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Abstract As one of the key grain-producing regions in China, the agricultural system in the
North China Plain (NCP) is vulnerable to climate change due to its limited water resources
and strong dependence on irrigation for crop production. Exploring the impacts of climate
change on crop evapotranspiration (ET) is of importance for water management and
agricultural sustainability. The VIP (Vegetation Interface Processes) process-based ecosystem model and WRF (Weather Research and Forecasting) modeling system are applied to
quantify ET responses of a wheat-maize cropping system to climate change. The ensemble
projections of six General Circulation Models (GCMs) under the B2 and A2 scenarios in the
2050s over the NCP are used to account for the uncertainty of the projections. The thermal
time requirements (TTR) of crops are assumed to remain constant under air warming
conditions. It is found that in this case the length of the crop growth period will be shortened,
which will result in the reduction of crop water consumption and possible crop productivity
loss. Spatially, the changes of ET during the growth periods (ETg) for wheat range from −7
to 0 % with the average being −1.5±1.2 % under the B2 scenario, and from −8 to 2 % with
the average being −2.7±1.3 % under the A2 scenario/consistently, changes of ETg for maize
are from −10 to 8 %, with the average being −0.4±4.9 %, under the B2 scenario and from −8
to 8 %, with the average being −1.2±4.1 %, under the A2 scenario. Numerical analysis is also
done on the condition that the length of the crop growth periods remains stable under the
warming condition via breeding new crop varieties. In this case, TTR will be higher and the crop
water requirements will increase, with the enhancement of the productivity. It is suggested that
the options for adaptation to climate change include no action and accepting crop loss associated
with the reduction in ETg, or breeding new cultivars that would maintain or increase crop
productivity and result in an increase in ETg. In the latter case, attention should be paid to
developing improved water conservation techniques to help compensate for the increased ETg.
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1 Introduction
Climate strongly influences agricultural production. Climate change caused by enhanced
greenhouse gases and land use/cover changes will significantly affect agricultural productivity,
water consumption and irrigation requirements in several ways. For example, temperature
increases accelerate phenological development, shorten time to maturity, and enhance transpiration rates. Crop responses to rising temperatures are nonlinear, which may be quite different
below and above the threshold points (Schlenker and Roberts 2009). Declines in wind speed at
the lower atmospheric boundary and in sunshine duration in the recent decades have contributed to the decrease of potential evaporation (McVicar et al. 2012; Jhajharia et al. 2012).
Changes in precipitation variability and air humidity affect the crop water use and degree of
water stress; elevated atmospheric CO2 concentration enhances C3 plant photosynthetic rates
and inhibits stomatal conductance, resulting in reduction of transpiration rates at leaf level
(Brown and Rosenberg 1994). Field experiments with air CO2 enrichment illustrated the
reduction of crop evapotranspiration rates by 0 to 23 % (Kimball et al. 1994; Li et al. 2010).
The fraction of water available to crops may increase under elevated atmospheric CO2
concentration due to larger root density and faster canopy closure (Polley et al. 2007), which
will benefit crop productivity. For C4 crops, air warming increases the transpiration rate
directly. There is much evidence that cropping systems have been affected significantly by
climate change with obvious regional variability (Mo et al. 2009).
It is widely acknowledged that exploring the impacts of climate change on crops is essential
for sustainability of food production and security of water resources (Tan and Shibasaki 2003),
and climate models are used in this exploration. However, predictions of climatic variables
using climate models are still quite uncertain, with a wide variety of projections by GCMs
(Global Circulation Models or interchangeably Global Climate Models) under future climate
change scenarios, especially regarding precipitation (Stainforth et al. 2005). Uncertainties in
climate projections, scale mismatching and interactions between the agricultural ecosystem and
the atmosphere make impact assessments complicated and inconclusive, inevitably limiting our
ability to adapt optimally (Baron et al. 2005; Chavas et al. 2009).
Since the 1950s, global grain yields of the staple food crops (e.g., wheat, maize, rice and
soybean) have steadily increased in the main regions of crop cultivation (Kucharik and
Ramankutty 2005; Mo et al. 2009). Diagnosing and anticipating crop responses to climate
change have typically relied upon historical agriculture records, experiments in fields and
micro-climate chambers (e.g., Baker 2004), as well as process-based crop growth models
(e.g., Tubiello et al. 1995; Challinor et al. 2005; Liu et al. 2010a). In analyzing long-term
trends of crop productivity, process-based models are employed to separate the effects of
climate change from those of cultivar breeding and agronomical management (Ludwig et al.
2009; Liu et al. 2010b; Sacks and Kucharik 2011). Most reports focus on the responses of crop
productivity, while only a few studies have further quantified the impacts of climate change on
crop water use and irrigation requirements (Doll 2002; Mo et al. 2009; Xiong et al. 2009).
The North China Plain (NCP) is a great grain-producing region in China. It holds only 7.7 % of
the national water resources, yet it produces 39.2 % of the national grain supply. The dominant
agricultural cropping pattern is winter wheat–summer maize rotation. Due to sparse precipitation in
the spring season, a large volume of water for irrigation is pumped from groundwater/surface water
reservoirs. Hence, the broadly planted crops are vulnerable to climate change/variation with respect
to the variability of precipitation and extreme hot and cold weather spells (Chavas et al. 2009).
The purpose of this study is to investigate the impacts of climate change on evapotranspiration of wheat and maize with the VIP (Vegetation Interface Processes) process-based ecosystem
model in the NCP. In order to reduce prediction uncertainty, ensemble projections consisting of
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six GCMs are employed under the International Panel on Climate Change (IPCC) Special Report
on Emissions Scenarios (SRES) of A2 and B2 in the 2050s (2040–2069).

