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Development of the estimation models for annual soil temperature according to
soil depth
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ABSTRACT

This study focus on development of the estimation models for yearly bare soil temperature (Ts) according to soil depth
(z) and examined the difference between them [dT(z1-z2)=Ts(z1)-Ts(z2)] using data collected from 23th May 2023 to 23th
May 2024 in Sandy Loam. Principle results are as follows: (1) The deeper of the soil depth, the higher of the annual
maximum, average and mininum soil temperature, where as the smaller of the annual range. (2) The deeper of the soil depth,
the smaller of standard deviation of the annual soil temperature. (3) The differential of soil temperature to soil depth (dT/dz)
for annual maximum, average and minimum soil temperature was 0.015°C, 0.049°C and 0.110°C/cm, respectively. (4) The
cation process of the models were based on the error analysis criteria with the view point of accuracy, precision and
association. (5) The estimation models for Ts at the depth according to Julian date were developed as a sine functions (MTs10:
model for 10 cm, MTs20: model for 20 cm, MTs30: model for 30 cm) all judged "Fit wells. (6) The estimation models for
dT between the Ts of the soil depth according to Julian date were developed as a sine functions [(MdTs(10-20): model for
10-20 cm, MdTs(20-30): model for 20-30 cm, MdTs(10-30): model for 10-30 cm)] all judged 'Fity. In summary, this study
successfully developed estimation models for Ts and dT, employing sine function regression approaches. The models were
rigorously evaluated for the change of soil temperature using error analysis criteria, providing valuable insights into annual

soil temperature dynamics according to soil depth in Sandy Loam.
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Fig. 1. Changes in soil temperature of the soil depth for 10 cm (Left), 20 cm (Middle) and 30 cm
(Right) as a function of Julian date, respectively

Table 1. The statistics of the annual soil temperature at soil depth 10 cm, 20 cm and 30 cm, respectively

Soil depth (cm)

Statistics
10 20 30
Maximum soil temperature (°C) 30.9 304 30.6
Average soil temperature (°C) 15.29 15.79 16.26
Minimum soil temperature (°C) 0.4 1.8 2.6
Range (°C) 30.5 28.6 28.0
Standard deviation (°C) 9.14 8.51 8.38
Standard error (°C) 0.478 0.445 0.438
The Julian date for maximum soil temperature 218 219 219
The Julian date for minimum soil temperature 391 393 393
dT/dz for maximum soil temperature (°C/cm) 0.015
dT/dz for average soil temperature (°C/cm) 0.049
dT/dz for minimum soil temperature (°C/cm) 0.110
[(dT/dZ)=0.0350C/cm]XEt} =Qkth(Fig. 1 9 Table 1). MTs20: Ts = 15.68 + 11.90 sin[(2Pi - JD / 357.8)
E3SH Tso AAYE H3ko] ti5te] four parameter sine + 4.120 (11)
functionS ©]-&5ta] ESF Zlo|¥ EQF Q9] ¥} =74
288 AAs1a HAAFH vt X7 HAQ AL MTs30: Ts = 16.15 + 11.77 sin[(2Pi - JD / 357.7)
2 et mge AHF Ad: =% Zol 10em + 4081 (12)
(MTs10), 20 cm (MTs20) 2 30 cm (MTs30)9] 39 2zt
A (10), A (11) & A (12)9} & &, EY Aot d&5E 2¥Y y HHS =34, A
2 H@oton, #sl F7)= E Aol7t ek
MTs10: Ts = 15.13 + 12.69 sin[(2Pi - JD / 356.0) MTs10 2% A3 ZA3IHFig. 2 Y Table 2), Z&4 HH
- 2.136 (10) oA E EH, RMSE=  2.00°]%1°2™, RRMSEMI}
RRMSEE:= Z}ZF 02199} 0.2252 4] & 7FA] 25 0.5 9]
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. 2. Relationship between measured and estimated value by the MTs10 (Left: at soil depth

10 cm), MTs20 (Middle: at soil depth 20 cm) and MTs30 (Right: at soil depth 30 cm)

for soil temperature, respectively

Table 2. The parameters and indices of measured (M) and estimated value (E) to verify the accuracy, precision
and association of the MTs10 (model for 10 cm soil depth), MTs20 (model for 20 cm soil depth) and
MTs30 (model for 30 cm soil depth) for the annual soil temperature, respectively

