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Regional crop yield prediction is a significant component of national food policy making and security
assessments. A data assimilation method that combines crop growth models with remotely sensed data
has been proven to be the most effective method for regional yield estimates. This paper describes an
assimilation method that integrates a time series of leaf area index (LAI) retrieved from ETM+ data and
a coupled hydrology-crop growth model which links a crop growth model World Food Study (WOFOST)
and a hydrology model HYDRUS-1D for regional maize yield estimates using the ensemble Kalman filter
(EnKF). The coupled hydrology-crop growth model was calibrated and validated using field data to ensure
Coupled hydrology-crop growth model . . . . . . .
Remote sensing information that the model accurately simulated associated state variables and maize growing processes. To identify
EFAST the parameters that most affected model output, an extended Fourier amplitude sensitivity test (EFAST)
was applied to the model before calibration. The calibration results indicated that the coupled hydrology-
crop growth model accurately simulated maize growth processes for the local cultivation variety tested.
The coefficient of variations (CVs) for LAI, total above-ground production (TAGP), dry weight of storage
organs (WSO0), and evapotranspiration (ET) were 13%, 6.9%, 11% and 20%, respectively. The calibrated
growth model was then combined with the regional ETM+ LAI data using a sequential data assimilation
algorithm (EnKF) to incorporate spatial heterogeneity in maize growth into the coupled hydrology-crop
growth model. The theoretical LAI profile for the near future and the final yield were obtained through
the EnKF algorithm for 50 sample plots. The CV of the regional yield estimates for these sample plots was
8.7%. Finally, the maize yield distribution for the Zhangye Oasis was obtained as a case study. In general,
this research and associated model could be used to evaluate the impacts of irrigation, fertilizer and field
management on crop yield at a regional scale.
Crown Copyright © 2014 Published by Elsevier B.V. All rights reserved.
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sustainable development of agriculture. In the past decades, crop
growth monitoring and crop yield predictions have moved away

1. Introduction

Crop growth and yield data are critical for informing national
food security and agricultural operation and management. A range
of factors, including increasingly augmented populations, reduced
cropland acreage and water resources, environmental deteriora-
tion, and global climate change, significantly affect agricultural
production and threaten food security. Therefore, accurate regional
crop growth monitoring and yield prediction are vital for the
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from conventional techniques, such as agro-meteorological model
forecasting and the establishment of relationships between remote
sensing spectral vegetation indexes and field measurements, in
favour of more integrated approaches (e.g. Dente et al., 2008; de
Wit et al,, 2012; Fang et al., 2011; Liang and Qin, 2008; Ma et al.,
2013; Xuetal.,2011). Forinstance, operational systems for regional
crop monitoring and yield forecasting now usually rely on an inte-
grated analysis of weather data, crop simulation model results and
satellite observations.

Using the biophysical principles of plant growth, crop growth
models can provide detailed estimates of crop states, including phe-
nological status, leaf area index (LAI) and yield for specific crop
types. The most commonly used crop growth model, WOFOST,
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has been applied to evaluations of production potential, optimized
crop management, and yield gap quantification for various crops
(Van Laar et al., 1997; Bouman et al., 2001; Wolf, 2002) in addition
to studies of the effects of environmental variability and climatic
change on crop production (Kropff et al., 1996; ten Berge et al.,
1997; Tsuji et al., 1998; Matthews and Stephens, 2002). However,
in WOFOST, the soil water balance is calculated using a “tipping
bucket” approach within three compartments (i.e. a root zone, a
transmission zone, and a groundwater zone) under water-limited
conditions. This approach oversimplifies simulations of the hydro-
logic cycle in crop growth models (Eitzinger et al., 2004; Priesack
et al., 2006). In reality, variation in available soil moisture is a
main driver of variation in crop yield (Rodriguez-Iturbe et al., 2001;
Shepherd et al., 2002; Anwar et al., 2003; Patil and Sheelavantar,
2004), and accurate estimates of soil moisture are critical for
understanding crop status and yield. To enhance the ability of the
WOFOST model to simulate the hydrologic cycle, model coupling is
needed. Linkages between models have recently received attention
from researchers. For example, Casanova and Judge (2008) coupled
a land surface process (LSP) model with a widely used crop-growth
model (DSSAT) to estimate energy and moisture fluxes in dynamic
vegetation. Maruyama and Kuwagata (2010) linked land surface
and crop growth models to estimate the effects of growing season
changes on the energy balance and water use in rice paddies. Van
den Hoof et al. (2011) coupled the Land Environment Simulator
(JULES) and a crop-growth model (SUCROS) to evaluate the hydro-
logical cycle and vegetation effects on energy, water, and carbon
fluxes.