2 Methods, study region and data
2.1 The VIP ecosystem model
The VIP model includes the schemes of energy partitioning in the crop canopy and beneath
the soil surface, evapotranspiration and its components, carbon assimilation, soil moisture
movement, crop growth and soil organic decomposition (Mo et al. 2012). In the model, a
dual-source framework of energy balance over a vegetative surface, and energy budgets for
vegetation and soil (with subscript c for canopy, i for interception, s for soil) are given as,
Rnc ¼ λðEc þ E i Þ þ H c þ ΔS

ð1Þ

Rns ¼ λE s þ H s þ G

ð2Þ

where Rn, λE, H and G are the net absorbed radiation, latent, sensible and ground heat fluxes
respectively; ΔS is the heat storage term.
Bulk aerodynamic expressions for λEc and λEs are,
λEc ¼

ρcp
ðes ðT c Þ−ea Þð1−f w Þ
γ ðrc þ rac Þ

ð3Þ

ρcp
ðes ðT s Þ−ea Þ
γ ðrs þ ras Þ

ð4Þ

λE s ¼

where γ is the psychrometric constant; cp is the specific heat capacity of air; ρ is the air density; λ is
the latent heat of vaporization of water; rc is the canopy resistance; rac is the leaf boundary
aerodynamic resistance; rs is the soil resistance; ras is the aerodynamic resistance near soil surface;
Tc and Ts are the canopy and soil surface temperatures, es and ea are the saturated and actual air
vapor pressures, respectively; fw is the wet fraction of canopy. Interception evaporation is calculated
in potential evaporation rate. Total evapotranspiration (ET) is the summation of Ec, Es and Ei. Crop
water consumption is referred to as the ET during the growth period, denoted as ETg.
The model also simulates the variables of crop growth status. In the photosynthesis module,
photosynthesis rates are computed with the biochemical schemes of C3 and C4 respectively. The
daily net photosynthetic production is assigned to the stalk components (leaf, stem, root and
grain). The allocation coefficients are determined by the phenological process, which is divided
into three stages, namely planting to seedling, seedling to flowering and flowering to maturity.
The phenological stages are determined by thermal time requirement (TTR, or growing-degree
day), which is computed as the combination of the cumulative daily temperatures above 0 °C.
The soil water balance is simulated as
ΔSW ¼ P þ I−ET −R−D

ð5Þ

where ΔSW is the change of soil water storage; P and I are the precipitation and irrigation
respectively; R is the surface runoff; D is the gravimetric drainage. In the root layer, soil
moisture dynamics is simulated with a discrete Richards Equation in six layers, accounting
for root uptake, capillary rising and gravimetric drainage processes.