MTs10 MTs20 MTs30

Parameter Value Index Value Parameter Value Index Value Parameter Value Index Value
Z(M-E)? 1,467  R*(model)  0.952 S (M-E)? 917  R*model)  0.965 S (M-EY? 686  Ri(model) 0.973
N 366 RMSE 2.00 N 366 RMSE 1.58 N 366 RMSE 1.37
STD(M) 9.136  RRMSEM  0.219 STD(M) 8.513 RRMSEM  0.186 STD(M) 8380 RRMSEM  0.163
STD(E) 8913 RRMSEE  0.225 STD(E) 8364 RRMSEE  0.189 STD(E) 8267 RRMSEE  0.166
R*(E/M) 0.950 RSTD 0.976 R*(E/M) 0.964 RSTD 0.983 R2(E/M) 0.973 RSTD 0.987
a(E/M) 0.987 RS(E/M) 0.963 a(E/M) 0.992 RS(E/M) 0.972 a(E/M) 0.994 RS(E/M) 0.979
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Atk HEE FHA E i, RSTDE 0.9832.24] 1.0
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TEEAY. doddyd BHoIA & o, 239 Aol
sk R2ZFS 0.9652A4] 0.9 o]Alo|gjod EAFHOZ 1
w9] fogdo] Qo] rule HAF, 02 WAL
ol9} 72 Ao we} FPHOR B wf, MTs20 HHL
P> Ash 02 wEE g

MTs30 28 AZZ27KFig. 2 Y Table 2), &4 T4
oA & uj, RMSE:= 1.370]3121, RRMSEMI}
RRMSEEE= Z+ZF 0.1633 0.166°0. 24 & 7FA] X5 0.5
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Fig. 3. Changes in soil temperature difference between soil depth for 10-20 cm (Left), 20-30 cm
(Middle) and 10-30 cm (Right) as a function of Julian date, respectively

Table 3. The statistics of the soil temperature difference between soil depth for MdTs(10-20) (Ts for 10
cm-Ts for 20 cm), MdTs(20-30) (Ts for 20 cm-Ts for 30 cm) and MdTs(10-30) (Ts for 10 cm-Ts for
30 cm) from 2023.05.23. to 2024.05.23., respectively

Statistics MdTs MdTs MdTs
(10-20) (20-30) (10-30)
Maximum difference (°C) 1.5 0.9 24
Average difference (°C) -0.49 -0.47 -0.96
Minimum difference (°C) -3.6 -1.8 -5.0
Range (°C) 5.10 2.70 7.40
Standard deviation (°C) 0.990 0.501 1.422
Standard error (°C) 0.052 0.026 0.074
The Julian date for maximum difference 416 416 416
The Julian date for minimum difference 330 296 330

ot oje} 2 Aol wet FAH o E wf, MTs30 2
= A%, 082 WA=

H AA

EQF Zo] 7+ dTs & EY Zo] 101} 20 cm9] 2% A}
0][dTs(10-20) = Ts10-Ts20], E=F Zlo] 20} 30 cm9] &
= Z}o|[dTs(20-30) = Ts20-Ts30] ¥ E°F Zlo] 103} 30
cm@] &% 2}o][dTs(10-30) = Ts10-Ts30]°] &1 Wz}oFA}
< HW(Fig. 3 9 Table 3); A7t dTs9] gkt &3k
9] Z}o]Ql HQ(range)= 22 5.10, 2.70 © 7.40°CE Y
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B9l A7 STDE= ZH2F 0.990, 0.501 2 1.422°CE L}
Effjo] EQF Zolo] wE dATH FF HolA| gttt

ESE dTs9] A|AY Wstof tfslo] four parameter sine
functionS o]&35lo] EQF Zo|¥ EQrLL XZjo|o] W3}
FARYS AAstr HAAFH w2k QA7 H A9l
ALE APgste] mgS AAT Zat dTs(10-20), dTs
(20-30) % dTs(10-30)9] - 212} 4] (13), 4] (14) E 2]
(15)2F oo, Azt WHIHTY] HA AF2 Al B+
H % sine-wave FE|E HATHFig. 4).

MdTs(10-20): Ts = -0.612 + 1.035 sin[(2Pi - JD
/ 318.8) - 2.118 (13)
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Fig. 4. The estimation models for the soil temperature difference between soil depth for 10-20 cm
(Left), 20-30 cm (Middle) and 10-30 cm (Right) as a function of Julian date, respectively

MdTs(20-30): Ts = -0.527 + 0.462 sin[(2Pi - JD
/ 317.3) + 4.676 (14)
MdTs(10-30): Ts = -1.141 + 1.450 sin[(2Pi - JD
/ 317.7) - 1.975 (15)

7 2E Aolmyel y A, A% W W

F71% B Zojgt Beistel AT AL HolA]

MdTs(10-20) 23 AZZAHFig. 5 L Table 4), Y4
oA E u, RMSEE 20.640]91.0.8, RRMSEMI}
RRMSEE: 7}7} 0.6503} 0.85724 F 7F4] 2% 0.5-1.0
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15
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0.57624] 0.9 oJsto]glom FAH O {oJ/do] Qx|
o] rg4gh, 02 gt ojet T2 Axto| uhat Fgt
Aog E u, MdTs(10-20)2 FAHsH o2 et Qi)