Crop models are very useful in evaluating crop growth and yield
at the field scale, but their implementation at a regional scale is
restricted by input data availability at the corresponding scale,
which results in models that may not produce results with ade-
quate accuracy for practical applications (Chipnashi et al., 1999;
Moulin and Guerif, 1999; Mignolet et al., 2007). To overcome the
difficulties inherent to these modelling approaches, the integration
of remote sensing observations and crop growth models has been
recognized as an important approach for monitoring crop growth
conditions and estimating yield at a regional scale (Dente et al.,
2008; de Wit et al.,2012; Fang et al., 2011; Liang and Qin, 2008; Ma
etal, 2012; Xu et al,, 2011). In recent years, extensive efforts have
been made to integrate crop growth models with remote sensing
information based on the “assimilation strategy” (Chen et al., 2012;
Revill et al., 2013). Satellite data can provide a synoptic overview of
actual growing conditions and can be used to diagnose discrepan-
cies from normal conditions. For example, a Normalized Difference
Vegetation Index (NDVI; Rouse and Haas, 1973) profile of the cur-
rent year could be compared to the average historic profile for a
given crop (Kogan, 1998; Liu and Kogan, 2002). Moreover, satellite
data can be used to complement crop model simulation results by
including, for example, the impacts of fire, frost, or drought during
sensitive crop stages.

In general, the integration of remote sensing observations
and crop growth models is often achieved through data assim-
ilation. There are two basic strategies for data assimilation:
(1) recalibration/re-initialization methods and (2) sequential
assimilation algorithms, such as the EnKF. The recalibration/re-
initialization approach commonly uses optimization algorithms
to re-initialize or re-parameterize a crop growth model by adjus-
ting initial conditions or input parameters to minimize the merit
function between remotely sensed biophysical parameters and
simulated parameters (Dente etal.,2008; Fangetal.,2011; Maetal,,
2013). However, this method cannot incorporate dynamic changes,
such as state variable updates or dynamic crop growth simulations.
For sequential assimilation algorithms, a primary assumption is
that improvements in a state variable made in the previous step
can enhance the estimation accuracy in the next step. Because this

approach can combine many types of observations taken at dis-
crete time steps, the state variables can be continually updated
and more accurately simulated. In particular, the EnKF, which is
a sequence filter algorithm that combines a probabilistic approach
with sequential data assimilation, can account for sequential uncer-
tainty in remotely sensed observations (Curnel et al., 2011; Dorigo
et al., 2007; Quaife et al., 2008) and nonlinear structural charac-
teristics in crop growth models (de Wit and Van Diepen, 2007;
Vazifedoust et al., 2009). Several EnKF assimilation schemes with
different degrees of complexity and integration have been devel-
oped and evaluated during the last decade (Curnel et al., 2011; de
Wit and Van Diepen, 2007; Vazifedoust et al., 2009; Jin et al., 2010).

In this study, we present a novel method for estimating regional
maize yield that assimilates LAl values derived from remote sensing
imagery into a coupled hydrology-crop growth model (which links
the WOFOST and HYDRUS models) using an EnKF. This method
can ultimately be used to estimate crop yields at a regional
scale.

2. Material and methods
2.1. Study area

We applied our coupled model to the agricultural system in
the Zhangye Oasis (Fig. 1), an arid region in the middle reaches
of the Heihe River basin, northwest China. This area has a typi-
cal temperate continental climate, with mean annual precipitation
and potential evaporation ranging from 60 to 280 mm and 1000 to
2000 mm, respectively. This agricultural system, which primarily
cultivates maize and wheat, employs a highly developed irrigation
system that was constructed in the last few decades. The main
water resource for irrigation in this area originates from the Heihe
River and the groundwater.

2.2. Observation data

In 2008, the Watershed Allied Telemetry Experimental Research
(WATER) program (Li et al., 2009), part of the Chinese Academy
of Sciences’ Action Plan for Western Development, was applied to
this region to study the ecological and hydrological processes of
agricultural systems (methodological information for this program
can be found at http://westdc.westgis.ac.cn/data). The primary bio-
physical, biochemical, meteorological and hydrological parameters
used in our study were obtained through this program, predomi-
nantly from the Yingke station (38°51’N, 100°25’ E, altitude 1519 m
a.s.l.). Research at this agro-ecological station focused on eco-
hydrological processes during maize growth periods and provided
data (interval: 30 min) on regional meteorology, physical soil prop-
erties, and soil moisture dynamics. Meteorological data included
netradiation, solar radiation, maximum air temperature, minimum
air temperature, precipitation, wind speed, atmospheric pressure,
and relative humidity.