302

Climatic Change (2013) 120:299–312

The VIP model is capable of simulating the flow of energy, mass and momentum in the
soil-plant-atmosphere system interactively. Energy partitioning and photosynthesis are simulated in sub-hourly steps, and the vegetative and reproductive growth processes are in daily
steps. Through the interaction between transpiration, stomatal conductance and photosynthetic processes, the hydrological processes and carbon cycle are fully integrated.
The parameters of leaf photosynthesis capacity, specific leaf area and TTR are calibrated with
field biometric and phenological stage measurements. The values for other parameters are obtained
from our experiments in the NCP and documented literature. By using GLUE (General Likelihood
Uncertainty Estimation) methodology, the uncertainty of the VIP model was analyzed (Mo et al.
2012). It is demonstrated that the uncertainty of evapotranspiration is 16.5 % (canopy transpiration
is sensitive to the parameters of photosynthesis capacity and soil evaporation is sensitive to soil
resistance) and the uncertainty of crop productivity prediction is 21.1 %.
2.2 Study region
As the second largest plain in China, the NCP is situated in the lower reaches of the Yellow,
Hai and Huai rivers, extending from latitude 32°00′N to 40°24′N and longitude 112°48′E to
122°45′E with an area of 330,000 km2 (Fig. 1). It is an alluvial plain, mainly consisting of
loamy textural soil, formed by intermittent flooding. A warm temperate monsoon climate
varies gradually from sub-humid in the south to semi-arid in the north, where the mean
annual temperature ranges from 8 to 15 °C and the annual precipitation is from 500 to
1,000 mm occurring mostly in summer. A cropping system of winter wheat–summer maize
rotation prevails in the plain. Generally, irrigation is utilized several times to wheat in the
spring, and summer maize is usually not irrigated, as it grows in the rainy season.
2.3 Data
There are 49 climatic stations with historical climatic records available for running the model
in the study area. However, given that these stations’ allocations are too sparse to generate a
satisfactory baseline, the advanced WRF (Weather Research and Forecasting) modeling system
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Fig. 1 The map of farmland ratio at 30 × 30 km2 grids (Left) and the map of soil texture and province boundary
(Right) in the North China Plain (NCP). The inserted map shows the location of the NCP in China
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(Version 3.0, http://www.wrf-model.org) is run to provide the climate baseline from 2000 to
2008. The WRF model domain is set up with a horizontal resolution of 30×30 km2 and a timestep of 1,800 s over the NCP. The initial and boundary data are from the NCEP/NCAR Global
Reanalysis Project (ds090.0) with 2.5° resolution and a 6-h time-step (http://dss.ucar.edu/
datasets/ds090.0/data/pgbf00-grb2d). The daily temperature data from GLDAS (Global Land
Data Assimilation System; http://ldas.gsfc.nasa.gov) with a spatial resolution of 0.25°×0.25°
are utilized to improve the accuracy of the WRF predictions of temperature by using the statistic
error correction method (Feddersen and Andersen 2005). The good agreement between the 49
climatic stations’ data and gridded GLDAS data (not shown here) encouraged us to use GLDAS
data as a pseudo-observation to validate the predictions of the WRF model. It assumes that the
normalized temperature complies with the standard normal distribution, and the resemblance
exists in the cumulative distribution function (CDF) between the WRF predictions and the
GLDAS observations. By comparing the CDF of WRF with that of GLDAS, the error function
of correction is obtained, which is then used for the correction of temperatures by WRF under
the current climate conditions. In this way, the similarity of daily temperatures between the
WRF predictions and the GLDAS data is improved noticeably. Figure 2 shows the comparison
of temperatures at the center of the region. It is seen that, although the coefficients of
determination between the uncorrected temperatures by WRF and temperatures by GLDAS
is similar to that between the corrected WRF and the GLDAS temperatures, the slope of the
latter is closer to 1:1 and the intercept is closer to 0. The deviations of temperatures between the
WRF predictions and the GLDAS data are noticeably reduced after the correction.
