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Abstract: Southwestern China (SWC), one of the major rain-fed wheat production zones in China,
has become vulnerable to drought in recent years under global climate change. To quantify drought
severity during the wheat growing season and its impact on yield loss, we selected the Agricultural
Production Systems sIMulator (APSIM) model to simulate wheat growth between 1961 and 2010
in SWC. A new drought index was developed considering different weighting factors of drought
for yield loss in three growing phases. The index was shown to be reliable in assessing drought
severity in the region. On average, an abnormal drought mainly occurred in mid-west Guizhou
with a frequency of 10–30%. Central SWC was subjected to moderate drought with a frequency of
10–30%, whereas severe drought often occurred in Southern Sichuan and the middle of Yunnan with
a frequency >50%. Temporally, drought severity fluctuated before 1990, but increased significantly
afterwards. Our assessment suggested that irrigation during the period from floral initiation to
flowering would help to ameliorate the effects of water stress under climatic variability in the region.
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1. Introduction

Southwestern China (SWC) is one of the most important commodity grain bases in China that
comprises Chongqing and provinces of Sichuan, Yunnan, and Guizhou. Wheat is the third largest
crop in this region, normally with rain-fed cultivation. The total sown area in SWC was 2.2 million
ha, which accounted for 9.2% of the national total, and the average yield was 2977 kg/ha, which was
far below the national average of 5392 kg/ha [1]. The wheat growing season generally is from
October to April but only received 20% of annual precipitation [2,3]. Because of uneven distribution of
precipitation within a year, the region is prone to a seasonal drought that is a key factor limiting wheat
yield [4]. It reported that the temperature was getting warmer with less rainfall in SWC, especially
during the wheat growing season [3,4]. Wang et al. [5] stated that drought in SWC occurred with
a frequency of 50% in the past years. Meanwhile, affected area by drought also extended with an
increase of 2.2% per decade [6].

To quantify the drought impact on wheat production, drought indices for drought severity are
required, which can quantify crop water deficits and also predict the deficit effect on yields [4,7,8].
Final yield is the key concern for both local producers and policy makers [5,8,9]. However, the drought
occurrence does not coincide with the harvest time (yield) but loss of yield from drought is the result of
drought events during the growing season, especially during some critical growth stages such as floral
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initiation and grain-filling stage. Therefore, a yield-related drought index would be more applicable in
agricultural drought assessment.

Several indices, e.g., the surface humid index [2], wheat drought severity [4], precipitation
anomies [10], Standardized Precipitation Evapotranspiration Index [5,6] and MODIS-derived global
terrestrial drought severity index (DSI) [11] have been used to quantify drought in SWC. Few of these
were able to relate a drought index to wheat biomass accumulation or final yield. Moreover, some
of these indices were based on coarse time resolutions, ranging from three months to six months
or even longer. However, crop responses to a water deficit are closer to a few days [7,8]. A water
deficit during critical growth stages would result in a severe yield reduction [7,8,12–15], which may
not be reflected by these indices. Therefore, drought indices with a finer temporal resolution would
be needed. For example, a daily step drought index based on crop water demand and soil water
supply would enable us to understand how a drought affects crop yield [7,8,12,16,17]. Crop growth
modelling can achieve the objective. Generally, process-based crop growth models integrate the
effects of plant characteristics, soil properties and environmental conditions on crop growth and
yield formation [7,8,16,17] and can be applied to different locations with various growing seasons,
which would be more efficient than conventional field monitoring [16,18]. Besides, they have shown
advantages over climatic data when assessing the effect of a water deficit on plant growth, because
feedbacks between plant physiology and water depletion could be captured [18].

In this study, we chose SWC as the study area to address drought spatial patterns with rain-fed
agriculture. We developed a drought index to quantify drought severity considering drought effect on
yield loss during different growth phases, based on the simulations of the APSIM model. The objectives
of this study were: (i) to explore if the proposed drought index could quantify agriculture drought
in wheat areas of SWC accurately; (ii) to characterize the drought patterns (duration, severity
and frequency) during the wheat growing season; and (iii) to identify the temporal variations of
drought severity.