The status of maize was intensively monitored throughout its
entire growth period, which lasted from April 20, 2008 through
September 22, 2008. The sowing date, emergence date and harvest
date were April 20, May 6, and September 22, respectively. Data
on LAI were measured once every 15 days using a LAI-2000 Plant
Canopy Analyzer (LI-COR Inc., Lincoln, NE, USA). The dry weight of
storage organs (WSO), dry weight of total above-ground biomass
(TAGP) and crop height were sampled every 15 days during crop
growth. Data on latent flux were measured by an eddy covariance
system (EC) (Li7500 & CSAT3, Cambell Scientific, USA) that was
installed here for long-term use at a height of 2.85 m. The correc-
tion of EC data was produced with revised EdiRE software from the
University of Edinburgh (Xu et al., 2008). Nitrogen (329 kgha~1),
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Fig. 1. Study region.

potassium (220kgha~1) and phosphorus (87 kgha~1) fertilizers
were applied to the maize fields throughout the growth period.

2.3. Remote sensing data

Sensors onboard the Landsat satellite series provide an unparal-
leled data source for land surface mapping and monitoring (Byrne
et al., 1980; Cohen and Goward, 2004; Hansen et al., 2008; Healey
etal.,2005; Maseketal.,2008; Vogelmann etal.,2001). Landsat sen-
sors provide long-term, repeated, global coverage (1972-present)
at relatively high spatial resolutions (30 m for the TM, ETM+ and
OLI sensors; 80m for the MSS sensors). In this study, we used
the ETM+ dataset (L1T product for path 133, row 33) provided by
the Geospatial Data Cloud, Computer Network Information Centre,
Chinese Academy of Sciences (http://www.gscloud.cn). Four L1T
ETM+ images, which were captured on cloud-free days that cov-
ered the full maize growth period, were selected for use in our
model (Table 1). The L1T ETM+ data were geometrically corrected
using ground control points and topographically corrected using a
digital elevation model. Atmospheric correction was applied using
the Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes
(FLAASH) model in ENVI (RSI, 2001).

2.4. The coupled hydrology-crop growth model

In this study, we used a coupled hydrology-crop growth model
first presented elsewhere (Li et al., 2012). The dynamic crop growth
model WOFOST (Boogaard et al., 1998) and the hydrological model
used to simulate water flow and root water uptake in unsaturated
zones HYDRUS-1D (Simtinek et al., 2005) were linked through an
indicator for the degree of water stress, which was defined as
the ratio between actual water uptake rate and potential tran-

spiration rate. The basic coupling process is shown in Fig. 2:

The irrigation and precipitation, the daily net radiation, the daily
maximum and minimum temperatures, the daily wind speed and
the daily relative humidity are the input terms in the HYDRUS

model. @ The potential evaporation and transpiration are cal-
culated by the Penman-Monteith combination method (Monteith,

1965; Monteith, 1981) in the HYDRUS model. @ The water uptake
is calculated according to Feddes equation (Feddes et al., 1978) in

the HYDRUS model. @ The soil water balance, soil moisture and

groundwater depth are calculated using the HYDRUS model. @
The root water uptake and actual transpiration on a daily basis are
assumed the same, because most root water uptake is consumed by
crop transpiration. Therefore, the ratio between calculated actual
water uptake based on Feddes equation and potential transpira-
tion based on Penman-Monteith method is regarded as an indicator

for the degree of water stress. @ The potential daily total gross
CO, assimilation of the crop, which is calculated according to the
WOFOST model, is multiplied by the water stress ratio to calcu-
late the actual daily CO, assimilation. Then, carbohydrate allocation
among different crop parts is calculated according to the WOFOST

model. @ The calculated vegetation parameters from the WOFOST
model, more specifically rooting depth, height of the crop and LAI,
are then used as inputs for the HYDRUS model at the next step.
Through this framework, the modules were fully coupled at a
daily time step. Two types of parameter sets were required to run
the coupled hydrology-crop growth model: (1) crop parameters
from WOFOST and (2) soil parameters from HYDRUS. A detailed
description of this coupled model can be found in Li et al. (2012).

2.5. Sensitivity analysis

A global sensitivity analysis of the coupled hydrology-crop
growth model has been implemented with the EFAST method using
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Table 1
Information of selected ETM+ images.

Passing date Path Raw Center location (°) Solar azimuth (°) Solar elevation (°) Mean cloudiness (%)
2008-5-12 133 33 38.86N, 100.62E 130.9 61.8 1.2

2008-5-28 133 33 38.87N, 100.62E 125.8 64.2 0.36

2008-7-15 133 33 38.90N, 100.63E 1225 62.7 7.6

2008-8-16 133 33 38.93N, 100.63E 133.2 56.9 17.3

a SimLab Dynamic Link Library (http://simlab.jrc.ec.europa.eu/).
Only model parameters were analyzed. Neither input variables nor
the initial conditions of the coupled model take part in the sensi-
tivity analysis. The appropriate ranges for the input factors used
in the sensitivity analysis were defined based on values from a lit-
erature review, experience, and research objectives as well as the
default, minimum, and maximum values used in the WOFOST and
HYDRUS databases. Uniform distributions were assigned to input
factors when only the base value was known and when the range
was considered finite if no explicit knowledge of the input fac-
tor’s distribution was available (McKay, 1995). This conservative
assumption allowed for an equal probability of occurrence for the
input factors along the probability range (Mufoz-Carpena et al.,
2010). The Monte Carlo sample size was set to 5000 for each fac-
tor. The parameters were divided into 11 groups according to their
physical properties and functions. These parameter groups and
their value ranges are shown in Table 2. A detailed description of
EFAST can be found in Saltelli et al. (2000).

