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Abstract. This study investigated the associations between land cover changes and evapotran-
spiration (ET) in the Yellow River Delta during the last 30 years using Landsat imagery. The
result showed that the Delta region experienced a distinct increase in area due to sea–land inter-
action and sediment deposition, accompanied by substantial change in land cover fractions.
From 1986 to 2015, 35.48% of land cover changed, mainly due to a transformation into salterns
and culture ponds from other land cover types. In general, land cover was converted from less
developed into highly developed types. The monowindow algorithm for retrieval of land surface
temperature (LST) and the SEBAL model were used to explore the effects of land cover changes
on regional ET. The results indicated that the average relative error of daily ET was 9.46%,
and there was a significant linear correlation (R2 ≥ 0.959, p < 0.001) between ET and LST.
Relationships existed between LST, ET, fractional vegetation cover, and other relevant vegeta-
tion indices, and there were positive and negative correlations between different threshold
ranges. During the study period, the transformation of large areas of different land cover types
into salterns and culture ponds led to an average increase of 1.43 mm in daily ET. © 2017 Society
of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JRS.11.016009]
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1 Introduction

Research on climate change and water demand has increased over the past years because of
dramatic environmental changes. One of the long-term solutions lies in understanding of how
water use efficiency can be improved to reduce wastage.1 Quantitative predictions of regional
water balances, management of water resources, irrigation scheduling, and climate and weather
prediction require accurate quantification of evapotranspiration (ET).2–4 As an essential compo-
nent of the hydrologic cycle, ET drives energy and water exchanges between the hydrosphere,
atmosphere, and biosphere.5–7 ET is one of the fundamental parameters of the hydrologic cycle at
all scales and is influenced by many factors, such as air temperature, soil moisture, and veg-
etation type.7,8 Accurate observation and estimation of ET are extremely important to increase
our understanding of global climate change, land–atmosphere interactions, water cycle, and eco-
logical studies.9–11 Development of remote sensing technology has made it possible to estimate
land surface ET at the regional or basin scale.12 Bastiaanssen et al.13,14 developed the Surface
Energy Balance Algorithm for Land (SEBAL), a remote sensing model that maps ET, biomass
growth, water deficit, and soil moisture. Recent advances in retrieval algorithms and satellite
remote sensing technology have enabled large-scale mapping of ET.15,16 Main single-source
surface energy balance (SEB) models include the SEB model,17 the simplified surface energy
balance index,18 the operational simplified surface energy balance model (SSEBop),19 the
SEBAL,14,20 and its variant “mapping ET at high resolution with internalized calibration.”21 The
SEBAL model is based on the SEB equation and has been used widely in the United States,
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Spain, Pakistan, Egypt, Sri Lanka, Turkey, China, and other countries with different climatic
conditions.22–24 Using the SEBAL algorithm, Hafeez et al.25 calculated ET of the Pumapanga
river area in the Philippines and obtained good results based on MODIS data.

The Yellow River Delta (YRD) has received increasing attention from scientists, engineers,
and environmental planners, because of its critical role in wildlife protection, energy production,
and agriculture.26 Like many of the large deltas around the world,27,28 the YRD is facing increas-
ing risks of degradation due to anthropogenic and natural forces.29–32 With the expansion of
reclamation activities, natural systems, especially wetland ecosystems, in the YRD area have
been suffering from severe disturbances in recent years.33 Population growth, oil and gas
extraction, and agricultural development have placed enormous demands on the land and water
resources and modified the delta’s natural geologic, hydrologic, and ecologic systems.34 ET
represents a major link in the water cycle and affects the water exchange between the land
surface and the atmosphere. Changes in ET caused by natural or anthropogenic factors should
be investigated in detail for the YRD, which has a unique water balance that is different from
that of other land surfaces.

The objective of this article is to examine how ET responded to changes in land cover in
the YRD over the past 30 years based on a map of the ET distribution retrieved using the
SEBAL model.