2. Materials and Methods

2.1. Study Area

Geographic coordinates of SWC range from 97.4◦E to 110.2◦E longitude and 21.2◦N to 34.4◦N
latitude. However, the northernmost and southernmost parts of SWC are excluded in the study,
as wheat is not grown. The annual average temperature is around 16 ◦C, and precipitation is
1100 mm. Precipitation during the rainy season (April–October) accounts for more than 80% of
annual precipitation and over 50% of the total rainfalls in the summer (June–August) [3,4,6].

2.2. Data Sources

Historical daily weather data between 1961 and 2010 from 66 meteorological stations (Figure 1)
that are evenly located in SWC were obtained from the China Meteorological Administration. They
include sunshine hours (h), maximum and minimum temperatures (◦C), and precipitation (mm).
Daily sunshine hours were converted into daily solar radiation using the Angstrom formula [19].
Crop data, including crop phenology, yield, final above-ground biomass, and management
data (fertilization), were obtained from seven agricultural meteorological stations of the China
Meteorological Administration during 1980–2010 were used for model evaluation. Soil physical
characteristics including soil bulk density, wilting point and field capacity, and initial soil organic
matter content and total N for different soil layers were obtained from Nanjing Soil Research Institute,
Chinese Academy of Sciences (http://www.soil.csdb.cn/).

http://www.soil.csdb.cn/
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Figure 1. Study area and locations of weather and agrometeorological observation stations.

2.3. Model Descriptions and Evaluation

The APSIM-wheat model ver. 6.1 (http://www.apsim.info/Wiki/Module-Documentation.ashx)
was used to simulate wheat phenological development, above-ground dry matter accumulation,
and final yield. The APSIM model has been proven effective to investigate the effect of drought on
crops [12,16,17].

Cultivar parameters were derived using a trial-and-error method to match the measured
phenology, above-ground biomass, and grain yield. We used half of the time series data at each
agrometeorological site for calibration and the rest for validation. The major cultivar parameters are
shown in Table 1.

Table 1. Major cultivar parameters calibrated for different cultivars using the data from the agricultural
meteorological stations.

Parameter Unit Default
Cultivar

Spring Weak-Spring Semi-Winter Strong
Semi-Winter

Phenology Vern_sensza - 1.5 1.7 2.1 2.2 2.7
Photop_senszb - 3 1.9 1.6 3 3
Startgf_to_matc ◦Cd 580 615 695 650 690
Phyllochrond ◦Cd 70 70 70 75 80

Yield Grains_per_gram_steme g stem−1 25 26.5 25.5 31 26
Potential_grain_ filling ratef g kernel−1d−1 0.002 0.0035 0.003 0.0028 0.0027

a sensitivity to vernalization. b sensitivity to photoperiod. c thermal time from beginning of grain-filling to maturity.
d growing degree day required to develop the most leaf ligules. e coefficient of kernel number per stem weight at
the beginning of grain-filling. f maximum grain-filling rate during the grain-filling phase.

Model performance on phenology, final above-ground dry matter, and grain yield were evaluated
using statistical indicators: the coefficient of determination (R2), and the absolute (RMSEa) and
normalized (nRMSE) root mean square errors between simulated and measured values. R2 measures
the percentage of variation in observations explained by the model. RMSEa and nRMSE provide a
measure of the absolute/relative magnitude of the error. The model best reproduces the experimental

http://www.apsim.info/Wiki/Module-Documentation.ashx
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data when R2 is 1 and P(t*) > 0.05. The simulation was considered excellent if nRMSE <10%, good if
10–20%, acceptable if 20–30%, and poor if >30% [20].

To determine yield reduction caused by drought, the APSIM-wheat model was run under two
scenarios: Scenario 1, the rain-fed condition, and Scenario 2, conditions where no water limitation
was considered. Nutrients were set to a non-limiting level for both scenarios. The sowing date and
depth, cultivar, and other management practices were kept the same over the simulation period at
each site. Therefore, only climate affected crop growth and development in Scenario 1, temperatures
and sunshine hours in Scenario 2. The inverse distance weighting interpolation method in ArcGis 10.4
was used to compute the spatial interpolation.

2.4. Drought Severity Index

We proposed the wheat drought severity index (SWDPall) and calculated it as

SWDP all =
j=3

∑
j=1

Aj × SWDPj (1)

where Aj is the weight factor for the jth period (sowing to floral initiation phase, floral initiation to
flowering phase, and flowering initiation to maturity phase) and SWDPj is the drought index during
the jth period, and

SWDPj =

mj

∑
d=1

SWDPd
mj

(2)

where mj is the length (days) of the jth period, and SWDPd is the soil water deficit for photosynthesis
on day d produced from the APSIM simulations.