2.6. Coupled hydrology-crop model calibration

Because the maize characteristics (e.g. drought resistance, cold
resistance, plant height, leaf width, full grain of the maize vari-
ety) for our study area were similar to those for the “grain maize

203” variety cultivated in Europe, we used the maize dataset pro-
vided by the European Community (Boons-Prins et al., 1993) to
set the basic crop parameters in the model. The crop parameter
groups with high first-order and interaction indices were calibrated
using the FSEOPT optimization algorithm developed by Stol et al.
(1992). The default values in the basic parameter dataset were used
for all other parameters (MAG 203). Two parameters related to
temperature accumulation, the temperature sum from emergence
to anthesis (TSUM1), and the temperature sum from anthesis to
maturity (TSUM2)were calculated by adding the daily average tem-
peratures (which were above 0°C; biological zero point) from the
collected meteorological data.

The soil hydraulic parameters, including saturated water con-
tent 6s (L3L-3), residual water content 6; (L3L-3), saturated
hydraulic conductivity Ks (LT~1), the air entry parameter «, the pore
size distribution parameter n, and the pore connectivity parameter
I, were obtained from previous research (Li et al., 2012).

2.7. Ensemble Kalman filter

The EnKF algorithm, proposed by Evensen (1994) and later
improved by Burgers et al. (1998), is based on Monte Carlo or
ensemble generations, where the approximation of an a priori state
error covariance matrix is forecasted by propagating an ensemble
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Fig. 2. Illustration of the coupled hydrology-crop growth model.
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Table 2

The groups of parameters and the value ranges of parameters for EFAST.
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Group Parameter Meaning Unit Values range
(cm? cm3) 6, U(0.01-0.1)
3 em-3 |
Soil hydraulic Parameters of HYDRUS Soil hydraulic (em?em™) 05 U(0.25-0.4)
arameters (HYDRUS) del arameters B aU(0.02-0.14)
p mode p - nU(0.1-0.6)
(cmd-1) Ks U(10-800)
Emergence TBASEM Lower threshold temperature for emergence °C) U(2-5)
& TEFFMX Maximum effective temperature for emergence (°C) U(20-30)
Phenolo TSUM1 Thermal time from emergence to anthesis (°Cd) U(700-900)
sy TSUM2 Thermal time from anthesis to maturity (°Cd) U(800-1200)
LAI RGRLAI Maximum relative increase in LAI (haha-'d1) U(0.01-0.04)
LAIEM Leaf area index at emergence (haha™1) U(0.01-0.03)
SPAN Life span of leaves growing at 35°C (d) U(30-36)
Green area SLATB Specific leaf area as a function of development (hakg™") U(0.002-0.003)
stage
SLATB1 Specific leaf area as a function of development (hakg") U(0.001-0.002)
stage
AMAXTB Maximum leaf CO; assimilation rate at (kgha=1h-1) U(50-70)
development stage of the crop growth
Assimilation AMAXTB1 Maximum leaf CO, assimilation rate at the first (kgha=1h-1) U(50-70)
development stage of the crop maturity
AMAXTB2 Maximum leaf CO, assimilation rate at the second (kgha=1h-1) U(50-70)
development stage of the crop maturity
AMAXTB3 Maximum leaf CO, assimilation rate at the third (kgha=1h-1) U(30-50)
development stage of the crop maturity
AMAXTB4 Maximum leaf CO, assimilation rate at the fourth (kgha=1h-1) U(0-25)
development stage of the crop maturity
i cvVo Conversion efficiency of assimilates into storage (kgkg1) U(0.6-0.8)
Conversion of organ
E§51mllates into CVs Conversion efficiency of assimilates into stem (kgkg™1) U(0.59-0.76)
lomass CVL Conversion efficiency of assimilates into leaf (kgkg™1) U(0.61-0.75)
CVR Conversion efficiency of assimilates into root (kgkg1) U(0.62-0.76)
RMS Relative maintenance respiration rate stems (kg(CH,0)kg1d-1) U(0.013-0.02)
. RML Relative maintenance respiration rate leaves (kg(CH,0)kg'd1) U(0.027-0.033)
Maintenance . . L )
o Q10 Relative change in respiration rate per 10°C U(1.6-2)
respiration -
temperature change
RMO Relative maintenance respiration rate storage (kg(CH,0)kg'd1) U(0.005-0.015)
organs
RMR Relative maintenance respiration rate roots (kg(CH,0)kg=1d-1) U(0.01-0.016)
Death rates due to water stress PERDL Maximum relative death rate of leaves due to (kgkg=1d1). U(0.02-0.06)
water stress
Correction factor transpiration rate CFET correction factor transpiration rate U(0.7-1.2)
RRI Maximum daily increase in rooting depth (cmd-1) U(2-3)
Root parameters RDI Initial rooting depth (cm) U(7-14)
RDMCR maximum rooting depth (cm) U(90.5-120)