Future driving force is derived by the anomaly downscaling method, which consists of
superposing to a high-resolution baseline predicted by WRF with the mean climatologic
anomalies due to climate change projected by GCMs. The changes of temperature and radiation
are added to and the relative changes of precipitation are timed to daily values of the baseline. In
order to assess the uncertainty of climate change predicted by the different GCMs under the
IPCC SRES scenarios, six GCMs are selected including Hadley Centre Coupled Model, version
3 (HADM), the Geophysical Fluid Dynamics Laboratory Model (GFDL), the European Centre
for Medium-Range Weather Forecasts and Hamburg Model (ECHM), the Commonwealth
Scientific and Industrial Research Organization Mark Model (CSIO), Center for Climate
System Research and National Institute for Environmental Model (NIES) and the second
generation Coupled Global Climate Model (CGCM), which are recommended for their performance by the IPCC. A summary of the six GCMs is shown in supplementary material Table A1 of
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Fig. 2 The corrected and uncorrected monthly temperature predicted by WRF from 2000 to 2008 (left) and the
relationship between the corrected/uncorrected daily temperature by WRF and temperature by GLDAS (right)
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the Appendix. The projections of air temperature, precipitation and radiation under the A2 and B2
scenarios in the 2050s (2040∼2069) are downloaded from the IPCC website (http://www.ipccdata.org/). According to IPCC SRES, both the A2 and B2 family are regionally oriented, compared
with another two globally oriented IPCC SRES scenario families of A1 and B1, with A2 being
economically oriented and B2 being environmentally oriented (Arnell et al. 2004).
Under both A2 and B2 scenarios, the six GCMs present similar increasing trends in
temperatures. However, all of them predict diverse trends for precipitation and radiation. The
monthly climate changes in the six GCM projections under the B2 scenario are presented in
supplementary material Figure A1 of the Appendix as an example. The seasonal changes of
temperature, precipitation and radiation under the two scenarios are shown in supplementary
material Table A2 of the Appendix.
2.4 Model implementation
The VIP model is used to simulate crop productivity and ETg under the current climate baseline
by running hourly over the NCP with a spatial resolution of 30 km with TTR remaining the same.
In the simulation, winter wheat is planted in early October when the daily mean air
temperature is below 18 °C continuously for 3 days. It is harvested in early to mid-June
when the TTR is met; then summer maize is planted and starts its growing process until
September. During the wheat growth periods, the irrigating dates and volumes are determined through soil moisture dynamics simulation in the root zone. Irrigation is supplied
when the root-zone soil moisture is below 60 % of field capacity. No irrigation water is
supplied to maize in the simulation.
The results are compared with the observation and/or documented results, to support the
prediction under the projected scenarios in the 2050s using the VIP model with the
assumption that TTR remains constant.
For a specific crop variety, its TTR is prescribed. For example, according to the prevailing
cropping system calendar, the growth lengths of popular planted cultivars of winter wheat
and summer maize are about 238 and 100 days respectively under the current climate in the
NCP. As air temperature increases, crop development is accelerated. Generally, a crop
system adapts to a warming environment in two ways: (1) it adapts to the warming situation
with a shortened growth period with the original TTR; (2) it adapts to the warmer situation
with a higher TTR, in which the growth period will be maintained or extended. In the
subsequent regional spatial simulation we will only consider the first adaptation method. In
the discussion section we will compare these two adaptation methods at a typical site.
By comparing the simulated results of the VIP under the baseline from 2000 to 2008 and
under climate change scenarios, the responses of crop water consumption to climate changes
in the 2050s are then evaluated.
In the discussion section, the ETg responses are further interpreted in two aspects, namely the
influence of the GCM projection uncertainty and the effect of cultivar TTR adaptation.