Aj was calculated as
Aj = Rj/(R1 + R2 + R3) (3)

where Rj is the correlation coefficient between SWDPj and the final yield reduction rate (YRR) for the
jth growing phase (Figure S1) and calculated as

YRR = (1 − Ya/Ym) × 100% (4)

where Ym is the grain yield under Scenario 2, and Ya is the yield under Scenario 1. The value of Aj at
each phase is shown in Table 2.

Table 2. The weight factors Aj for different growing phases.

S-FIa FI-Fb F-Mc

Correlation coefficient Rj 0.44 0.84 0.79
Weight factor Aj 0.21 0.41 0.38

a sowing to floral initiation phase. b floral initiation to flowering phase. c flowering initiation to maturity phase.

SWDPd is calculated as the ratio of daily water supply in the root zone to crop demand [21]:

SWDPd = SWs/SWd (5)

where SWs is water supply (mm) in the root zone; SWd is crop demand for water on day d (mm).

SWs =
n

∑
i=1

(SWi − lli) × kli (6)
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where n is the number of soil layers that wheat roots penetrate; SWi is the soil water (mm) in layer i,
lli is the water content (mm) at 15 bar in layer i, and kli is the fraction of available soil water that can
be potentially taken up on that day from layer i. kli is an empirical parameter integrating soil–root
interactions for the ith layer. l is for root density (cm root cm−3 soil), and k is a diffusion coefficient
(cm2 day−1) of the soil. k and l changes with depth depending on the distribution of roots and the
characteristics of soil profile. In the current version, kl is treated as one parameter and is empirically
derived [22]. For the top soil file of 20 cm with high root density, kl values are about 0.1. The average
kl for soil depths ≤120 cm, and kl was calculated based on clay content using Equation (7) [22].
If roots extended only partially through a layer, available soil water was scaled to the portion that
contained roots.

kli = 0.027 + 0.001 × clayi (7)

Daily water demand is estimated based on biomass production on day d without water limitation
(Qp, g·m−2·d−1) and the atmospheric vapor pressure deficit (VPD, kPa):

SWd = Qp·VPD/(αCO2 × TEcrop) (8)

where TEcrop is the transpiration efficiency coefficient for above-ground biomass and set to 0.006 g
m−2 mm−1 for wheat in APSIM, and αCO2 is the transpiration efficiency adjusting coefficient for the
atmospheric CO2 concentration. It linearly increases from 1 at 350 ppm to 1.37 at 700 ppm [16,17,21].
Qp was calculated as

Qp = I × RUE × fs × fc (9)

where I is the intercepted radiation (MJ·m−2·d−1), RUE is the radiation use efficiency (g·MJ−1); fs is the
minimum value of a temperature factor and a nitrogen factor, and fc is a carbon dioxide factor for C3

plants and calculated by a function of environmental CO2 concentration and daily mean temperature.

2.5. Classification and Verification of the Drought Index

The drought severity classification followed the published standard [23] in this study: no drought
(yield loss <20%), abnormal dry (yield loss was between 20 and 40%), moderate drought (yield loss
was between 40 and 60%), severe drought (yield loss was between 60 and 80%), and extreme drought
(yield loss >80%). The curvilinear relationship between SWDPall and YRR was used for all the sites.
The derived values of SWDPall resulted in 20%, 40%, 60%, and 80% yield loss were used as threshold
values for the drought severity category.

A typical site with continuous winter wheat planting, Mianyang, and a record of agricultural
disaster severity and duration before 2000 [24] was chosen to verify the estimated accuracy of SWDPall
with time series and the drought distribution in 2009–2010 in this area at a regional scale.

2.6. Quantifying the Spatial and Temporal Characteristics of Drought in SWC

The average of SWDPall over the period between 1961 and 2010 at each site was calculated and
interpolated to show the spatial distribution of drought during the wheat growing period. For the
temporal changes in each province, we averaged SWDPall from all sites in the province in a specific
year. Because of an obvious climatic change in SWC in the 1990s [6,10], we further divided the studied
period into two sub periods—1961–1990 and 1991–2010—to specify how climate change influenced
wheat production in SWC.