of model states using updated states (ensemble members) from
the previous time step. The EnKF algorithm generates the ensem-
ble of observations at each update time by introducing noise drawn
from a distribution with mean equal to zero and covariance equal
to the observational error covariance matrix (Burgers et al., 1998;
Reichle etal.,2002a,b). The EnKF algorithm has been widely applied
to land data assimilation systems (Reichle et al., 2002b; de Wit and
Van Diepen, 2007; Li et al., 2007; Huang et al., 2008; Jin and Li,
2009).

The basic equation for the EnKF algorithm can be defined accord-
ing to the following equation:

A® = A + PeH"(HP.H" + Re)' (D — HA), 1)

where A; and A are the analysis and forecast matrices, respectively,
for the state variable ensembles; D represents the observation

vector; Pe and Re are the covariance matrices for the state and obser-
vation variables, respectively; H is a measurement operator; and
(D —HA) are the innovation vectors.

In this study, the simulated value for LAl was the only state vari-
able that was directly assimilated from external observations (i.e.
through the ETM+ dataset). Because the observation operator H
was an identity matrix and because no other observations were
involved, Eq. (1) can be rewritten as the following equation:

Yy WL, S 2)
! " (Pe+Re) ! e

where A? and A; are the analyzed and forecasted LAl states, respec-

tively, for ensemble member i; P. and R, are the covariances for the

modelled and observed LAI values, respectively; and D; is the per-

turbed LAI observation, which is used to update ensemble member
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Fig. 3. Flowchart of the EnKF assimilation of ETM+ LAL

i(Burgers et al., 1998). Note that, for the simultaneous assimilation
of multiple observations (e.g. soil moisture and LAI), Eq. (1) should
be used. A detailed description of this algorithm can be found in
Evensen (2003).

A flowchart for regional maize yield estimates made through
the EnKF-assisted assimilation of ETM+ LAI data into the coupled
hydrology-crop growth model is illustrated in Fig. 3. The EnKF-
assisted assimilation was performed independently per grid unit
at a 30 m resolution. The coupled crop model was initialized at the
sowing date. The ensemble size was set at 100 according to the
recommendations of other researchers (de Wit and Van Diepen,
2007).

On the first day of simulation, white Gaussian noise was added
to shift the simulated LAI and to generate the first ensemble for
the forecasted LAI {fLAI!, fLAI?, ..., fLAIN}. If there were observa-
tion data for time t, we added a Gaussian perturbation-ensemble to
the observation LAI to generate an observation ensemble {mLAI!,
mLAI?, ..., mLAIV}. The forecasted ensemble and the observation
ensemble were then assimilated to obtain the optimal estimate
ensemble {LAI', LAI?, ..., LAIN}, which was added to the coupled
hydrology-crop growth model to obtain the forecast ensemble for
time t+ 1. If an observation LAI did not exist for time t, the forecast
ensemble was added to the coupled hydrology-crop growth model
directly. This process was repeated until crop maturation occurred.
The mean of the optimal estimate ensemble was the best estimate
of LAI at time t, which was ultimately added to the coupled crop
growth model to estimate the maize yield for each grid.

2.8. LAl extraction from ETM+ images

A time series of NDVI values can supply information on crop
growth status for different crops over different growth periods.
Thus, the characteristics of the maize cultivating region were
reflected in the false colour composite image created from an NDVI
dataset calculated from selected ETM+ images. An object-oriented
feature extraction module (ENVI FX)in ENVI 5.0 was used to extract
maize areas from this false colour composite image.

Numerous studies have demonstrated a strong correlation
between spectral vegetation indices (SVIs) and LAI (e.g. Peterson

et al., 1987; Spanner et al., 1990a,b; Colombo et al., 2003). With
the available on-site LAl measurements, LAI spatial distribution
maps covering the maize cultivation region for a selected date
were obtained based on the regression analysis of LAl measure-
ments and the spectral vegetation index (SVI) values. Regional LAI
sampling during the crop growth period was conducted when the
satellite was scheduled to pass over the region. To meet statis-
tical requirements, 26 LAI observation samples (50% of samples)
were stochastically chosen to create the LAI spatial map, and the
remaining observations were reserved for validation. In this study,
four SVIs (Table 3) were computed to analyze their statistical rela-
tionships with LAL NDVI, enhanced vegetation index (EVI) (Huete
et al., 1999), soil adjusted vegetation index (SAVI) (Huete, 1988),
and atmospherically resistant vegetation index (ARVI) (Kaufman
and Tanré, 1992) were selected as representative of intrinsic, soil
adjusted and atmospherically corrected indices.

