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Abstract: The impacts of climate change on ecosystem productivity and water resources over a long
term in China are not well quantified. Precipitation-use efficiency (PUE) is a key parameter that
describes carbon and water exchange in terrestrial ecosystems. Research on the response of regional
PUE to climate change and its driving forces is of great significance to climate-change mitigation and
the sustainable development of regional ecology. Based on an improved actual evapotranspiration
(ETa) model, the responses of ETa, net primary productivity (NPP), and PUE to climate change in
different climatic regions of China were analyzed; the contributions of various environmental factors
to PUE changes were quantified; and the conversion characteristics and regulatory mechanisms of the
PUE regime in different climatic regions were identified. The results indicate that the improved ETa

model, after considering the limiting effect of energy on ETa in humid regions, can simulate the ETa

distribution in China well. Over the past 58 years (1960–2017), ETa and NPP have increased in the
western regions and decreased in the eastern regions, with the boundary at 103◦ E. PUE presents a
“low-high-low” spatial distribution from northwest to southeast in China. It is noteworthy that there
was a zonal distribution for a high value area of PUE, which coincided with the summer monsoon
transition zone. The soil moisture (SM) increase in arid regions is the main driving force of the PUE
increase, whereas the annual net radiation (Rn) change in humid regions is the main driving force
of the PUE change. The transition zone is the conversion zone, where the prevailing factor limiting
vegetation growth transitions from water to energy.

Keywords: typical climatic zones; precipitation-use efficiency; net primary productivity; contribution
of environmental factors; transformation characteristics

1. Introduction

Global warming and the increase of extreme weather events are having a serious
impact on the structure, function, and processes of global ecosystems [1], and have become
a focal issue of common concern to governments, the public, and the scientific community.
In IPCC AR6 [2], it is reported that the frequency and intensity of some extreme weather
and climate events will continue to increase under medium and high emission scenarios,
and the increased extreme events (e.g., droughts, heat waves, and heavy rainfall) will affect
25−40% of global ecosystem structure and function.

The terrestrial ecosystem carbon cycle is a key process driving ecosystem change,
and changes in the ecosystem carbon cycle are sensitive to climate change. China is
one of the most sensitive and vulnerable regions to climate change. Climate change
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decreased the capacity of carbon storage [3], and extreme climate events such as drought,
extreme heat, and extreme precipitation all have serious impacts on the carbon cycle of
terrestrial ecosystems. Droughts have weakened vegetation growth [4], and prolonged
and persistent droughts have reduced carbon accumulation, causing grassland ecosystems
in Inner Mongolia to change from a carbon sink to a carbon source in a typical year [5].
Heat waves and droughts significantly reduced regional GPPs and crop yields in summer
2013 [6]. The ice storm in early 2008 also resulted in a decrease in annual evapotranspiration
and GPP in southeastern China [7].

Precipitation-use efficiency (PUE) describes the response of net primary productivity
(NPP) to the temporal and spatial distribution of precipitation. PUE is a comprehensive
physiological and ecological index for evaluating the appropriate degree of vegetation
growth while reflecting the carbon and water cycles and the carbon–water relationship
in the ecosystem [8]. Research on the characteristics of PUE and its control mechanism
can help evaluate and predict the impact of global changes on the carbon–water cycle of
ecosystems and provide a theoretical basis for regional plant protection and restoration.
PUE distribution and changes are affected by several factors, such as topography, soil
conditions, climate change, and human activities. Climate change is the most important
and active factor [9,10]. Earlier studies addressed the response of the spatiotemporal
PUE pattern to climate change but did not reach a consistent conclusion due to different
temporal and spatial scales. Some studies concluded that the PUE spatially decreases
with increasing drought and potential evapotranspiration and increases with increasing
precipitation [11]. However, other studies concluded that the PUE spatially decreases with
increasing precipitation [12,13]. It has also been demonstrated that there is no obvious
relationship between the spatial PUE distribution and precipitation [14]. In addition, some
studies have reported that the PUE exhibits a unimodal distribution that first increases and
then decreases with increasing precipitation and reaches its peak at a specific precipitation
value [13,15,16]. The feedback mechanisms between the water-carbon cycle of ecosystems
and climate are relatively complex, and the response of NPP and PUE to climate change
has a large spatial and temporal heterogeneity. China’s vast land area, complex topography,
diverse climate and vegetation types, and high spatial and temporal variability in precipita-
tion and ecosystem carbon fluxes hinder the accurate assessment of carbon fluxes [17–20].
Earlier studies focused mostly on small local areas with precipitation or temperature limits
or specific vegetation types [11,16,21,22], and little attention has been paid to variations in
PUE along a climatic gradient. At the same time, prior studies mostly focused on the effects
of single climate factors on PUE, lacking a comprehensive understanding of the specific
contributions of each climate factor and regional differences [16,20,21], which cannot fully
reveal the difference and transformation characteristics of PUE with climate and vegetation-
gradient distribution, thereby limiting the in-depth understanding of PUE characteristics
and driving forces in different regions.