2.7. Drought Frequency

A drought frequency was used to evaluate the probability of drought. The frequency for a drought
category at a site was calculated as the ratio between the number (n) of occurrences for the given
drought category and the total number of simulated years (N = 50):
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F = n/N × 100% (10)

3. Results

3.1. Model Performance in SWC

The statistical indicators for model calibration and validation are shown in Table 3. The simulated
dates of floral initiation, flowering, and maturity were close to the observed dates during the calibration
phase, with RMSEa <4 days for all the development stages. Good agreement between the simulated
and observed phenology was also observed in the independent validation datasets, with a discrepancy
of <5 days. Simulation results indicated that nRMSE for yield was about 19% and that for above-ground
biomass was 14%, with R2 values of 0.56 and 0.80, respectively.

Table 3. Statistical indicators for crop growth and developmental variables.

Calibration Validation

No Xobsa Xsimb R2c RMSEad RMSEn%e CV (%)f No Xobs Xsim R2 RMSEa RMSEn% CV(%)
J-dayg 25 74 74 0.97 4.1 5.5 6 26 73 73 0.97 4.5 6.2 6
F-dayh 25 128 128 0.99 3.9 3.1 5 26 125 124 0.98 4.5 3.6 5
M-dayi 25 175 174 0.99 3.44 2.0 5 26 173 173 0.99 4.0 2.3 6
Yield 22 4.57 4.04 0.54 1.0 21.3 10 25 4.69 4.31 0.56 0.1 19.2 10
AGBj 19 12.41 12.23 0.73 3.0 19.0 9 22 12.99 12.96 0.80 1.8 13.7 7

a mean of measured values for all the data sets. b mean of simulated values for all the data sets. c the coefficient of
determination. d absolute root mean square error. e normalized root mean square error. f coefficient of variation
of measured variables. g days from sowing to floral initiation (d). h days from sowing flowering (d). i days from
sowing to maturity (d). j above-ground biomass (t ha−1).

3.2. The Temporal Pattern of Drought and the Relationship between SWDPall and Drought Classification

3.2.1. Temporal Pattern of Drought

The time and duration of drought during the wheat growing season varied spatially. Several
patterns can be categorized (Figure 2). In Eastern SWC, there was no water stress, i.e., soil water supply
was able to meet crop water demand. In Northern SWC, drought usually occurred starting in late
spring, and there was often a post-flowering water stress. In the center of the region, i.e., the connection
of Yunnan and Guizhou provinces, water stress often occurred before the jointing stage and was
gradually relieved during the grain-filling phase. In Western SWC, the stress often occurred a month
late from sowing and lasted until the end of the growing season. In some isolated areas, e.g., Xichang,
water stress occurred over the whole growing period and resulted in early maturity.

Sustainability 2018, 10, x FOR PEER REVIEW  8 of 15 

3.2. The Temporal Pattern of Drought and the Relationship between SWDPall and Drought Classification 

3.2.1. Temporal Pattern of Drought 

The time and duration of drought during the wheat growing season varied spatially. Several 
patterns can be categorized (Figure 2). In Eastern SWC, there was no water stress, i.e., soil water 
supply was able to meet crop water demand. In Northern SWC, drought usually occurred starting in 
late spring, and there was often a post-flowering water stress. In the center of the region, i.e., the 
connection of Yunnan and Guizhou provinces, water stress often occurred before the jointing stage 
and was gradually relieved during the grain-filling phase. In Western SWC, the stress often occurred 
a month late from sowing and lasted until the end of the growing season. In some isolated areas, e.g., 
Xichang, water stress occurred over the whole growing period and resulted in early maturity.  

 
Figure 2. Seasonal dynamics of drought progression during the growing season tracked by SWDP. 

3.2.2. Relationship between Drought Index and Drought Classification 

A drought severity classification system based on the YRR was published by the National 
Meteorological Center [23]. To quantify SWDPall-based drought severity, the relationship between 
SWDPall and YRR was studied for all sites and years. As shown in Figure 3, the YRR showed a 
polynomial second-degree relationship with SWDPall, which was significant at the 99% confidence 
level. With the regression curve, we matched the drought categories and the values of SWDPall: 
abnormal dry when SWDPall was between 0.79 and 0.9; moderate drought when it was between 0.60 
and 0.79; severe drought when it was between 0.32 and 0.60, and extreme drought when SWDPall 
<0.32. 

