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Methane emission in response to nighttime warming and its hyperspectral

estimation in a paddy field
WANG Ying, LOU Yunsheng”* , SHI Yifan, ZHENG Zehua, ZUO Huiting

Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters/ Jiangsu Key Laboratory of Agricultural Meteorology, Nanjing

Unaversity of Information Science and Technology, Nanjing 210044, China

Abstract: Asymmetric diurnal warming is one of the main features of global climate change, but the effects of nighttime
warming on CH, emission from paddy fields is unclear. A field experiment with rice was conducted at the Station of
Agricultural Meteorology, Nanjing University of Information Science and Technology, Nanjing, China, to investigate the
effects of passive nighttime warming on CH,emission in a paddy field and rice canopy hyperspectral characteristics. CH,
emission flux was estimated with hyperspectral data. The tested rice was hybrid rice cv. Y Liangyou 3399. The tested paddy
soil was classified as a Typic Stagnic Anthrosol. The experiment was designed with two levels of warming, i.e., nighttime
warming ( NW) and control (CK). NW was created by covering the rice canopy with an aluminum foil reflective film at night
(19:00—6:00) .CH, emission was measured by the closed chamber method at one-week intervals during the rice-growing
period. The results showed that NW significantly increased CH, emission at the rice jointing and heading-grain filling stages.
Compared to CK, NW increased the reflectance of the near-infrared spectrum on the canopy at the tillering and jointing
stages , but decreased at the heading-grain filling and maturity stages. Positive correlations were observed in the relationships
of CH, emission with spectral reflectance and the first derivative and the characteristic value of the spectrum. After
comparing correlation coefficients ( R*) of the fitting models and prediction models, the quadratic polynomial model by

‘ Area of Blue Edge’ (SD,) was found to be the best model ( fitting model R*=0.70, prediction model R*=0.72) for
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estimating CH, emission. The results of this study provide a theoretical basis for and demonstrate the feasibility of non-

destructively monitoring of CH, emission in paddy fields.
Key Words: nighttime warming; methane; flux; hyperspectral estimation; paddy field

HURF IR SARAE AL L1122 5143 (TPCC) 55 R AL 5 35 11, 1800 4F- 5] 2012 45, 4x Bk ifgfifi 2 1fi F- ¥4 1L
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1 #MREFE

1.1 REsT

FH [R5 T 2016 4F7E B 55 B TR R AR S G006 (32.00N, 118.8°F ) #E4T . 13 b Ah W A 92 11
SAEIX AR R K R 1100 mm , AR 15.6°C , UK R & AUKRS + K S )@, T A e mors 4, Al
BN 26.1% , PEK/KAE SR R Z2ASRE Y PIAE 3399, oAb BEISE H TG IR ( CK) AP [B) 38 5 (NW) 2 FhAb
B P E TR AL B BIAE /N DU R 2R AT JE AR (2 mx2 mx2 m) |, 7 B SR e R A 4 O 7 (D S
0 SSRGS 1 S S B P v B A TR (1 R 91 i S R 55 7 e e )2 ) O e
FE0.3 m ZiAy . Rkt G 1 [B) 55 S e R K A 40, BRI RN S AR TF S S I A, A sl G 386 VL IS0 B 30K
KT 10 m/s BB 2540 TE RS, A2 B3R A 4] R 19: 00—k H 600, IR BE 0 4300 s /K A ek )2
5 em HJZUREE, AR, 120k Sl X [ 184 0 TR 7 [ B K R A Y BN E A 6 WK, Bl HLHE
HI,/NX AN 2 mx2 m=4 m®,

JKAETF 2016 45 H 9 HE W ,2016 4F 6 H 11 HEH, BAknT—Kihe , &N Xt & & Ik (15—15—
15)315 g, 2R AR 2 P S S IS A B T b RN AR S B4l 1 A, 2016 4F 8 4 H&E
8 H 13 HHHATHEAKMIH MK A K 2 E AR5 2 5 cm , AR 7K 27281k K [ 9 15 00 R 47 4 BEHEE 5 2016 4F 9
F 15 BAE IR RS A SRS T, R EVH RS 3 95 B T 7 3 A A 1 (] SIE PR AL 34
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(9 H 23 B, fje)a—WHRE ) BERRAE 1k, TS A RS A6 th BB PVC MOBHED L, IR 242 R 8.5 em, 4f
1 100 em, SRAEHTA] g 8.:00—10:00 Z (A, SRAFEEPAE#HAF TS T35 50 e T A3 i i - 5@ i K
BEMEAE R SAE S RSS2 9T 0,15 30 min HIAA =58 BRS843R 4E 50 mL <URE B ir %
SR A S B A R