2 Material and Methods

2.1 Study Area

Located on the western coast of the Bohai Sea, the study area (37°01′N to 38°11′N, 118°04′E to
118°21′E) encompasses the largest and youngest coastal wetland ecosystem in China, with a
total area of about 11473 km2 in 2015 (Fig. 1). The elevation in our study area ranges from
0 to 45 m above sea level. The climate in this area is controlled by East Asian monsoon systems.
Summers are warm and wet, while winters are cold and dry. The average annual temperature is
12.1°C, with monthly means ranging from a minimum of −1.3°C in December to a maximum of
27.7°C in August. The average annual precipitation is 552 mm, of which 70% occurs during the
summer. The average annual pan evaporation is 1962 mm.33 The delta is a highly dynamic area,
which has seen rapid urban and industrial development.35 With the acceleration of economic
development and urbanization, the demand for land reclamation activities, such as port construc-
tion, construction of tidal embankments, aquaculture, and road construction, has expanded con-
tinuously. During the past three decades, saline-alkali land, beach land, and wetlands in coastal

Fig. 1 Location of YRD (Standard pseudo-color Landsat image, June 5, 2015).
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areas have been reclaimed as salterns, culture ponds, and agricultural farmland at a fast pace.
This has greatly increased environmental pressures on the vulnerable YRD ecosystem.

Landsat images of the same day in different years were selected as the data source for a
comparative study of ET and vegetation indexes in the YRD. To obtain better inversion results,
images from the dry season were selected and combined with data of local meteorological con-
ditions. We used Landsat 5 TM (June 5, 1986) and Landsat 8 OLI/TIRS (June 5, 2015) data
(from the USGS). After examining data from the meteorological stations in the study area, it was
determined that ET values for two consecutive days could be considered the same, due to similar
weather conditions for those days. After atmospheric and radiometric correction to remove data
noise,36 the remote sensing data were used as basic source data for the retrieval of LST and ET.
By combining classification methods and manual interpretation, the land cover data were
extracted based on a new classification system. The classification criteria were adjusted based
on the requirements for the analysis of ET reaction. The overall accuracy was greater than 95% as
validated by field visits and historical data. Meteorological data, including temperature, wind
speed, relative humidity, and precipitation, were obtained from 14 internal and peripheral
meteorological stations from the China Meteorological Data Network. An inverse distance
weighting interpolation method was used to obtain relevant meteorological raster data for
the study area, based on the meteorological point data acquired from internal and surrounding
observations. All data were georeferenced to a common UTM coordinate system (WGS_
1984_UTM_Zone_50N) and resampled using a nearest neighbor algorithm with a pixel size of
30 m × 30 m.

The Landsat 8 image obtained on June 5, 2015 was geometrically corrected based on the
Landsat 5 image of June 5, 1986. Band 6 of Landsat 5 and band 10 of Landsat 8 were chosen for
thermal infrared temperature inversion. Qin’s monowindow algorithm37 was adopted for the
inversion calculation for determining the LST, and the SEBAL model was used to create a
map of the daily ET distribution in the study area based on the inverted LST. Atmospheric
correction of Landsat TM/ETM data should be carried out by combining a look-up table and
dark-object method, in order to obtain accurate reflectance data.38–41

2.2 Land Cover Information Extraction

The spectral variability between ground objects represents a theoretical basis for analyses and
interpretations of remote sensing images. The phenomenon related to an object composed of
pixels with different spectral characteristics and different objects composed of pixels with the
same spectral characteristics, in conjunction with the existence of mixed pixels can make it dif-
ficult to identify certain ground objects.42 In this study, land cover information was extracted
based on the spectral characteristics of ground objects, taking into consideration the particular
ecosystems of the YRD area. First, remote sensing images were visually interpreted, and a pre-
liminary land use/land cover classification was performed based on the actual land use status.
Next, a number of sampling points were selected for each land type to measure the multispectral
band values, to determine a spectral region for different types of land covers, and to create spec-
tral thresholds for different ground objects. Finally, a decision tree classification model was cre-
ated based on the thresholds, and a preliminary land cover map was created for the research area.
Based on the results of the automatic classification, blocks of land cover types had to be edited
manually based on the regional characteristics of the river basin and coastal area. Historical land-
use data and field survey data were used as reference data for the classification.