 

0

0.2

0.4

0.6

0.8

1

0 30 60 90 120 150 180 210

SW
D

Pd

Days after sowing (d)

Lijiang (Severe drought)
Zhanyi (Moderate drought)
Chongqing (No drought)
Xichang (Extreme drought)
Yanyuan (Abnormal dry)

Y = -0.0001x2 + 0.0004x + 0.932
R² = 0.81**

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100

SW
D

Pa
ll

Yield reduction rate (%)
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3.2.2. Relationship between Drought Index and Drought Classification

A drought severity classification system based on the YRR was published by the National
Meteorological Center [23]. To quantify SWDPall-based drought severity, the relationship between
SWDPall and YRR was studied for all sites and years. As shown in Figure 3, the YRR showed a
polynomial second-degree relationship with SWDPall, which was significant at the 99% confidence
level. With the regression curve, we matched the drought categories and the values of SWDPall:
abnormal dry when SWDPall was between 0.79 and 0.9; moderate drought when it was between 0.60
and 0.79; severe drought when it was between 0.32 and 0.60, and extreme drought when SWDPall <0.32.
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Figure 3. The relationship of the proposed drought index (SWDPall) with a yield reduction rate across
the study region.

3.2.3. Verification of the Proposed Drought Index

The simulated temporal dynamics of SWDPall in Mianyang is shown in Figure 4. The proposed
drought index showed that the value was less than 0.90 in almost half of the simulated years. Compared
with the census data in the area [23], all the drought years except 1980, were identified by SWDPall,
indicating that the simulated drought index was applicable in this area.
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Figure 4. Simulated drought severity and reported drought in Mianyang during 1962–2000 (the solid
circles below the dashed line indicated drought during the wheat growing season; the red dot indicates
a mismatch).

The 2009–2010 drought was used to verify the SWDPall drought index in the regional scale (Figure
S2). Studies show that precipitation was markedly lower than the average rainfall and that temperature
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was higher than normal from September 2009 to May 2010 [5,11]. Drought intensity from 2009 to 2010
in SWC based on the SWDPall drought index showed that the Yunnan province was hit the hardest
and resembled a desert during the drought event; the southern part of the Sichuan province suffered
from mid-level to severe drought, the western part of the Guizhou province suffered from moderate
to severe drought, and there was slight drought in the remaining areas, which is mostly consistent
with published literature [5,6,11] and the drought bulletin from the China National Climate Center
(http://cmdp.ncc.cma.gov.cn/).

3.3. Spatial Distribution of Rainfall and Drought Severity during the Wheat Growing Season

The spatial distribution of precipitation in the study area during the wheat growing season is
shown in Figure 5a. Average precipitation in the study area was 244.2 mm. The precipitation in
the southwest was 100–200 mm. Rainfall during the wheat growing season in the southeastern area
decreased with elevation increases, ranging from 492.2 to 203.9 mm, with an average of 360.7 mm.
Average rainfall in the northeastern area was between 100 and 300 mm.

The spatial distribution of drought intensity in the study area was illustrated with SWDPall and is
shown in Figure 5b. Drought severity was not identical to precipitation distribution, with a difference
in the mid-north area and a small area in Southern SWC. Drought intensity was aggravated from
northeast to southwest as elevation increased. Severe drought took place mainly in the southwest of
the study area, with few exceptions (moderate drought) at the north edge. Drought severity changed
from abnormal dry to severe drought in the central part of SWC. Almost no drought occurred in the
eastern part of the study area.Sustainability 2018, 10, x FOR PEER REVIEW  10 of 15 
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Figure 5. Precipitation and drought intensity distribution in SWC during the wheat growing season
(a) distribution of rainfall during the wheat growing season; (b) distribution of drought intensity based
on SWDPall for the wheat growing season).

3.4. The Temporal Trend of Wheat Drought in SWC

SWDPall varied from 0.31 to 0.75, from 0.73 to 0.98, and from 0.73 to 1.0 over the simulation period
in Yunnan, Guizhou, and Sichuan, respectively (Figure 6a–c). This implies that moderate to severe
drought prevailed in Yunnan, while it was less harsh in the other two provinces. The SWDPall values
showed an increasing trend before 1990, but they decreased afterwards.