3. Results
3.1. Sensitivity analysis

The EFAST method calculates sensitivity indices from model
output variance as an indicator of importance for input factors. The
first-order (or main) sensitivity index for the ith input factor (S;)
represents the impact on model output of this factor alone. The total
sensitivity index for the ith input factor (ST;), the sum of all effects

Table 3

Spectral vegetation indices used in LAI retrieval. ppjye, Pred, and py;; represent the
spectral reflectance data in blue, red and infrared bands. Parameters L and y regard
respectively the canopy adjustment coefficient (the SAVI term set equal to 0.5) and
atmospheric adjustment coefficient (the ARVI term set equal to 1). The coefficients
adopted in the EVI formula are C; =6.0, C; =7.5, C3=1,and G=2.5.

SVI Formula
Lrir—Pred
NDVI PrirtPred (Pric—Pred)
Ul EVI= G s
Pnir—Pre
SAVI SAVL = g e (1 +1)
ARVI ARVI = % Pib = Prea = V(Polue — Pred)
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Fig. 4. Sensitivity indices of grouped parameters.

(first and higher order) involving this input factor, represents the
overall impact on model output of this input factor through interac-
tions with the others. The estimated index pairs (S;, ST;) are shown
in Fig. 4. The results showed that five parameter groups had high
first-order and total indexes including the groups containing soil
hydraulic parameters, green areas, assimilation, the conversion of
assimilates into biomass, and the correction factor transpiration
rate. The values of the first-order and total indexes for these param-
eter groups were more than 0.1 and 0.27, respectively. The group
of soil hydraulic parameters had the highest first-order index but
a low total index, likely because the coupled model was run under
realistic irrigation conditions and the water supply for crop growth
was therefore adequate. The group of parameters for crop assim-
ilation had the second highest first-order index and the highest
total index. This trend can be explained by the fact that the crop
assimilation process determined how many carbohydrates were
allocated among different crop parts, driving the final yield of the
crop. Therefore, the crop assimilation process was the most impor-
tant component of crop development when water was not limited.
Table 4 presents the first-order S; and interaction indexes (ST; — S;)
for each parameter group. In addition to the five parameter groups
mentioned above, we also found that the group of parameters for
LAI had a relatively high interaction index at 0.3.

Table 4

Sensitivity indices for each parameter group.
Group of parameters Si ST; ST; —S;
Soil hydraulic parameters (group 1) 0.1958 0.342 0.1462
Emergence (group 2) 0.0485 0.1583 0.1098
Phenology (group 3) 0.0435 0.133 0.0895
LAI (group 4) 0.0432 0.3809 0.3377
Green area (group 5) 0.1165 0.3696 0.2531
Assimilation (group 6) 0.1674 0.6965 0.5291

Conversion of assimilates into 0.113 0.38 0.267
biomass (group 7)

Maintenance respiration (group 8) 0.0541 0.2723 0.2182

Death rates due to water stress 0.0212 0.1629 0.1417
(group 9)

Correction factor transpiration rate 0.1107 0.2763 0.1656
(group 10)

Root parameters (group 11) 0.0569 0.2257 0.1688

3.2. Parameter estimation and validation for the coupled
hydrology-crop growth model

The calibration dataset collected at Yingke station (during the
maize growth period in 2008) included values for TAGP, WSO,
and LAL Table 5 shows the estimated parameters for the cou-
pled hydrology-crop growth model, including 15 of the most
sensitive crop and soil hydraulic parameters. The performance
of the coupled model (Table 6) was evaluated using mean error
(ME), root-mean-square error (RMSE), coefficient of variation (CV)
and coefficient of determination (R?). The RMSEs for LAI, TAGP,
and WSO were 0.346 cm? cm~2, 944.8 kgha~1, and 539.8 kgha™!,
respectively. The RMSEs for soil moisture in three layers (at depths
of 10 cm, 40 cm and 100 cm) were 0.017 cm3 cm—3, 0.02 cm3 cm 3,
and 0.023 cm3 cm~3, respectively. The CVs for LAI, TAGP, and WSO
were 13%, 6.9%, and 11%, respectively. The CVs for soil moisture in
three layers (at depths of 10, 40 and 100 cm) were 6.8%, 6.9%, and
5.9%, respectively. The ME values indicated that soil moisture val-
ues were underestimated while those for LAI, TAGP, and WSO were
overestimated. The R? value was higher than 0.8 for all parameters.
ET data measured by an eddy covariance system were used to vali-
date the coupled model. The results of this analysis are shown in
Fig. 5.

