBR N Y T AT Ty SERIGHE (To) I, YA 3 Bl A T e S e i
Kolady, JHERIEAM (1.00: B TAT Toly T, 200, MEWA KA E BB T m 2 e N B, JF B 2 a/ME (0.0);
1T T, EERKE . TR

Note: Aa is the active integrated temperature model based on the linear hypothesis about response of growth and development rate to
temperature. Ael, Ae2, Ae3 and Ae4 are the four effective integrated temperature models based on the four linear hypotheses about
response of growth and development rate to temperature. The linear hypothesis of Aa and Ael models is that the growth and
development rate of crops (GDR) increases linearly with the increase of temperature when the average daily temperature (T) is higher
than the lower limit temperature (T,) of crops. The hypothesis of Ae2 model is that when the T is between the T, and the upper limit
temperature (T,) of crops, the GDR increases linearly with the increase of temperature and reaches the maximum (1.0); when the T
exceeds T,, the GDR remains constant with the increase of temperature. The hypothesis of Ae3 model is that when the T is between Ty,
and T,, the GDR increases linearly with the increase of temperature and reaches the maximum (1.0); when the T exceeds T,, the GDR
stagnate. The hypothesis of Ae4 model is that when the T is between Ty, and the optimum temperature (T,), the GDR increases linearly
with the increase of temperature and reaches the maximum (1.0); when the T is between T, and T, the GDR decreases linearly with the

increase of temperature and decreases to 0.0; when the T exceeds T, the GDR stagnate. The same as below.
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Table 4 Coefficient of variation of five integrated temperature models on growth period of spring maize based on four linear

hypotheses

R R It Lingqiu 7 IFF Xinfu HFH Xiyang

Model b ET HlifE—pe 3 T™M -l ET Sl T™M - HAE ET R T™M

Aa 0.068 0.122 0.073 0.072 0.065 0.086

Ael 0.077 0.139 0.077 0.076 0.076 0.099

Ae2 0.077 0.139 0.077 0.076 0.076 0.099

Ae3 0.077 0.139 0.077 0.076 0.076 0.100

Ac4 0.076 0.133 0.076 0.074 0.074 0.096
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Table 5 Coefficient of variation of five integrated temperature models on growth period of summer maize based on four linear

hypotheses
iR e Yaodu #5351 Yanhu P Ruicheng
Model H B —hliiE ET HlHE— A T™M 4k ET Flif— e T™M H i —hliiE ET HlHE— A T™M
Aa 0.062 0.065 0.073 0.095 0.076 0.138
Ael 0.073 0.087 0.075 0.115 0.081 0.173
Ae2 0.073 0.087 0.075 0.115 0.081 0.173
Ae3 0.073 0.087 0.076 0.115 0.081 0.173
Ae4 0.072 0.066 0.074 0.097 0.077 0.138
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Table 6 Average simulation deviation of main growth periods of representative crops based on five integrated temperature

models in each station(SD, days)

{E¥) Crop ¥l 55 Station £ B ] Growth period Aa Ael Ae2 Ae3 Aed

& /NFE Winter wheat KA Taigu il % Heading 2.4 2.9 2.9 2.9 2.8
%3 Maturity 1.8 2.1 2.1 2.6 2.7

LRt Yanhu il Heading 1.7 2.1 2.1 2.1 22

%3 Maturity 2.1 2.2 2.2 2.2 2.9

# %K Spring maize R F. Lingqiu HililfE Tasseling 3.2 3.4 3.4 34 33
%3 Maturity 5.8 5.9 5.9 5.9 6.1

JF I Xinfu ik Tasseling 3.7 3.4 3.4 3.4 33

A Maturity 4.1 4.2 42 42 4.5

HBH Xiyang ik Tasseling 2.9 3.2 3.2 3.2 3.2

%3 Maturity 5.8 6.4 6.4 6.6 6.7

5 £k Summer maize 5 Yaodu HililfE Tasseling 1.3 1.5 1.5 1.5 2.9
%3 Maturity 4.0 53 53 53 5.4