2.3 Retrieval of Land Surface Temperature

The development of the monowindow algorithm for LST retrieval from the thermal band data of
Landsat TM/ETM is based on the premise that the at-satellite brightness temperature can be
computed from the thermal band. According to the radiance transfer equation, Taylor’s expan-
sion to the Planck function has to be applied. Qin et al.37 derived an approximate expression for
LST retrieval, suitable for the thermal bands of TM/ETM+ data by simplifying the relationship
between radiance and brightness temperature using a linear regression, as expressed below:
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EQ-TARGET;temp:intralink-;e001;116;735Ts ¼ fa6ð1 − C6 −D6Þ þ ½b6ð1 − C6 −D6Þ þ C6 þD6�T6 −D6Tag∕C6; (1)

in which Ts is the LST (K); T6 is the brightness temperature (K) (band 6 for Landsat 5, band 10
for Landsat 8); a6 and b6 are the regression coefficients between T6 and C6; and Ta is the average
effective mean atmospheric temperature (K). In practice, the possible temperature range of LST
is 0 to 70°C, a6 ¼ −67.35535 and b6 ¼ 0.458608. C6 and D6 are coefficients defined as
expressed below in Eqs. (2) and (3):

EQ-TARGET;temp:intralink-;e002;116;653C6 ¼ ε6τ6; (2)

EQ-TARGET;temp:intralink-;e003;116;623D6 ¼ ð1 − τ6Þ½1þ ð1 − ε6Þτ6�; (3)

where τ6 is the atmospheric transmittance (dimensionless) and ε6 is the ground emissivity
(dimensionless), both at band 6. τ6 can be approximated from the relative humidity and temper-
ature data,37 and ε6 can be derived from the relevant vegetation index.43

2.4 Retrieval of Surface Flux and Evapotranspiration

The SEBAL model, which is designed based on traditional surface heat balance equations, can
integrate multisource and multisensor data to estimate land surface water and heat fluxes,
employing the advantages of remote-sensing technologies. The equations are based on the theory
that incoming net solar radiation drives all energy exchanges on the Earth’s surface. The SEB
equation is as follows:14

EQ-TARGET;temp:intralink-;e004;116;464LE ¼ Rn − G −H; (4)

where LE is the latent heat flux (Wm−2); Rn is the net radiation (Wm−2); G is the soil heat flux
(Wm−2); and H is the sensible heat flux (Wm−2). As one of the residual methods of the energy
budget, the SEBAL model was developed based on the energy balance principle and aerody-
namic turbulence theory.

In Eq. (4), the net radiation, which is the summation of soil heat flux, sensible heat flux, and
latent heat flux, can be calculated based on the land surface radiation as follows:

EQ-TARGET;temp:intralink-;e005;116;361Rn ¼ ð1 − αÞRs ↓ þεsσðεaT4
a − T4

s Þ; (5)

where Rs ↓ is the incident solar short-wave radiation, also known as the total solar radiation
(Wm−2); α is the surface albedo (dimensionless); εs is the surface emissivity (dimensionless);
σ is the Stefan–Boltzmann constant (5.6696 × 10−8 Wm−2 K−4); Ts is the LST (K), retrieved
from remote-sensing data; Ta is the air temperature (K) of reference height (Z2); and εa is the
atmospheric emissivity (dimensionless), which can be calculated by an empirical formula.8,28

Following the same logic as shown in the literature, the SEBAL model produces the instanta-
neous soil heat flux G (Wm−2) that is defined as a function of surface albedo, vegetation index,
and LST:29

EQ-TARGET;temp:intralink-;e006;116;233G ¼
�ðTs − 273.15Þ

α
ð0.0038αþ 0.007α2Þ½1 − 0.98ðNDVIÞ4�

�
Rn; (6)

in which NDVI is dimensionless. Morse et al.24 reported that clear, deep water areas can be
considered as a large heat reservoir, if the evaporation is not excessive. Burba et al.44 suggested
the equation Gwater ¼ 0.41Rn − 51 based on a study of wetlands. The water body in the study
area was situated between the clear water body and the wetland. Based on the research above, we
used Eq. (6) to calculate the instantaneous heat flux in vegetated areas, and Gwater ¼ 0.5Rn was
used for water bodies.45 The sensible heat flux (H) is the heat exchange between the surface and
the planetary boundary layer, and can be expressed as follows:46

