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Spatio—temporal analysis of soil water and salt and their coupling relationship in the Yellow River Delta
coastal area based on satellite remote sensing

ZHANG Shuwei, CHANG Chunyan’, WANG Zhuoran, ZHAO Ming, ZHAO Gengxing’, LI Yinshuai, ZHAO Huansan, ZHAO Yongchang,
WANG Qiyao, ZHOU Jiahao

(College of Resources and Environment, Shandong Agricultural University, National Engineering Research center for Efficient Utilization
of Soil and Fertilizer Resources, Tai’an 271018, China)

Abstract: The spatio-temporal characteristics and coupling relationship of water and salt are important basis of salinization soil
management and regional ecological protection management. This study examined representative coastal areas of the Yellow River Delta :
Kenli. The method of combining field measurement with remote sensing image was used to screen the soil water and salt spectral
parameters with high correlation, and a soil water and salt quantitative remote sensing inversion model based on the sensitive spectral
parameters was constructed. The spatio—temporal variability and coupling of soil surface water and salt in the study area were analyzed
using classical statistical analysis, coupling degree model, buffer zone analysis, and support vector machine classification. The results
showed that the estimation models of soil water and salt based on LSWI, NDII, SI-T, and NDSI were established. The verification set R* was
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more than 0.650, and RMSE was below 7, Sig<0.001. The soil water and salt content in the study area was generally high, and the salt

content was mainly moderate salinization. The order of soil water was summer>spring>autumn>winter, the order of soil salinity was spring>

autumn>winter>summer, and the order of coupling degree was spring>autumn>winter>summer. Soil water ranked as grassland>bare land>

arable land>forest land, soil salinity ranked as bare land>grassland>arable land>forest land, and the coupling degree was as follows : bare

land>grassland>arable land>forest land. The soil surface water content, salt content, and water—salt coupling degree showed a gradually

decreasing trend from offshore to inland in the study area. The soil salt content increased obviously at the distance of >40-50 km and the

soil water content increased obviously at the distance of >30-40 km from the sea, the coupling also improved. This study provides an

efficient quantitative spatio—temporal analysis method of soil water and salt and their coupling relationship in coastal areas. The results of

this study can provide a reference and basis for the improvement, utilization, and management of coastal saline—alkali soil resources.

Keywords : soil moisture; soil salinity; coupling relationship; spatial and temporal variability; coastal saline soil
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Figure 1 Geographical location and sample point distribution in the study area
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Table 2 Salt spectral indices used in the study
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Salt spectral index Expression Reference
431551 Salinity index(SI-T) Red/NIRX100 [18]
84335 % Salinity index 1(SI1) V/Green X Red [19]

534854 Salinity index 3(SI3) \/ Green® + Red? [19]

JH—4bEh /- F8 8 Normalized (Red-NIR)/(Red+

Differences Salinity Index(NDSI) NIR) (20]
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Table 1 Water spectral indices used in the study

Ko HEHEFE EL Water spectral index 53X Expression 27 3CHik Reference
126 5 K B FE 8 Surface Water Capacity Index(SWCI) (SWIR1-SWIR2)/(SWIR1+SWIR2) [14]
it b 2 187 K 4345 5% Land Surface Water Index (LSWI) (NIR-SWIR)/(NIR+SWIR) [15]
FEIE T 36 % K 15 5 Modified Surface Water Capacity Index (MSWCI) (Green—-SWIR2)/(Green—SWIR2) [14]
U1k 25 F-£1 4N 5 5 Normalized Difference Infrared Index(NDII) (Red—NIR)/(Red+NIR) [16]
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Table 4 Correlation between seasonal water—salt spectral indices

and soil water—salt content

FETEFE R SRR 26 2 %4 Correlation coefficient
Spectral index  Spectral %H -1 Fk £

<

type index Spring Summer  Autumn Winter

KIPETEERL  SWCT 0.638%%  0.642%%  0.660%*%  0.658%*
Water spectral — yswcr  0.645%%  0.639%%  0.652%%  0.661%*
LSWI  0.738%%  0.773%%  0.764%%  (.728%*
NDIT  0.732%%  0.753%%  0.756%% 0.721%*
EoeEksese SI-T 0.721%%  0.729%%  0.747+%  0.725%%
Salt spectral sn 0.632%%  0.648%%  0.652%%  (.658%%
SI3 0.646%%  0.670%%  0.695%%  0.665%*
NDSI — 0.755%%  0.754%%  0.760%%  (.735%*

index

index

TE R AE 0.01 K CRUID F 25 A%

Note:** indicates significant correlation at the 0.01 level(two—sided).

]R3 TEKEHARERES T

Table 3 Descriptive statistics of soil water and salt samples

FEAK IKAPFEAS Water sample T MFEAR Salt sample
FH gl : Pt BRRM BUME Bokfi PR BRRK
. ample  f/ME FoRAE - i . -
Season b o X Mean+Standard  Coefficient of ~ Minimum/ Maximum/ Mean+Standard Coefficient of
number  Minimum/% Maximum/% . .. i o .. o ..
deviation/% variation ( g kg ) ( g kg ) deviation/( g kg ) variation
% Spring 105 12.80 49.80 37.80+8.27b 1.25 47.59 7.91+10.30a 1.30
X Summer 74 30.55 55.22 43.25+5.72a 1.32 31.63 5.01+6.03c 1.20
K Autumn 116 13.90 51.90 36.44+9.44b 1.04 45.06 7.43+11.25a 1.51
£ Winter 103 6.33 49.80 27.88+11.72¢ 1.17 33.25 6.79+7.02b 1.03