BT RA R RS2 00 2 FHA A S G TR (FID ) A AR G5 1L ( Agilent 7890B GC ) A6 H e S A e
B, S HE ] Porapak Q SEFTHE, BI58 G3591-81013 ;2R N, (i M IE ARSI B KBRS =) 5
FEIREE 50°C , FID R 851 B2 200°C, 25 SR H, it 4351 2 400 mL/min I 45 mL/min,

e HEGE A A

273.15  de

F=pxHX60X ——"— X —
273.15 +¢  dt

A, F R SAHGE R (mg m™ h') | p WAREERS T AARBEE (kg/m®) , H W FRAREAG 9% (m) | % K

V7 i) PR PO AR A TR BE A AL R 273,15 SRS TR R AL, ¢ R R AR R AEA N B IR (C) o

KRGS B N HERGE S A

F= 2 F./n

Ko, PO A BN B UCR S HERGE &, B CH HERGE &8 2 E A HE G &
1.3 OEiEnE 50

TEKAE FEAF W, BN BE B 300 SR 2 300 R0 i 30 SR 36 [ ASD A A& A2 P21 Field Spec Pro
FR OGS SN & /K R e 261 , HOGIE I B2 350—2500 nm, SR kL [E] fF7E 350—1000 nm 4 1.4 nm, 1000—
2500 nm JEE N K 2 nm; Wi 43 3R 2E 350—1000 nm 4 3 nm, 1000—2500 nm 38l A4 10 nm, #1355 F 4 25°,

PR B TC KU KA, T 24K 10:00—14 ;00 ( K FH = BE MR T 45°) W5 56 )2 063 S 5 R i AL 44k
A EL I T, BKFIE)ZE 29 0.6 mo REAS/NXPIRTELSIE 5 (315 2506 IIER) |, BOFBIEAE A1/ X 1 7
AN TG R, B4/ N E BT S AR S B T AR IE

FER R i A B B ARG RO R — B S RO FAR 6T R — W i o i B B 3 T
T IV AR e (AR =l 7 B R A SR RN LT AT B S SR ) T i i AR AR e (A
AL T RGBT B 1 3 RSB E S8, 2RI 1,

R1 SRERELE

Table 1 The definitions of hyper-spectral variables used in this study

Hyperspectral variables Expression
JE ARG SR R AU Spectral reflectance R,
— - SHOCIEEY First derivation of spectrum R
W IE(H Blue edge amplitude D,
W14 B Blue edge position A,
HINE{E Yellow edge amplitude D,
HNHLE Yellow edge position A,
LI NR{E Red edge amplitude D,
ZI37 E Red edge position A
LRI IS % Green peak reflectance R,
LRI E Green peak position A,
LI AT Red vale reflectance R
ZL45 B Red vale position A,
#5311 1 FX Blue-edge integral areas sD,
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Hyperspectral variables Expression
LT Yellow-edge integral areas SD,
2L Red-edge integral areas SD,

SUEIAE (R, ) SARIRAE(R,) B

Ratio of the Green peak(R,) and and the red vale reflectance(R,)

ST R, ) ARSI (R, ) B — (L

Nomalization of the Green peak (R, )and and the red vale reflectance(R,)
LN (SD, ) SRR (SD, ) W LB

Ratio of the red-edge integral (SD,) areas and the blue-edge integral areas(.SD,)
LN AR (SD, ) SEBHA(SD, ) 1 HLE

Ratio of the red-edge integral areas(.SD,) and the yellow-edge integral areas(SD, )
LENTAL(SD, ) 5#ENmA(SD,) iH—1kfE

Normalization of the red-edge integral areas(SD,) and the blue-edge integral areas(SD,)
LA AR (SD,) SEMHEM(SD, ) BIA—1L(E

Normalization of the red-edge integral areas(SD,) and the yellow-edge integral areas(SD, )

R/R,
(R,~R,)/(R,+R,)
SD,/SD,
SD,/SD,

(SD,-SD,)/(SD,+SD,)

(SD,-SD,)/(SD,+SD,)

2 HREHS

2.1 AR [EIHGIR XS CH, A 5 14 510

HPEL 1 RTUL  FE KA A 7 30T P R TR 484 3R R ok A o Ack L A A L PR e R S, A 0 T T 94—
Tl BESE AL, CH HEBOB S A3 A T 00 S e ) oAy 20 Y 4 AN (8] ) HE T8 350n] BE -5 A 7] B4 7K A
s PR E )8 A 5GP AERS AR R 19 23—30 d P CHL HECH f T & 1 T IR PR B — AN W, 76 9 FH i
AW EA — B ORRER S KO . BARE HY3E 50—58 K Ay M [ B[], 6 [ CH, HE G s T [ 2 fe (A,
Gt 0 mg m™ h™' A HPERA K S , CH, AR B 52 30— 05 (RS AR PRI AR O 2 45 7R AR K P, B2 /K Rl
PR,