EQ-TARGET;temp:intralink-;e007;116;104H ¼ ρacP
ðTs − TaÞ

rah
¼ ρacP

dT
rah

; (7)
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where ρa is the air density (kgm−3); cP is the air heat capacity at constant pressure
[1004.07 J ðkgKÞ−1]; dT is the temperature difference (K) over the two heights of Z2 and
Z1; and rah is the aerodynamic resistance (ms−1) between Z2 and Z1; Z1 is the first reference
height and Z2 is the second reference height.

According to Eq. (7), there are two unknown parameters (dT and rah). rah can be calculated
using wind speed, and dT can be obtained by a series of iterative processes. Gao et al.47 described
the detailed calculations. The modified soil-adjusted vegetation index (MSAVI) combined with
LSTwas chosen to determine the “hot” “cold” points automatically. For the classes of farmland,
grassland, and bare land, pixels with a value of 0.1 MSVI and the largest LST values were
designated “hot” points. The mean value of these pixels was considered a virtual “hot” point.
The same method was used to determine the virtual “cold” point for the classes of farmland,
forest, and wetland (0.8 MSVI combined with the minimum value of LST). Using the average
value for several pixels avoided uncharacteristic results caused by a single pixel. An iterative
procedure was used for the calculation of H for each pixel to minimize discrepancies due to
a small sample size, which is deemed an appropriate method for this study.

Finally, based on the energy balance equation, the instantaneous latent heat flux can be
computed, as shown in Eq. (6). Then, instantaneous ET (mm) can be calculated as follows:

EQ-TARGET;temp:intralink-;e008;116;532ET ¼ 60 × 60 ×
LE

λ
; (8)

in which λ ¼ ½2.501 − 0.00236ðTa − 273.15Þ� × 106.
The ET estimated by this remote-sensing-based method represents instantaneous conditions.

To achieve the estimation of the daily ET, the instantaneous ET must be extended temporally, and
several commonly used methods include the statistical empirical method, the sine relations
method, and the evaporative fraction method. In this study, we followed the evaporative fraction
method to extend the calculation from instantaneous ET to daily ET:48

EQ-TARGET;temp:intralink-;e009;116;418ET24 ¼ 24 × 60 × 60 × Λ24 ×
Rn24 − G24

λ · ρw
× 103; (9)

where Rn24 is the 24 h net radiation (Wm−2); G is the 24-h soil heat flux (Wm−2);ρw is
the density of water (1.0 × 103 kg · m−3); λ is the latent heat of water vapor
{λ ¼ ½2.501 − 0.00236ðTs − 273.15Þ� × 106, J • Kg−1}; Λ24 is the 24-h average evaporative
fraction, which is approximately equal to the instantaneous evaporative fraction Λ. Λ can be
calculated by

EQ-TARGET;temp:intralink-;e010;116;315Λ ¼ LE

Rn − G
; (10)

where LE, Rn, and G are variables explained above.
Due to a lack of heat flux monitoring data for the study area, ET was validated by using

regional ET data from weather stations.

2.5 Calculation of Normalized Difference Vegetation Index and Fractional
Vegetation Cover

The normalized difference vegetation index (NDVI) is defined as

EQ-TARGET;temp:intralink-;e011;116;174NDVI ¼ ρnir − ρred
ρnir þ ρred

; (11)

where ρnir is the reflectance for the near infrared band (band 4 for Landsat 5, band 5 for Landsat
8) and ρred is the reflectance for the red band (band 3 for Landsat 5, band 4 for Landsat 8).