3.3. LAl extraction for the study region

Because the NDVI values for maize tend to be low in May through
late June, we created a false colour composite image using images
from May 12 as the red band, May 28 as the green band and July
15 as the blue band. In this false colour composite image, shown in
Fig. 6(a), maize appears blue, other crops appear cyan or yellow and
non-crop areas appear black. The information of maize cultivating
extracted by ENVI FX is shown in Fig. 6(b).

Table 7 presents the different statistical relationships between
SVIs and LAL The results indicated that the exponential relation-
ship between NDVI and LAI had a larger determination coefficient
(R%=0.7288) compared to other statistical relationships. This expo-
nential relationship (Fig. 7a) was validated by comparing the
simulated LAI with the observed LAI (i.e. those values that were not
used to determine the empirical relationship) (Fig. 7b). The RMSE
and ME values for the estimated and observed LAI values were 0.51
and —0.337, respectively.

The spatial LAl maps were extracted based of the exponential
relationship between NDVI and LAI for the maize crops at selected
dates in our study area. LAl maps (Fig. 8) for May demonstrated that
maize grew during the early growth period and that the LAI value
in most pixels was lower than 1.5. An apparent increase could be
seen in the LAl maps (Fig. 8) for July and August over the entire cul-
tivated region, and the LAI value in most pixels exceeded 3.0. The
mean LAl values for maps for May 12, May 28, July 15, and August 16
were 1.07, 1.29, 3.39, and 3.25, respectively. Temporal and spatial
variation in LAl is generally caused by different rates of crop devel-
opment or other factors resulting from the spatial heterogeneity in
land surface characteristics.

3.4. Numerical experiments of LAI assimilation

Because the same maize variety was planted throughout much
of the Zhangye Oasis and because soil characteristics in this region
had no obvious changes, the calibrated parameter set could be
assumed to be invariant in this region. However, due to differ-
ences in field management techniques (e.g. fertilization, weed
control and pest control), maize tends to grow unevenly at the
regional scale. As a comprehensive representation of crop status,
LAI distribution was used to reflect differences in crop growth at
this scale, and the EnKF algorithm integrated differences in maize
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Table 5
Key parameters of the coupled hydrology-crop growth model.
Parameter Unit Lower limit Upper limit Default value Calibrated value
SPAN kgha! 17.00 50.00 33.00 39.05
LAIEM haha-! 0.03385 0.06287 0.04836 0.04413
RGRLAI haha-1d-! 0.0206 0.0382 0.0294 0.0281
SLATB (DVS=0) hakg! 0.0018 0.0034 0.0026 0.0023
SLATB1 (DVS=0.78) hakg! 0.0008 0.0016 0.0012 0.0009
AMAXTB (DVS=0) kgha='h! 49.00 91.00 70.00 51.50
AMAXTB1 (DVS=1.25) kgha='h-! 49.00 91.00 70.00 51.19
AMAXTB2 (DVS =1.50) kgha='h! 4410 81.90 63.00 49.20
AMAXTB3 (DVS=1.75) kgha—'h-! 34.30 63.70 49.00 58.90
AMAXTB4 (DVS =2.00) kgha='h! 14.70 27.30 21.00 21.06
CVL (kgkg1) 0.6 0.76 0.68 0.656
(@Y/¢] (kgkg1) 0.45 0.85 0.671 0.71
CVR (kgkg™") 0.65 0.76 0.69 0.67
Cvs (kgkg™1) 0.63 0.76 0.65 0.64
CFET - 0.8 1.2 1.0 1.02
0, (cm3 cm—3) 0.001 0.2 - 0.05(10cm)
0.05 (40cm)
0.05 (100 cm)
0s (cm? cm-3) 0.1 1.0 - 0.41 (10cm)
0.41 (40cm)
0.41 (100 cm)
o - 0.01 0.2 - 0.08 (10cm)
0.087 (40cm)
0.11 (100 cm)
n - 0.1 1 - 0.13 (10cm)
0.115 (40 cm)
0.10 (100 cm)
K (cmd-1) 10 1000 - 569(10cm)
344.85 (40 cm)
91.62 (100 cm)
Table 6
Performance of the coupled hydrology-crop growth model.
Soil moisture (cm? cm—3) LAI (cm? cm~2) TAGP (kgha1) WSO (kgha1)
Depth 10cm 40 cm 100 cm
R? 0.813 0.804 0.917 0.964 0.981 0.985
RMSE 0.017 0.02 0.023 0.346 944.8 539.8
ME —0.003 —0.007 -0.016 0.012 933.1 415.7
cv 6.8% 6.9% 5.9% 13% 6.9% 11%
8 8
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Fig. 5. Comparison of estimated evapotranspiration and observed evapotranspiration.
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Fig. 6. Extraction of the maize cultivating region from NDVI data set.