MdTs(20-30) 23 HZFZIHFig. 5 X Table 4), J=
FHJA 2 uf, RMSEX 0.370]921, RRMSEMI}
RRMSEE= 717} 0.7349} 1.08324] T&HsH o= -y
Aok FEE BHAA E o], RSTDE 0.678FEA4] 1.0
olglo]glom, RS[EM]E 022984 FAAETH 0= WAy
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Fig. 5. Relationship between measured and estimated value by the MdTs(10-20) (Left: Ts for 10
cm-Ts for 20 cm), MdTs(20-30) (Middle: Ts for 20 cm-Ts for 30 cm) and MdTs(10-30)
(Right: Ts for 10 cm=Ts for 30 cm) for the soil temperature difference between soil depth,

respectively
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Table 4. The parameters and indices of measured (M) and estimated value (E) to verify the accuracy, precision
and association of the MdTs(10-20) (Ts for 10 cm-Ts for 20 cm), MdTs(20-30) (Ts for 20 cm-Ts for
30 cm) and MdTs(10-30) (Ts for 10 cm=Ts for 30 cm) for the soil temperature difference between soil

depth, respectively

MdTs(10-20)

MdTs(20-30)

MdTs(10-30)

Parameter Value Index Value Parameter Value Index Value Parameter Value Index Value
> (M-E)? 151.7  R%*model)  0.576 > (M-E)? 494  R*model)  0.459 > (M-E)? 3263  R*model)  0.558
N 366 RMSE 0.64 N 366 RMSE 0.37 N 366 RMSE 0.94
STD(M) 0.990 RRMSEM  0.650 STD(M) 0.501 RRMSEM  0.734 STD(M) 1422 RRMSEM  0.664
STD(E) 0.751 RRMSEE  0.857 STD(E) 0339 RRMSEE  1.083 STD(E) 1.062 RRMSEE  0.889
R*(E/M) 0.514 RSTD 0.759 R*(E/M) 0.163 RSTD 0.678 R*(E/M) 0.448 RSTD 0.747
a(E/M) 0.661  RS(E/M)  0.778 a(E/M) 0.712  RS(E/M)  0.229 a(E/M) 0.697 RS(E/M)  0.643

Hrh FEHAY BHoAM & o, BP9 Aol gt
R2ZE-Z 0.45924 0.9 o]sto]lom FAF O {2o]/do]
A= o] F-sh, 02 WA= o|et T2 Axto] wt
2t SEHor & u, MdTs(20-30)2 "4 4%, 0= wdt
= k.

MdTs(10-30) 2% 7AZZA7HFig. 5 L Table 4), 34
oA £ w, RMSE: 0.940]9101, RRMSEM}
RRMSEE: 77} 0.6649} 0.8892 4] & 7HA] HE 0.5-1.0
oldtt. o]F 7|E LR o] TG, 08 WAt
U THoA £ uf, RSTDE 0.74724] 1.0 o]5to] g0
™, RS[EM]= 0.6430 24 TH A5}, 08 WA=l 4
SHAAR TBHANA E o, =9 Aol gt R
0.558%24] 0.9 oJsto]lon] FAHOE §Jdo] AAH
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AT Ao REE2 YAoA EA 30 cm7HA] 9]
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Aol &S YelE tyl 7o) b A9 Ay
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E4, A7F TsS] EFHAKSTD: Standard deviation):=
EY Zol7t d&5E Attt

AR, @9 EY ZHold A EYRE WS
[(dT/dZ)°C/em]L A EGLL, B4 EFLer 2 XA
EQrRn AL 717 0.015, 0.049 E 0.110°C/cmo] 3Tt

A, Tso] AlAE 2]—01] tj5lo] four parameter sine
functionS 0]835lo] EQF Zo|H EoF Q9] Hel =4
HEgs A5t FHa PQ—‘ﬂoﬂ w2t @3p7F 2490 Al
£ Agste] 2y A% Aake EY Zol 10em
(MTs10), 20 cm (MTs20) ¥ 30 cm (MTs30)9] 3% 242+
Al (16), A (17) E 4] (18)a ZSkrh.

MTsl10: Ts = 15.13 + 12.69 sin[(2Pi - JD / 356.0)
- 2.136 (16)
MTs20: Ts = 15.68 + 11.90 sin[(2Pi - JD / 357.8)
+ 4.120 (17)
MTs30: Ts = 16.15 + 11.77 sin[(2Pi - JD / 357.7)
+ 4.081 (18)
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