Fractional vegetation cover (FVC) is an important biophysical parameter describing vegeta-
tion quality and reflecting ecosystem changes. It is also a controlling factor in transpiration,
photosynthesis, and other terrestrial processes. The calculation of FVC is based on NDVI values,
which may be calculated using spectral reflectance data. FVC was computed as expressed below: 49
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EQ-TARGET;temp:intralink-;e012;116;735FVC ¼ NDVI − NDVImin

NDVImax−NDVI
× 100%; (12)

where FVC is the fractional vegetation cover (%); NDVI is the NDVI value at each pixel (dimen-
sionless); NDVImax is the NDVI value that corresponds to 100% vegetation cover (dimensionless);
and NDVImin is the NDVI of bare soil (dimensionless).

3 Results and Analysis

3.1 Analysis of the Spatial-Temporal Pattern of Land Cover

3.1.1 Spatial distribution and change in land cover types

Due to sea–land interaction and sediment deposition in river mouths, the area of salterns and
culture ponds increased by 205.81 km2 from 1986 to 2015 (Fig. 2 and Table 1). The land cover
types were divided into 10 classes, as shown in Table 1. The total area was 11267.69 km2 in
1986, and farmland was the dominant land cover type (55.18%). Compared to 1986, there were
noticeable changes in land use and land cover types in 2015. The two land cover types with the
largest increases were salterns and culture ponds, whose area increased by 1303.07 and
582.66 km2, respectively. The combined proportional area for both classes increased sharply
from 2.51% to 18.90%. The area of the built-up class also increased considerably by
394.98 km2. In contrast, the grassland and saline-alkali land area decreased sharply by
2273.57 km2. While estuarine deposition expanded, the beach area decreased by 185.92 km2

due to human activities.
For the combined land cover types, 3947.22 km2 changed from 1986 to 2015, accounting for

35.03% of the total land area in 1986, meaning that more than one-third of the land cover
changed over 30 years. A spatial comparison of the land cover types for different years showed
that there were different causes for conversion for different types of land covers. Despite an
increase in the gross area of farmland, almost 200 km2 were transformed into salterns and culture
ponds. The increase in farmland area was caused mainly by the development and conversion of
grassland and wetland. The grassland was converted not only into farmland, but into salterns and
culture ponds as well. 193.94 km2 of grassland was converted into built-up areas. 67.50 km2 of
wetland was converted into farmland, accounting for 23% of the total changed area. 30% of
changed area was converted into salterns and culture ponds, while 14% and 1% were converted
into water and saline-alkali land, respectively. The diversity of wetland conversion modes also
demonstrated the fragility of wetland ecosystems. Saline-alkali fields were distributed mainly on

Fig. 2 Land-cover maps on June 5 in (a) 1986 and (b) 2015.
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the coast and were converted primarily into salterns, culture ponds, and farmland. Specifically,
409.93 km2 were converted into salterns, accounting for 55% of the total conversion area.

3.1.2 Correlation analysis of land cover and fractional vegetation cover

A map of FVC distribution was created based on Eqs. (11) and (12). Regions with a FVC value
equal to or smaller than 0 were water areas. It was evident from the FVC maps for the different
years that there was a significant increase in water area in 2015 (Fig. 3). Analysis of the land use
change demonstrated that large areas of lower vegetation cover (saline-alkali land) changed into
areas of higher vegetation cover of farmland and forest land. The construction of salterns and
culture ponds greatly reduced the areal proportion of saline-alkali land. Overall, the vegetation
cover increased due to improvement and utilization of saline alkali land from 1986 to 2015, and
the average FVC value of vegetation-covered areas increased from 21.13% in 1986 to 33.91% in

Fig. 3 FVC distribution maps in (a) 1986 and (b) 2015.

Table 1 Area and percentages of land cover types.

Land cover type

1986 2015

Area (km2) Percentage (%) Area (km2) Percentage (%)

Farmland 6217.90 55.18 6434.64 56.08

Woodland 65.91 0.58 97.43 0.85

Grassland 1772.91 15.73 194.34 1.69

Water 194.26 1.72 475.89 4.15

Built-up 722.79 6.41 1117.77 10.27

Saline-alkali land 771.79 6.85 76.79 0.67

Beaches 906.25 8.04 720.34 6.28

Salterns 209.41 1.86 1512.48 13.18

Culture Pond 73.20 0.65 655.86 5.72

Wetland 333.28 2.96 127.94 1.12

Total 11267.691 100 11473.5 100
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2015. Among all land cover types, woodland had the highest FVC values, 51.94% in 1986, and
55.59% in 2015. Wetland and farmland areas also had more vegetation cover, while the saline-
alkali land, beaches, and salterns had less vegetation cover and lower FVC values. The beaches
had the lowest FVC values due to sparse vegetation. FVC reflected the spatial distribution of
the regional vegetation cover appropriately.