MR ) 23—43 d (70 BEW]) P, P p Ak BT A T

8

CHHEHCH it 22 5 K 01 8 3 B AR 44 51 d (45 44—57 l 1

KRBT, B A FE (NW) (9 CH, HE i 543 5 25 T I 3

FXHE(CK)28.44% 28.17%., WiHE G TR, S& |

NW Al CK LS CH HEHGE B4 55031 F-0.07 mg £< 5|

m b MEBEEK T (45 65 K, 45 58—86 KOMMME O3 2|

SEI) ,NW i) CH,HERCE AR DA 3] 2 3 R (i N

F CK AbFH 5 93.78% N I S

2.2 IV X KRR EE 2 G i S B e e
PR PT 2 T L 732 1) 4k T B Ak B8 i 7 T 2 i Days afte transplanting/d

AR B, AR AN R A T A — S A mT I O I B B 1 SRR B CH,H A R

(460—760 nm) X3, 5 2 GG AE 550 nm BT H 3R Fig.1 Effect of nighttime warming on CH, flux in paddy field
T X, R “ BRI 2 5 RS R R, 297E 670 CK. 3B Control; NW ; I3 Nighttime warming; * 7 4b 3
nm ALK B /AMA, RIL R “ L0487, SrBERIRT, REaIHY MRS (P<0.05)

TR AL B K R el 2 0 S S 3 AE AT O I B W

Tk R 2E I 2T A B (760—1056 nm) , 7K R 5 S22 S S G35t B — AN SO e £, %o A B % 4 1 1A S Sl 41 4b
SHERIFG W25 BT, 2 Y T A () 18 Y Ak B ) K R T 2 I T AN S S SRAE R T A — A R Rt e
FE-FES N TF LR 2T BT, 7 () 384 YAk Bl 7 S el 2 0T 2T A S SR 6% IX 531 T X6 R 43 BRSO R4 7 S B, abT 21 41
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P A ARSI S RN R CKSNW P25 0.02,
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Fig.2 Spectral reflectance of rice canopy at different growth stage under nighttime warming

a: 7P BEM] tillering stage; b K171 jointing stage ; ¢ : FH-E I ] heading-filling stage ; d - A mature stage

2.3 CH HRCH 5 SO A R Sk T

TE53 Mt CH, HERGE f-55 7K R 2 00 1 18] B AR 5 5C 28 B S BRI s 2R 30 A CHL R e o 9~ 24 (i
ST RO A B AT A

LEEE i G2 i /N

Y xy -
[5e-E0)(5 0]

oL XL Y oA AR 2 i AR A CH, HERGE &, W Matlab R2012a H corrcoef ( X, Y) #2 /%, 0] LA
KRR E OIS R R — B R BO GRS SOGIERHEE YT 5 CH, HFBGHE 1 1A ¢ R B0F B B PE(E
2.3.1  CH,ARBOE 5 m G5 S 5 58 b H— B S AR e 2 i

TESEIRAC PR KA 32284 B 3l )22 R DG S S 238 S R 5 0E 2K 5 A vy 2E B 01728 CHL HE i 2 3447 40
KorHr 45 R WA 3,

PGS 2R B 91124 Y B 1 5 7K A8 el 2 e Dl S AR 3 2, 43 iR ¢ R EOF AT 1B 1k 4
B, SR DG R B 3R T 0.5 IF HA2 8 E A (P<0.05) I BE %0746 1T LUAE TR e FEASE 0L BE Asl s 47
BARTIAY, S5REM, 260 S HRAE 350—1056 nm JELN 5 A 554 AU B SR S A B S A
5K, IR RAE 724 nm AL TRITA] X 0.80 , i A ik 3 7K (P<0.01) 36 354 MBI AR — By 3405 il 4

x>y
N

R =
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5B EASE o KAE 617 nm A1 711 nm & IR AJ A — iR g
0.80 3 izt Bt i3 3K FK 0 . ol TS L <
2.3.2  CH, HEBGHE 5 = G is e ie 28 & i AR DG 2 A