3 Results
3.1 Simulation of grain yield by the VIP under baseline climate and validation with the census
data
The model simulated the grain yield over the plain under the baseline climate. The regional
average grain yield of wheat is 5,239±892 kg/ha ranging from 4,378 to 8,072 kg/ha, and the yield
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of maize is 7,020±601 kg/ha ranging from 5,878 to 8,672 kg/ha. There is an obvious spatial
variability in the yield patterns, especially for wheat. The wheat yields in the south are higher
than those in the north, associated with the thermal gradient in spring, whereas the yield pattern
for maize is principally regulated by the distribution of precipitation under rainfed conditions.
The simulated grain yields are validated with the census data at a provincial level in the NCP.
On average the census productivities of wheat and maize are 4,694 and 6,497 kg/ha, respectively,
in the four provinces (Hebei, Henan, Shandong and Jiangsu). Relative biases of the yields
predicted by the VIP model to the census data are 10 % with the root mean square error (RMSE)
of 871 kg/ha for wheat and 9 % with the RMSE of 677 kg/ha for maize. It is demonstrated that
the grain yields predicted by the VIP model are in reasonable agreement with the census yields.
3.2 The simulated ETg under baseline climate and the comparison with the documented results
The simulated spatial patterns of ETg under baseline climate are shown in Fig. 3a,b. It shows
that the ETg values for both wheat and maize are a bit lower in the north than those in the
south, associated with the spatial gradients of precipitation. The spatially averaged wheat
ETg is 439±33 mm ranging from 180 to 500 mm. The average maize ETg is 397±39 mm
ranging from 260 to 480 mm.
As reported by Zhang et al. (2011), the average ETg values are 458 mm for wheat
and 396 mm for maize under irrigation conditions from 2000 to 2009, derived with
the water-balance method at Luancheng Station (114°41′ E,37°53′ N,50.1 m a.s.l.) in
the NCP. These results are similar to the VIP model predictions. The agreement
between the simulated results and other documented results, lends confidence in using
the VIP model to predict the response of ETg under the future climate scenarios
shown in the following.
3.3 Response of ETg to climate change
The spatial patterns of wheat and maize ETg changes relative to the baseline averaged over
the six GCM projections under the A2 and B2 scenarios in the 2050s are presented in
Fig. 3c,d,e,f, in which remarkable spatial variability is illustrated. ETg changes for both
wheat and maize are negative except for those in the eastern peninsular mountainous areas.
The reduction of wheat ETg is more significant than maize ETg. It is noted that the changes
of wheat ETg are relatively homogeneous over the plain, whereas the negative changes of
maize ETg are more significant in the north than those in the south, associated with
obviously increased temperature and slightly increased precipitation under both scenarios.
The positive changes of maize ETg mainly occur in the southeastern area, especially under
the A2 scenario. As the wheat is irrigated and is therefore less affected by the precipitation
variations, the changes of wheat ETg are more homogeneous. However, as the maize is
rainfed, its ETg changes must certainly correspond with the distribution of precipitation.
For both wheat and maize, the PDFs (probability distribution functions) of the changes of
ETg over the plain are different for each projection under the two scenarios in the 2050s
(Fig. 4), resulting from the spatial heterogeneities of climate change and crop responses. It is
revealed that the changes of wheat ETg are negative in almost all the projections, whereas
there is no an obvious trend for maize ETg with positive or negative changes in the GCM
projections. The PDFs of wheat ETg reduction are in similar ranges under the six GCMs
projections, with the peaks of the changes from −3 and −5 % under the B2 and A2 scenarios
respectively, whereas the PDFs of maize ETg changes distribute more extensively along the xaxis with the peaks of the changes from −9 to 5 % under the B2 scenario, and −5 to 5 % under
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Fig. 3 Spatial patterns of wheat and maize ETg under current climate condition (a–b) and the changes of the
spatial patterns in the 2050s under the B2 and A2 scenarios (c–f)
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Fig. 4 Frequencies of wheat and maize ETg predicted by six GCMs under the SRES A2 and B2 scenarios in
the 2050s, respectively