3.2 Analysis of the Spatial-Temporal Pattern of Evapotranspiration

Daily ET was determined using the SEBAL model (Fig. 4). It can be seen from the profile that
the daily ET first decreases and then increases inward from the coast. This was closely related to
the spatial distribution of land cover types. High ET values occurred in the salterns and culture
ponds in the coastal region because of sufficient water sources. In the large farmland areas in the
inland region, high vegetation cover contributed to high ET. Most of the transitional zones
between the farmland and culture ponds were less developed grassland and saline-alkali land,
therefore, the ET was low in these areas. Compared to 1986, 2015 saw an increase in ET,
suggesting that with increasing development, the salterns and culture ponds increased in
area, while the saline-alkali land cover decreased. As a result, the overall regional ET increased.
It was concluded that land use changes affected the variation in ET.

Different land cover structures affected every aspect of ET, therefore, ET changed due to the
difference in land cover type (Fig. 2). It was evident from Fig. 4 that ET was high for the water
region, salterns, culture ponds, and beaches, and this was closely related to adequate water sup-
ply. By contrast, ET was low in the built-up region, saline-alkali land, and grassland, because
most energy was lost through sensible heat exchange. Comparing ET values for different land
cover types showed a similar pattern for each year, suggesting that daily ETwas closely related to
land cover type (Fig. 5). Nearly every land cover type had a higher daily ET in 2015 than in 1986.
An analysis of the LST indicated that a higher LST in 2015 enhanced the heat exchange and thus
increased the ET values.

3.3 Analysis of Land Cover Effects on Evapotranspiration

The analyses above indicated that there was a close correlation between LSTand ET.We overlaid
LST and ET distribution maps and developed a linear regression for LST and ET. LST was dis-
cretized in 1-deg intervals, and the average ET value for a certain temperature was calculated by
determining the spatial overlap of the ET distribution map. A close, negative correlation existed
between LST and ET (Fig. 6). The correlation coefficient was −0.9868 in 1986 and −0.9752
in 2015.

Fig. 4 Daily ET distribution maps on June 5 in (a) 1986 and (b) 2015.
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A linear solution to ET and LST for the 2 years can help derive their linear equations. These
two equations had nearly the same slope and similar intercepts, and R2 values were 0.9738 and
0.951, respectively. A synthesis of the data for both years resulted in the following linear equa-
tion for LST and ET (p ¼ 0.00018):

EQ-TARGET;temp:intralink-;e013;116;434ET ¼ −0.2326LSTþ 11.595 ðR2 ¼ 0.9588Þ; (13)

where ET denotes daily ET (mm), and LST denotes land surface temperature (°C). Equation (13)
can be used for approximate calculation of daily ET if there is a lack of data for ET calculation,
and LST values are available. Land cover status affects the distribution of LSTand influences the
spatial distribution of ET. We used FVC to research the relationship between ET and land cover
types. We overlaid maps of ET distribution and FVC at 1% intervals, as shown in Fig. 7.

FVC was closely related to LST, as well as to daily ET (Fig. 4). An FVC value of 14% was
the inflection point in 1986 (25% in 2015). Daily ET and FVC were negatively correlated when
FVC was between 1% and 14% in 1986 (1% and 25% in 2015), and the correlation coefficient
was −0.99 in 1986 (−0.96 in 2015). Daily ET and FVC were positively correlated when FVC

Fig. 6 Correlation between daily ET and LST.

Fig. 5 Comparison of daily ET values for different land covers.
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was between 14% and 94% in 1986 (26% and 90% in 2015), and the correlation coefficient was
0.95 in 1986 (0.97 in 2015). When the FVC value exceeded 94% in 2015, daily ET and FVC
were negatively correlated.