F % 2 A 0L, s R AR 5 5 CH, HEiGHE &2 (1]
FIAH S 2L, LR (E (D) i mAL(SD, ) fk,
H-0.79, 2K SD, SD,/SD, .D, A, R, A, R, .SD, R,/
R, .(R,~R,))/(R,*R,) .(SD,=SD,)/(SD,+SD,) 3t 13 4> . _
A A F) L E VR RO T TP TRLA 0 60 500 1000
2.4 CH HEWOE BBy B A S H Wavelengh/ o

(6] U R T00 SR P L/ S B 2 AR LR M (S AR B3 kR CH B RS BRE KRN ER LN SHE%
A, AU, =

B R B LR B 1y = atb s JUIZR 1y = P b+ Fig.3 Correlation of CH, emission flux with spectral reflectance
e XTEREL .y =aln (%) +b; FEER Sy =a « " +b; AU
TR PREy = ax, +bx, +c; IRPREN: y = ax; +bx, +exs+

R R

Correlation coefficient (R)

and first derivation of spectrum

dx,+e;

FEA LA (R [l AR AL XA OC RBOR T 0.5 JF H 1 A0 E (P<0.05) 1 i B — i 4740
G BEBUR RS, A SR S A AR e 43530 X6 0] DL B (460—760 nm ) B3 21 7 B (760—1056 nm)
G S S 6 B He— B FACREA B 1 onm AT, BT (460,760) , (460,761) -+ (760,1056) , 5+ 5I1E K
XU AR I A A i 3B — UG PR A, 5 R A i s it 23 BV H— - S ) FR e HEAROR B bsf, RD
B RN A DG R B RN, SCBE JEORS B KN R T 328 % 350 R X 3R 5B R T 4 7 AR AR 25 35 /N RS 4D 7
YE R

F2 CHHERSKEEES LS ITRNELRY

Table 2 Correlation of CH, emission with canopy spectral characteristic value of rice

G HRERE(R) IR HRRZE(R)
Hyperspectral variables Correlation coefficient( R) Hyperspectral variables Correlation coefficient( R)
D, -0.79** SD, -0.79**
X, 0.17 SD, 0.71**
D, 0.19 SD, -0.75*
A, -0.14 R,/R, 0.63 **
D, -0.55** (R,~R,)/(R,+R,) 0.61**
A, 0.65"* SD,/SD, 0.75*"
R, —-0.68** SD,/SD, -0.47"
A, -0.48"* (SD,=SD,)/(SD,+SD,,) 0.74*"
R, -0.63* (SD,-SD,)/(SD,+SD,) -0.25
A, NaN

* P<0.05, % * P<0.01
2.4.1  CH,HEBGHE 509 = G5 5 5 38 S H— B3 1Al S A A

KR e YT S S M e — B 0 A ) CH HEROE Y, e 3 FioR . /KR e )2 GE U % e e — B
PIRedc iy Bl CH, HEHGE I, Horp R ), R o, 54D A XS 8t — Yk 22300 505 R A5 2 10 [l AR AR F ), R 15 %)
0.86, A F b EPERT S 7KF-, #4757 iR 2% (RMSE ) 5K AT 35 0.40,
2.4.2  CH,HEBGHE 5 1) &GS R i e Al AR A

[l =R 7 SR P B e 2 Pk 5 AR 2R vk [ S AR, 3 %6 5 CHL, 3 2 8l 2 A S B T LRGSR i AR B A 7
BE AT, SR BN A BERF (R*>0.6, P<0.01) [ JLAMERY | 403k 4 firs , HAp 2045 SO 30 — ik 210 AR A
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=1133.64 R>-168.49 R +6.73 {UEGRCREHAS,R*=0.75(P<0.01) , H RMSE f/NikF 0.67,

®3 FRHMBEE(y) SEALERHERE—NS (x) HXRKE

Table 3 Regression model of CH, emission(y) with spectral reflectance and first derivation of spectrum/x)

mOLIE AR mESEEs] E R 14 RMSE
Hyperspectral variables Regression model Estimated R? Estimated RMSE
Ry -17.16x+7.74 0.67"" 0.84
R 1004.78x2~160.46x+6.98 0.76 ** 0.63
Reis -2.49In (x)=-5.75 0.75"* 0.65
Ry -12.17¢°+19.06 0.66** 0.88

R’ 50 ~1060.41x+8.80 0.67"* 0.84

R’ s 12170945.97%° +16857.67x+6.34 0.77** 0.60
R'750 ~1053.84¢"+1062.62 0.67"" 0.84
Rssy, Ros ~27.15x, ~6.82x,+6.86 0.70** 0.80
Rsgy» Rago 2292.88x2+233.61x, -0.45x3 ~8.54x, +10.66 0.81** 0.55
R0, R 1018 9958.82x, —3853.36x,+7.65 0.80** 0.53
R0, R0 49072906.37x3 +36062.32x, +18337174.06x3 — 16632.00x, +10.77 0.86"" 0.40