growth rates into the coupled hydrology-crop growth model to
obtain the optimal LAI profile for every maize-planting grid. The
results of this analysis were evaluated based on the simulated
and observed yields from fifty sample plots. A visual represen-
tation of crop growth and its spatial heterogeneities were also
obtained in our LAI assimilation (Fig. 9). We found that every
sample plot had a different growth curve for LAI (Fig. 9a), which
also differed from the LAI evolution curve without assimilation. In

general, the EnKF algorithm can influence the LAl simulation by the
updating strategy. According to the different simulation trajecto-
ries obtained in the sample plots, the final yields for each sample
plot are shown in Fig. 9b. The RMSE, ME, and CV for the sam-
ple yield were 747.2, —546.17 kgha~1, and 8.7%, respectively. The
integration of the crop growth model and remote sensing observa-
tions provided a strong approach for estimating the regional crop
yield.
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Statistical relationships between SVIs and LAL
NDVI R? EVI R?
y=1.05e!41x 0.7288 y=2.03e!12¢ 0.4887
y=4.21x-0.05 0.7024 y=3.45x+1.86 0.5061
y=2.77In(x)+3.97 0.6576 y=1.33In(x) +4.54 0.5075
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y=4.06x094 0.7029 y=4.85x043 0.5005
SAVI R? ARVI R?
y=2.21e031x 0.1987 y=1.27e!41x 0.6821
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3.5. Regional yield estimation after assimilating extracted ETM+
LAl data

The EnKF algorithm was applied to each pixel to calibrate the
model trajectory and to estimate the maize yield in the study
region. All LAl maps were integrated into the coupled hydrology-
crop growth model, and we obtained a spatially distributed yield
for the study region at a spatial resolution similar to that of ETM+
data. The spatial distribution of the regional maize yield is pre-
sented in Fig. 10. In typical regions, maize yields generally do not
exceed 8600.00 kgha~!. Throughout most of the Zhangye Oasis,
maize yields ranged from 6500.00 to 8000.00 kg ha—1, which occu-
pied 89.9% of the maize planting region. A total of 17.7% of the
planted areas experienced yields that ranged from 7000.00 to
7500.00kgha~!, and 60.8% of the planted areas had yields from
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7500.00 to 8000.00 kgha~!. The minimum, maximum and mean
yields were 6502, 8590 and 7596 kg ha~1, respectively. In regions
where the yield was below the mean value, the crops could have
suffered from water stress, plant disease or insect pests. In con-
trast with the coupled hydrology-crop growth model alone, the
integrated approach was able to obtain the spatial distribution and
regional variation in crop yield.

4. Discussion and conclusions

The objective of this study was to develop a method that could
supply the impacts of irrigation, fertilizer application, and field
management on variations in maize yield at aregional scale. For this
purpose, the EnKF algorithm was developed to integrate regional
ETM+ LAI data with a high spatial resolution into a fully coupled
hydrology-crop growth model to obtain the spatial distribution
and regional variation in maize yield. The assimilation results were

100°12'E 100°16'E 100°20'E

evaluated using the yield observations collected from sample plots.
The results showed that the assimilation of remote sensing data
into the coupled hydrology-crop growth model provided a rela-
tively precise, region-wide spatial distribution for maize yield in
the Zhangye Oasis. This method has great potential for regional
crop yield estimates.

In this study, only the maize yield was estimated for study
region. The maize cultivation region was effectively extracted from
afalse colour composite image created from an ETM+ NDVI data set.
However, when applied to a wider scale such as a watershed, the
crop species are miscellaneous. Accurate crop classifications are
critical for the correct determination of temporal and spatial LAI
crop distributions. Our future studies will focus on the extraction
of crop planting structures, which is an essential step toward oper-
ational regional yield predictions.

Based on in situ LAI observations, LAI distribution maps can
be obtained from the statistical relationship between SVI and LA
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Fig. 10. Spatial distribution of the maize yields after assimilation.
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However, due to the lower temporal resolution of the ETM+ data,
the temporal mismatch between the ETM+ data and ground LAI
observations will induce errors in the extraction of the LAl map. An
improved retrieval algorithm, such as the canopy radiative trans-
fer model, will also be integrated into the coupled hydrology-crop
growth model; and multi-source remote sensing data at a multi-
temporal and multi-spatial resolution, such as microwave data, will
also be used to avoid the disadvantages inherent in optical remote
sensing (Dente et al., 2008).

Only LAI was assimilated for yield estimates. When evapo-
transpiration or/and soil moisture can be derived from field
measurements or remotely sensing data, a multi-objective assim-
ilation algorithm based on the coupled hydrology-crop growth
model and the EnKF could be applied to simulate different impacts
onyield formation in the future. Furthermore, the use of alternative
assimilation algorithms, such as the ensemble Kalman smoother or
4D-VAR, could be explored, and different kinds of approaches could
be combined to more accurately determine regional crop yields.
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