It is easy to understand why areas with higher FVC values also had greater ET values.
Comparison of the land cover maps in Fig. 2 with the FVC maps in Fig. 3 demonstrated
that land cover types with FVC value <14% based on the 1986 data (25% in 2015) were mainly
associated with bare land such as beach and saline-alkali lands close to water bodies. This pattern
between evaporation and FVC obviously reflected the degree of soil exposure and neighborhood
effects. Furthermore, denser vegetation growth is usually the result of increased moisture or
greater use of fertilizer. The existence of mixed pixels aggravated the negative correlation
between FVC and daily ET. After the inflection point, daily ET values began to increase
along with the greater vegetation cover to result in higher ET. Generally, the increase in veg-
etation fraction led to a decrease in sensible heat, which consequently led to a decrease in the
surface temperature and an increase in the latent heat flux and ET. Comparing Fig. 2 with Fig. 3
showed that the highest FVC values occurred for wetlands. In wetlands, the existence of veg-
etation would reduce the evaporation from the water surface, therefore when the FVC value
reached a certain value (e.g., FVC above 90% in 1986 and 94% in 2015), the daily ET tended
to decline, as shown in Fig. 7.

4 Discussion

Over nearly 30 years, considerable land cover change occurred in the YRD. Overall, transfor-
mation occurred primarily from less developed to highly developed land. Large changes in land
cover inevitably affected the distribution and transformation of the regional SEB. Measurements
of ET could not be obtained for our study of the YRD, and therefore, a comparison was con-
ducted between water surface evaporation obtained by calculation and that measured at the
meteorological station. The value measured in a small evaporating dish on June 5, 1986 was
9.5 mm. According to the monthly conversion coefficient for the country of 0.6,50 we determined
that the mean evaporation from the water surfaces in the area was 5.7 mm, while the mean
inversion evaporation from the water bodies in the area was 5.00. The inversion accuracy
was 87.75%. On June 5, 2015, the average of mean evaporation from large evaporating dishes
was 6.45 mm, the mean evaporation from the water bodies obtained by inversion was 6.02, and
the inversion accuracy was 93.33%. The average relative inversion error was 9.46%, and there-
fore, the result showed that the SEBAL model had high inversion accuracy.

Land use and land cover affect ET, but there are differences in ET for different vegetation and
land cover types. ET can be adequately determined at leaf and plant levels; however, ET is one of
the least understood aspects of the hydrologic cycle at large scales.51 This is, in part, due to the
difficulty associated with assessing ET at a regional scale.52 For a given spatial-temporal

Fig. 7 Scatter plots between the mean daily ET and the FVC.
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condition, there is a close relationship between vegetation index and ET. However, a vegetation
index is a reflection of vegetation form, structure, soil regime, and other relevant essential
factors, and specific site conditions should be taken into consideration when vegetation indices
are used for assessing changes in ET. In this study, we discussed only the linear relationship
between ET and surface temperature, and the correlation between FVC and ET. Many additional
complicating factors can affect the results.

5 Conclusions

From 1986 to 2015, the overall land area increased by 205.81 km2 in the YRD due to sea–land
interaction and the influence of sediment deposition by the river. The analysis of land cover
change indicated that compared with 1986, 3;947.22 km2 of land cover changed in 2015,
accounting for 35.03% of the total land area in 1986. Different types of land covers were con-
verted in different ways. Despite an increase in the total area, large areas of farmland and grass-
land were converted into salterns and culture ponds. The diversity of wetland conversion
demonstrated the fragility of wetland ecosystems. The development of saline-alkali land was
one of the major types of land cover conversion in the area. Overall, land cover conversion
occurred mainly from less developed into highly developed land cover types.

There was a close correlation between LST, vegetation coverage, and daily ET. In wetland,
saline-alkali land, and coastal beach land cover types, ET decreased with increasing vegetation
coverage, revealing the interactions between vegetation and soil. The influence of mixed pixels
was an important cause for the existence of inflection points in the curves describing the relation-
ship between FVC and daily ET. As vegetation cover increased, ET exhibited a decreasing trend
due to the decrease in LST.
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