R4 CHHMBE(y) SEALERHETENXREN

Table 4 Regression model of CH, emission(y) with characteristic value of spectrum

" N 4 RMSE " N 4 RMSE
T mar 08 GrEre w4 R gl
Regression model Estimated R? Estimated Regression model Estimated R? Fstimated
gress 3 stimate RMSE Bross > stmatec RMSE
-42.80R,+5.35 0.64"" 0.92 2810.26SD,*-283.40SD, +7.79 0.70** 0.79
536.37Rg2—126.35Rg+8.13 0.75** 0.68 -3.05In(R,) —6.03 0.73*" 0.70
1133.64R, 2~ 168.49R +6.73 0.75** 0.67 —2.40In(R,) -5.72 0.73** 0.68

2.5 CH,HR7GE & 1 DG il S Y ik 12 40 #r

K HAHDC T B/ WUAE f 2tk S AR LM o1 9 753, i 5 CHL HIEGHE it i 28 HH G 1 s i i KA 1 5Ok
TERHIEAS B Al T CH HRBOE R Sk sd BEAULE | AT 45 & MRKAE A RS BE L G 1P . DA AR A XS
BRI TR S, 45 R A0SR 5 PR, LA Ry (R, R AE RS EURA AN ek B ml ARG 30 R* PR3 2o b 3%
PERE GG K, 6] LA B R AL, CH, HEBGHE I AAAEARRE PR DA G SR F8 b — B S A Sy [l I A5 7Y
AR, R oo R0y 155400 Y B9 WK 2 100 30y = 49072906. 37R,,,” + 36062. 32 R',,, + 18337174. 06R",,,” -
16632.00R",,,+10.77 [P AR e fd: , #8104 R* 1A% 0.86, RMSE fiz/Nik 0.4, 4656 R*MiA %) 0.68 @it # i %
IKOFRESR LA 35 R AE AR S 1 Sy ] U9 485 70 AR it i, i AR SD, B ik 235 y = 2810.268D,% -
283.40SD,+7.79 IR e fE:, #U A RPFIAE TS R 43 5135 2 0.70 1 0.71 ¥38 i i 8 27K 7, IF HA&
RMSE FIf: 55 RMSE 435124 0.79 1 0.76 , #4b THARKF- , REBSHC 4 ROAALL Y CH, HFBGH &

FH & 4 A] 00T HE PR AR A A ALK ] a 2l R, R oy B B9 IR 231K y = 49072906.
37R’ ,,> +36062.32R’ ,, +18337174.06R "o, 16632.00R",,+10.77 , Kl b M5 1w AL SD, HEHI A — R 2T, 5 =
2810.26SD,*-283.408D, +7.79 , H: v 1 AR SD, ASEALL A -k 22 0 2 [ VAR TR Ay B0 B8 2685 A A A R
AR CH, HEAGHE S AR AT DU M CH, HE R E 3R A DL a4 10 S0 L, 0T 5 4 s I, S 4DL
P B SE A %
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®5 BREEH CHHMESNME RPE5HN R LE

Table 5 Comparing the estimated R> and predicted R* in the regression model of CH, emission

4 RMSE A RMSE

i Je A [l 5 5 A A R : il R .
Type of variable Regression model Estimated R? Estimated Predicted R? Predicted
ype e >gress > stimate RMSE redictec RMSE
G S R 1004.78Rg;5> — 160.46R 4 +6.98 0.76 " 0.63 042" 1.08
L H—Br a4 =2.49In (Rgi5) =575 0.75"" 0.65 0.20 1.40
Spectral reflectance and first 12170945.97R’ 5> +16857.6TR’ o5 +6.34 0.77 ** 0.60 0.70 ** 0.84
derivation of spectrum =27.15R55,—6.82Ry3, +6.86 0.70** 0.80 0.35* 1.18
2292.88R 50, +233.61Rsp —0.45R 092 =8.54R 140 +10.66 0.81** 0.55 0.72*" 1.33
9958.82R’ 45, —3853.36R" |5 +7.65 0.80** 0.53 0.32" 1.32
49072906.37R’ 5% + 36062. 32R’ 5 + 18337174. 06R" 54, — )
i 0.86"" 0.40 0.68"" 0.91
16632.00 R’ 43 +10.77
OGS FRIE AR i 1133.64R %~ 168.49R, +6.73 0.75** 0.67 0.36" 1.15
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Fig.4 The predicted CH, emission of regression model comparing the true value
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