T : R Rl P B3R 45 Z 1 ] 22 5 235 (P<0.05) . Il

Note: Different letters in a column indicate the significant difference among seasons (P<0.05). The same below.
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Table 5 Estimation model of soil moisture in four seasons

Z=5 Season AE A Y Estimation model R* RMSE
% Spring 23.358NDII+16.752LSWI+35.302 0.676  6.512
5 Summer 16.377NDII+23.457LSWI+31.682 0.674  3.933
FK Autumn 21.271NDII+22.902LSWI+37.623 0.651  6.862
4 Winter 19.876NDII+25.170LSWI+23.074 0.687  6.285
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Table 6 Estimation model of soil salinity in four seasons

2 MEKSy RIBEE R EERIE

Figure 2 Four—season moisture inversion model and its precision verification
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Figure 3 Four—season salinity inversion model and its precision verification
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Figure 4 Distribution map of vegetation types in spring

in Kenli District
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Table 7 Mean value and gradation area proportion of soil moisture

in four seasons in Kenli District

B4 i LE Proprotion/% Pt

Season  0~20% >20%~30% >30%~40% >40% Mean value/%
4 Spring  6.34 11.77 36.82  45.07 37.34h
H Summer  0.19 3.31 2266  73.84 44.86a
A Autumn  3.82 21.79 33.85  40.54 37.01b
% Winter  5.74 45.48 46.51 2.27 30.05¢
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Table 8 Mean value and gradation area proportion of soil salt in

four seasons in Kenli District

o 5 H Proprotion/% Yl

! =2 >2~4 >4~6 >6 Mean value/
Season o

g-kg! g-kg! g-kg! g-kg! (g-keg")

ﬁSpring 1.18 30.12 20.56 48.14 7.56a
¥ Summer  1.21 44.53 22.32 31.94 3.82¢
B Autumn  1.19 31.12 22.07 45.62 7.47a
X Winter  0.54 36.06 20.06 43.34 5.86b
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Figure 5 Distribution map of soil moisture in different seasons in Kenli District
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Figure 6 Distribution map of soil salinity in different seasons in Kenli District
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Table 9 Mean value and gradation area proportion of soil moisture

of different vegetation types in spring in Kenli District

TR i £ Proprotion/% it
Vegetation type  0~20% >20%~30% >30%~40% >40% Mean value/%

#FH Arable land  10.08 14.92 36.97 38.03 35.85¢

Wb Forest land  10.19 19.36 3571 3474  33.67c
Jii Bl Grassland  2.07 2.85 36.18 5890  43.26a
SR Bare land  2.38 6.15 3771 5376  38.25b

®10 EFIREFAEEHER T ESESENS @R GEL
Table 10 Mean value and gradation area proportion of soil salt of

different vegetation types in spring in Kenli District

5 EE Proprotion/% [k

1~2 >2~4 >4~6 >6
gkg'  gkg'  gkg! grkg! (grkg?)

B Arable land  0.86 36.02  19.80 4332 3.37c
L Forest land ~ 1.48 39.99 1647  42.06 321c
FE B Grassland  1.31 2473 2540  48.56 15.91b
et Bare land  1.11 2028 2847  50.14 28.25a

HBR R

Vegetation type

Mean value/

R CTE 1 A DX - 3 5 K 2 SN B T i X
TR EAAE R E S

(2) Sk 7 R Vi B 5 03 S AL
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Table 11 Mean value and gradation area proportion of soil

moisture of different distance from sea in spring in Kenli District

ZEajiIx it Lt Proprotion/% Pt
0~10 3.54 5.08 38.48 52.90 43.98a
>10~20 3.76 10.75 40.08 45.41 40.69b
>20~30 15.13 22.40 31.47 31.00 33.79d
>30~40 7.46 17.88 33.97 40.69 36.68¢
>40~50 5.95 15.92 36.54 41.59 36.81c
>50~60 6.73 13.00 35.45 44.82 36.94¢

*12 BHNXEEAEREEGHE HESHSHEMSREAR G
Table 12 Mean value and gradation area proportion of soil salt of

different distance from sea in spring in Kenli District

ZEX i & Proprotion/% Pl
Buffer zone/ 1~2 >2-4 >4~6 >6 Mean value/
km gkg' k' kgt kgt (gtkg)
0~10 1.53 12.09 17.28 69.10 22.28a
>10~20 1.49 18.35 17.17 62.99 15.16b
>20~30 0.26 40.80 35.99 22.95 8.63¢
>30~40 1.39 50.18 27.14 21.29 5.39d
>40~50 0.67 45.48 28.74 25.11 6.05d
>50~60 1.23 76.44 15.09 7.24 5.81d

®13 BNRXEFPLEKBRBSEHEMSEZER ST
Table 13 Mean value and gradation area proportion of soil

water—salt coupling degree in each season in Kenli District

55 15 £ Proprotion/% (i
Season 0.35~0.59  >0.59~0.76 >0.76~1.00 Mean value
## Spring 25.18 19.62 55.20 0.67a
H Summer 56.13 21.67 2220 0.53b
X Autumn 26.96 20.10 52.94 0.64a
£ Winter 34.97 39.91 25.12 0.62a
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Figure 7 Distribution of water—salt coupling degree in each season in Kenli District
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Table 14 Mean value and gradation area proportion of soil water— SHER AL
salt coupling degree of different vegetation types in Kenli District Table 15 Mean value and gradation area proportion of soil water—

salt coupling degree of different distance from the sea

Vit il 15 £t Proprotion/% WM in Kenli District
mn enli 1S1r1c
Vegetation type  0.35~0.59 >0.59~0.76 >0.76~1.00 Mean value
PEH Arable land 41,04 28.63 30.33 0.57h ZeIx e b Proprotion/%% i
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