the A2 scenario. The NIES model predicted the largest decreases in wheat ETg by −3.3 % under
the B2 scenario, and by −4.2 % under the A2 scenario.
Spatially averaged ETg changes under the six GCM projections are noticeably
diverse (Fig. 5). On average the changes of wheat ETg are from −3.3 to 0.3 % with
a mean being −1.5±1.2 % under the B2 scenario and from −4.2 to 0.7 % with a mean
being −2.7±1.3 % under the A2 scenario; concurrently, changes of maize ETg are from
−7.1 to 6.2 % with a mean being −0.4±4.9 % under the B2 scenario and from −4.7 to
4.8 % with a mean being −1.2±4.1 % under the A2 scenario.
The predicted negative response of crop ETg to climate change is similar to other documented
results. For example, Tao and Zhang (2012) used five GCM projections and found that wheat
ETg responses were from −10 to 8 %, and those for maize were from −15.6 to −21.8 % under the
A1FI and B1 scenarios over the NCP. The negative responses of ETg to climate change were also
found in the natural vegetation. For example, ET rates were declining in the wetland vegetation
community under the conditions of air warming (Li et al. 2010).

4 Discussion
4.1 The explanation of the predicted decrease of ETg under climate change
Basically there are two mechanisms via which climate change influences ETg. Firstly, the air
warming leads to a higher water vapor pressure deficit, which will result in intensified
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atmospheric evaporative demand and ET rates, as shown in the results of Walter et al.
(2004). Secondly, under the warming conditions, the vegetative periods of crops will be
advanced and their reproductive periods be shortened; the enriched CO2 will reduce leaf
stomatal conductance and then decrease ET rates. These somewhat trade-off effects make the
response of crop ETg to climate change complicated and non-linear.
With the six GCMs projections under the A2 and B2 scenarios, we predicted the responses
of phenological stages. It is seen that under the A2 scenario in the 2050s, across the plain, the
growth periods are shortened by 10–24 days for wheat and 5–10 days for maize, whereas under
the B2 scenario, growth periods are shortened by approximately 15 days for wheat and 6 days
for maize. The responses of phenological stages to climate change are matched with documented studies elsewhere. Based on historical climatic data from 1981 to 2005, Liu et al.
(2010b) presented that the lengths of pre-flowering stages for both wheat and maize were
reduced by 4 days/decade in the NCP. Consistently, Menzel et al. (2006) reported that most
crops were observed to flower earlier in the European countries, with an advance of
2.5 days/decade on average. It is found that winter wheat cultivars have flowered earlier by
0.8 to 1.8 days/decade since the 1950s in the Great Plains of the USA (Hu et al. 2005).
From the spatially variable predicted results of ETg, most of which is decreasing and
some of which is increasing, it is obvious if prediction only follows one of the mechanisms,
the results may significantly bias the whole picture of the response.
4.2 The influence of GCM projections on the response of ETg to climate change
The degree of the response of ETg to climate change may change with the inputs from different
GCMs projections. Caution is needed when only one GCM output as the driving force is used to
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predict the crop responses. For example, as shown in Fig. 5, the positive responses of ETg
projected by HADM and ECHM are opposite to those projected by the other four GCMs. By
using the scenario projected by HADM, Mo et al. (2009) also got the positive response of ETg
with a different baseline treatment under the IPCC SRES B1 scenario.
In order to quantify the influence of uncertainty in GCM projections on the ETg predictions,
ensemble analysis is conducted by randomly sampling the changes of climate variables
(temperature, precipitation and radiation) within the projected ranges of the six GCMs under
the B2 scenario in each month. The VIP model is run 5,000 times over a grid at the center of the
study area by assuming that all the possible climatic changes are static and occur with the same
likelihood in these ranges. It is found that there is a significant negative response of wheat ETg
ranging from −11.6 to −6.1 % with a mean of −8.1 %; for maize ETg there is a weak positive
response ranging from −5.0 to 7.2 % with a mean of 1.8 %. It is obvious that the aforementioned
results from the 5,000 ensemble analysis at the single point are roughly similar to and slightly
different from the results from the six GCMs projections over the NCP. This would indicate that
using ensemble projection has a relatively high rate of accuracy, but is not perfect. Furthermore,
giving a range of responses is better than giving only a single value in the prediction.
4.3 Effect of cultivar adaptation on the response of ETg to climate change
Over the NCP, in the last 30 years the observed minimum and maximum air temperatures
increase remarkably (Mo et al. 2009). Although the annual potential evapotranspiration is
declining or has been recorded as no significant trend, the actual crop evapotranspiration is
observed to be increasing (Zhang et al. 2011). This evidence seems to contradict the
predicted decreasing trend under the warming scenarios.
This increase of crop evapotranspiration may be due to the improvement of cultivar
breeding. Although there are negative effects of warmer weather on crop water consumption
due to shortened growth periods, lowered stomatal conductance, as mentioned before, as
well as extreme weather including droughts and floods, the relevant adaptation countermeasures have offset the negative conditions of crop water consumption over the past 30 years.
The Beijing site (116°17′E, 39°56′N) with climatic data from 1951 to 2010 is taken as an
example to explore the effects of climate change and adaptation measures on ETg and
productivity separately. During the last 60 years, the annual mean daily air temperature is
increasing with a slope of 0.41 °C/decade in Beijing; however, the relative humidity, wind
speed, precipitation and sunshine duration are decreasing significantly.
It is illustrated from these numerical experiments that by keeping the crop TTR constant
and with (without) CO2 fertilization, the VIP model presents 10 % (6 %) increases of wheat
yield and 8 % (9 %) decreases of ETg, and the vegetative growth period is reduced by
10 days from 1951 to 2010. However, by keeping the length of the wheat growth period
unchanged with a higher TTR, by, for example, introducing new cultivars, its ETg and
productivity increase 4 and 14 % respectively.
This is shown in the NCP records over the past 60 years. Reports showed that
agronomical breeding practices indeed have adapted to climate change by providing new
cultivar varieties with enhanced TTR, which maintain the lengths of the growth periods and
improve the potential productivity. In addition, shifting of seeding dates and adoption of new
techniques of water conservation are essential to avoid severe water and heat stresses in the
early summer (Liu et al. 2010b).
Similar evidence is shown elsewhere. Sacks and Kucharik (2011) reported that the
lengths of the growth periods for both corn and soybeans have been extended by 10 days
due to the TTR increments of new cultivars from 1981 to 2005 in the US.