SWDPs during different growing periods varied (Figure 6d–i). In general, wheat suffered no or
less water stress from sowing to floral initiation phase in the region. However, in Yunnan, drought

http://cmdp.ncc.cma.gov.cn/
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became more severe after 1990 (Figure 6d), showing that SWDP1 greatly decreased from 0.94 to 0.84.
Drought further developed from floral initiation to flowering over the whole region (Figure 6g–i),
giving the SWDP2 value of 0.2–0.72, 0.74–0.98, and 0.81–0.92 in Yunnan, Guizhou, and Sichuan,
respectively. Drought further developed from floral initiation to flowering over the whole region
(Figure 6g–i). The worst area was the Yunnan province with the lowest SWDP2. Drought became even
worse after 1990 across all SWC, particularly Yunnan and Guizhou provinces.

Drought severity during the period from flowering initiation to maturity was similar to the
previous period, but the temporal change of SWDP3 showed no significant trend across the region.
It fluctuated in the years before 1990 and then decreased afterwards (Figure 6j–l).Sustainability 2018, 10, x FOR PEER REVIEW  11 of 15 
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Figure 6. Temporal changes of drought severity from 1961 to 2010 in SWC. Diamonds are drought
indexes before 1990, and open circles are drought indexes after 1990. SWDPall, SWDP1, SWDP2,
and SWDP3 are drought indexes for the wheat growing season, sowing to floral initiation, floral
initiation to flowering, and flowering to maturity, respectively. The figures in the left column are for
the Yunnan province, those in the middle column are for the Guizhou province, and those in the right
column are for the Sichuan basin (Sichuan province and Chongqing city). * Significant at p < 0.05.

3.5. Spatial Variation in Drought Frequency

Drought frequencies for different drought levels over the entire growing season in SWC are shown
in Figure 7. An abnormal dry struck SWC with an average frequency of 13.2% (ranging from zero to
45%) (Figure 7b). The highest frequency was in Southwest Guizhou, with a value of 30–50%, and then
reduced to 10–30% in Central Guizhou. The frequency was between 10 and 30% in the north edge of



Sustainability 2019, 11, 714 10 of 13

the study area with the average frequency of 16%. The average occurrence of moderate drought in
SWC was 13% with the highest frequency of up to 50% (Figure 7b).

The frequency of severe drought ranging from zero to 70% (Figure 7c). The highest frequency
was in Central SWC (>50%) and lowered to 30–50% in the rest of Yunnan. Severer drought hit Western
Guizhou with a frequency <30%. Only Yunnan and Southern Sichuan were subjected to extreme
drought, with an average frequency of 21% (Figure 7d). However, only the corner of Southwest
Yunnan had a frequency as high as 30–50%.Sustainability 2018, 10, x FOR PEER REVIEW  12 of 15 
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4. Discussion

4.1. The Advantages and Drawbacks of the Proposed SWDP Index

The SWDP drought index was appropriate in this district (Figure 4 and Figure S2). One merit
of SWDP was that it comprised a combination of plant physiological factors and soil water balance
factors, particularly rainfall, soil evaporation, plant transpiration, and plant root depth. A drought
index based on the soil–plant–atmosphere continuum would reflect reality [8] and drought at different
growing stages had varying influences on yield reduction [13–15]. Moreover, some authors [4,8] have
suggested using the dynamics change in the leaf area index in the crop model, which could mimic
the crop photosynthesis productivity well and could account for precipitation loss. Drought indices
such as NDWI/LSWI derived from remote sensing images were developed in recent years and proved
reliable to assess agricultural drought in semi-arid and semi-humid areas with a homogeneous land
cover type [25–27]. However, it would be difficult to apply these indices to SWC due to heterogeneous
land coverages with multiple crop types and the acquisition of real-time images due to heavy cloud
cover. Therefore, modelling-derived indices might be much more applicable in these areas.

Although grain yield is controlled by photosynthesis, it is also affected by partitioning of
photosyntheate and translocation from vegetative organs to grain, which might be changeable under
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various drought conditions [15,28,29]. Bouman et al. [30] reported that dry matter may tend to be
distributed in the stem rather than the stover under drought conditions and that, therefore, drought
severity derived from YRR may vary. Different crop growth models might use different algorithms to
estimate plant photosynthesis, its partitioning to various organs, the components of soil water balance,
and the effect of water stress on plant growth and development. When different models are applied to
a site, drought severity we concluded based on APSIM might vary.