Ehib Yanhu ik Tasseling 1.9 2.0 2.0 1.9 2.7

A Maturity 3.7 4.0 4.0 4.0 3.9

Pk Ruicheng HililfE Tasseling 2.6 2.9 2.9 2.9 2.5

%3 Maturity 5.5 6.1 6.1 6.1 6.1

JARTET Aed BRI IE THEY) =KL AURE, MH P
WL IR B @ i B, H A SRR, THE
1R Aed BEVEE LMK /N T Ael Ae2 Fl Ae3 #57,
A B IR B S B E A i, DRIk,
Acd BRI RIR R 22 A0 Ael Ae2 Fil Ae3 BRI R Ak o
KNP WS BB B 2 A T 1.7~
29d, HEXNT 29~6.7d, HEXKNT 1.3~6.1d,
K INFE R W R i 2 A N, 35 KA I
PO ZE K o 5 RS R0 4 T KM B A KAl A P A
Pl 25 /N T R, Sl AR S 25 (CV) TN A
B IABUERRE EAN ), BUAT R TR ok ki, H
T — il A 5 B AR IR () R O e T Bl - A . &
INFE PR S AN () AE 8 3 4% BRI ABE 28 PR A4 s 2 3
IANTR], KA DX e B ST AR Bl 22 K Jlishdl], 5 Cv
SIAT A T B BB AR s AR TR] 5 1 R 9T X A (1 A5
Pl 25N F GG, 5 CV it g A AR . 14,
AT SRS O 2 BB R T S 380 26 8 S R A4 A 22 (.
PL T 5d, B S AR S A A — e AR T
JEH A WA T A NS E
223 HHUHER A

B AED A IR 5 S ME AR 2245 £3d LA

P IASERL A SEARERf, St b DIEREBEWAE S
WIRME S S EAR ZE 76 £3d LN TIAESL, AT
B AR AR B LS AR B LR, 1 305 AR AR
YV EEAEF IR PRSI B E (R . H
FaT W, TESIBUEAAL (Aa) X AR IR 0 e
RN T 4 AR, A TS ) A A
LA ORI A RN R ) A B S S R B
FaEPER . A 4 P OB R 0 AR ) AR B A
PIRHER R RS, KRN Aed BIRIRAR,
Ael. Ae2 Fil Ae3 BERIMHSE. IMEVIRE, SBURAL
TYNE 2 /N 22 S B B LI HE S A T 61.5% ~
89.7%, MFMNBIAES AN T 59.0%~92.3%, I
RHAE 60%LA b, TR 5 FhRUEAL A I Al 4 A
A HOARLADL A /N2 (R S AR R R 30 s 5 RO Jl e
HS AR (R AU ERf AT 53.8%~71.8%, K
HINHRIHER R AT 26.5%~48.7%, FEAKLIRAK,
S FOKH I - RO AR B E R 2 T 50%~
90%, KiB/{E 60%LA L, 1 B IPAFLHE i 54X
28.6%~60%. HJ WL, AR KR oK
AT AL A A 2 34 2 T kg SR AR T el e 34
B30 A S R BOE D) A E IR 22 0 FE A A 56
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Table 7 Simulation accuracy of main growth period of representative crops based on five integrated temperature models in

each station (%)

1E4) Crop ¥l 55 Station £ B ] Growth period Aa Ael Ae2 Ae3 Aed

& /NFE Winter wheat KA Taigu il #% Heading 79.5 61.5 61.5 61.5 64.1
%3 Maturity 92.3 79.5 79.5 79.5 69.2

5 Yanhu il Heading 89.7 87.2 87.2 87.2 84.6

%3 Maturity 82.1 74.4 74.4 74.4 59.0

% K Spring maize R F. Lingqiu il Tasseling 64.1 59.0 59.0 59.0 59.0
%3 Maturity 39.5 33.3 33.3 30.3 26.5

PTIF Xinfu i1/t Tasseling 53.8 53.8 53.8 53.8 53.8

A Maturity 43.6 48.7 48.7 48.7 43.6

HBH Xiyang ik Tasseling 71.8 66.7 66.7 66.7 66.7

%3 Maturity 41.0 38.2 38.2 29.4 33.3

K FK Summer maize 5e# Yaodu HililfE Tasseling 90.0 80.0 80.0 80.0 50.0
%3 Maturity 50.0 28.6 28.6 28.6 30.0

R Yanhu ik Tasseling 81.0 81.0 81.0 81.0 71.4

%3 Maturity 50.0 50.0 50.0 50.0 60.0

VY3 Ruicheng i1k Tasseling 66.7 66.7 66.7 66.7 71.4

%3 Maturity 429 429 429 429 31.6

T HER AR N BN 22 <3d RS0 N AR A B IRELL I AR R v ) L

Note: Simulation accuracy is the percentage of years with a simulation deviation of the growth period less than three days in the total

simulation years.
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