310

Climatic Change (2013) 120:299–312

Farmers in the NCP are facing the same dilemma. If pursuing a high yield is the priority goal,
then introducing new cultivars for sustaining and improving crop productivities in the NCP is a
good option to adapt to climate change. The higher air temperature will (1) increase the crop
respiration rate and (2) shorten the growth period, both of which are unfavorable for dry mass
accumulation. Under CO2 enrichment, there are different responses of crop yield to climate
change between C3 and C4 crops. CO2 fertilization will greatly enhance photosynthesis in C3
crops, resulting in a crop productivity increment. It is not so obvious for C4 crops. The CO2
fertilization effect offsets the negative effects of air warming (Mo et al. 2009; Liu et al. 2010a).
To benefit more from CO2 enrichment, from the point view of crop productivity, farmers
normally try to avoid the negative effects of air warming by introducing new crop varieties.
However introducing new cultivars at the same time has caused an increase of ETg, which
may be resulting in many environmental problems. Water availability is important to crop
production enhancement in the plain; but due to water shortages because of other necessary
water use by other economic activities and ecological conservations, available water is far
from sufficient for agricultural purposes. In this case, attention should be paid to water
conservation mechanisms and new water-saving techniques to avoid severe water stress.
If not introducing new cultivars (keeping TTR unchanged), with climate changing (warming),
the benefit is that crops may use less water. However this will accompany a decrease in crop
productivity, mainly due to the shortening of the crop growth period.
Policymakers should be cautious in providing advice to farmers. A balance should be
weighed between a gain in productivity (but concurrently with an increase of ETg) when
implementing some adapted countermeasures such as introducing new cultivars, and a decrease
in ETg (but concurrently with a decrease in productivity) without adapted countermeasures
under climate change.

5 Conclusions
Using the process-based VIP ecosystem model, the negative responses of ETg to climate
change on a winter wheat–summer maize cropping system in the NCP are predicted by 12
climate regimes projected from six GCMs under the IPCC SRES B2 and A2 scenarios,
respectively, with the assumption that the crop TTRs do not adapt to climate change.
The predicted responses of wheat and maize ETg are diverse spatially over the plain and
different under the two scenarios, with reduction in length of crop growth periods and a
decrease in ETg. Wheat ETg is more affected by climate change than maize.
Numerical experiments, however, reveal that if the crop adapts to air warming and keeps the
growth length constant, the crop ETg and productivity will increase significantly, which may
aggravate the limited water situations in the study area. Under this scenario, it is suggested that
new irrigation techniques, agronomical management and cultivar breeding aimed to conserve
water use should be explored. Without this, the increasing productivity is not at all sustainable
To reduce the risks of agricultural production loss under the challenges of climate change
in the future, balance should be weighed between the gain in crop yield (but concurrently
with the increase of ETg) by taking some adapted countermeasures to climate change, such
as introducing new cultivars; and the gain in decreasing ETg (but concurrently with the
decreasing crop yield) without adapted countermeasures under climate change.
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