4.2. Influences for Drought Spatial Distribution Patterns in SWC

Our results revealed that drought became severer from the northeast to southwest in SWC,
generally following the elevation change. The areas with a lower elevation did not show drought,
but the areas with a higher elevation suffered from serious drought. This could be related to higher
sunshine hours in high elevation area, which leads to larger potential biomass production (Equation
(9)) and water demand for evapotranspiration (Equation (5)). It was also reported that the potential
yield of winter wheat in Yunnan and Southern Sichuan was higher than in the areas with lower
elevation [4]. A similar precipitation amount would result in severe or moderate drought compared
with lower elevation areas (Figure 5a,b). Apart from the elevation influence, poor water retention
capacity in Western Guizhou also contributed to drought occurrence compared to the Sichuan basin.

It has been reported that abnormal dry at late growing stage sometimes occur in Chongqing [2,4,6].
However, our results did not show drought occurrence. The reasons might be the impact of weather
conditions on wheat phenology, including higher temperatures, and an uneven temporal distribution
of precipitation, which were different from the previous studies. The estimation of phenology in
the model is based on real-time weather conditions. Wheat could end up in early maturity under
higher temperatures and reducing exposure to terminal drought [17,18]. The model was run for
a monoculture of winter wheat. Precipitation beyond the growing period would be used for the
next season, which could alleviate water stress. Furthermore, SWDPall emphasized the impacts of
seasonal drought and uneven distribution of precipitation on crop yield, which may result in different
evaluation results from the previous reports [6]. For example, the amount of rainfall during the wheat
growing season in Luodian and Zhaotong was similar (204 and 203 mm, respectively), while SWDPall
was 0.76 for Luodian (moderate drought) and 0.59 for Zhaotong (severe drought). The discrepancy in
drought evaluations can also be partially attributed to the impact of root growth. Previous studies did
not consider this.

4.3. Drought Severity after 1990 in SWC

The assessment showed that drought became more serious after 1990, especially in Guizhou and
Yunnan provinces. This result is consistent with the previous report that severe and extreme droughts
became more frequent in SWC in the late 1990s using the Standardized Precipitation Evapotranspiration
Index (SPEI) [6]. However, the bias existed in the Sichuan basin. In our analysis, drought severity was
related to rain-fed yield and unwater limited yield. Rain-fed yield was decreasing due to increased
temperature with decreased precipitation [4], while potential yield was limited by weakened solar
radiation due to aerosol loading [3,4]. This could offset the effect of drought increase from warming
and less precipitation.

Our results suggested that drought during the period from floral initiation to flowering
significantly increased in SWC (Figure 6g–i). This was because the temperature increase during
the period coincided with a decrease in precipitation [3], which resulted in less available water in the
root zone for crop growth. To mitigate the impact of drought on winter wheat, irrigation might be
helpful, as only 24% of sowing areas have been applied in the region [1].

The length of the growing season has changed in the past 50 years due to climate change and
variety improvement that has been able to adapt to the warming environment [31]. However, we used a
single variety and the same sowing date at one site through the entire simulation period, which caused
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errors due to simplification. Future studies should consider the impact of management practices on
crop growth.

5. Conclusions

The process-based APSIM model was shown to be reliable in simulating phenology,
above-biomass, and final yield for different types of winter wheat in the southwest of China.
The proposed drought index (SWDPall) based on it could be used to quantify drought severity and
related yield loss for wheat production in SWC, which can capture the change in dynamics of water
depletion on plant physiology. Drought spatial distribution revealed severe and more frequent drought
in high elevation areas. Temporal analysis of drought severity suggested that drought was becoming
more serious after climate change, especially from floral initiation to the flowering phase. This implies
the possibility of irrigation application to the mitigation drought effect to increase wheat yield in the
future. The results could be helpful for policy makers to quantify probable yield loss and thus prepare
related policy instruments (e.g., increased agricultural insurance) to mitigate drought loss in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/11/3/714/s1,
Figure S1: Relationship of drought severity in different growing phase with yield reduction rate (a: sowing to
floral initiation; b: floral initiation to flowering; c: flowering to maturity). FigureS2: Drought severity during
wheat growing season 2009–2010 in southwestern China.
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