NPP is a key for calculating the PUE. There are several methods for obtaining the
NPP. In situ measurements have high data accuracy but are limited by the amount of
data and are time-consuming and labor-intensive. Thus, they can only be used during
surveys of small areas. Model estimation is an effective means of obtaining NPP on a
regional or global scale. NPP estimation models can be roughly divided into three cate-
gories: ecophysiological process models, light-use efficiency models, and climate statistical
models [23]. Ecophysiological process models simulate NPP based on the ecophysiological
characteristics and growth mechanisms of plants [24]. Representative models include the
Biome-BGC, CEVSA, and BEPS models. This type of model has strong mechanisms and
is systematic. However, they are complex, and the required parameters are many and
difficult to obtain. Light-use efficiency models use photosynthesis from vegetation and a
resource balance view as the theoretical basis. They apply remote sensing data to drive
ecological models for NPP simulation on regional or global scales and have been used
worldwide. Representative models are the CASA and Glo-PEM models. Although this type
of model has clear mechanisms and complete structures, the assignment and correction of
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model parameters are complicated, with large uncertainties. There are three main types
of parameters based on the input of the light-use efficiency model: solar radiation data,
maximum light-use efficiency, and environmental factors. The algorithms and required
data for each parameter type are diverse. Different calculation methods have substantial
differences in simulating vegetation NPP, especially in simulating environmental factors
and maximum light use efficiency, because it is difficult to assign a large number of soil
parameters to certain regions or special geomorphic types [25]. Additionally, these models
are completely dependent on the availability and quality of remote sensing data [26]; in
regions with strong spatial heterogeneity and complex terrain, the accuracy of the model is
highly uncertain.

Climate statistical models estimate NPP based on the correlation between plant growth
and environmental factors. Representative models include the Miami, Thornthwaite memorial,
Chicago, and comprehensive models. Although these models lack a mechanism, they are simple,
intuitive, and highly applicable. Hence, they constitute the easiest and most convenient method
for estimating NPP. Since their development in the 1970s, they have been applied in vegetation
NPP research worldwide [20], particularly in relation to large-scale research. Various land-
atmosphere mutual observation experiments also provide the possibility for model calibration,
thereby continuously improving the accuracy of these models.

In the context of global climate change, the characteristics and changes of China’s regional
PUE are not yet fully understood, as well as the regional differences and driving forces of
the PUE response to climate change. What are the spatial distribution characteristics of the
carbon flux in mainland China? How do environmental factors relate to PUE? Does PUE spatial
conversion occur with climate type? What is the possible mechanism of action? Therefore,
our primary objectives were to: (1) improve the ETa calculation model by comprehensively
considering the water and energy conditions in different regions; (2) analyze the characteristics
of ETa, NPP, and PUE in different climate regions of China; (3) reveal the driving forces,
transformation characteristics, and control mechanism of the PUE distribution.

2. Materials and Methods
2.1. Study Area

This study focused on mainland China. There are great climatic differences between
east and west and south and north of China. Precipitation decreases from southeast to
northwest, and climate transitions from humid to arid, presenting a basic pattern of humid
in the east and south, but arid in the west and north, and there is a narrow zonal climate
transition zone between humid and arid climate regions. We divided the study region
into three sub-regions according to the distribution of average annual precipitation (P):
the arid region (P < 200 mm), transition zone (600 > P ≥ 200 mm), and humid region
(P ≥ 600 mm) [27]. The distribution of meteorological and flux stations and sub-regions is
shown in Figure 1.

Figure 1. Locations of 693 meteorological stations (black solid dots), 44 flux stations (red stars), and
the three sub-regions (i.e., arid region, transition zone, and humid region) (a), and the Köppen-Geiger
climatic zones (b).
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2.2. Data

Daily meteorological data from 693 stations in China between 1960 and 2017 were
used, including maximum, mean, and minimum temperatures (Tmax, Tmean, and Tmin,
respectively); sunshine hours (H); wind velocity (U); relative humidity (Rh); and P. These
data were obtained through the meteorological data sharing network of the China Mete-
orological Administration and were checked for homogenization and quality, including
controls for time and space consistency, extreme values, and climate-limit or allowable
values [28].

Observations from 44 flux stations were used to validate the ETa model. Nine of
these stations are part of China FLUX (The Chinese Terrestrial Ecosystem Flux Research
Network). Data from the remaining stations were obtained from published articles. These
flux stations are widely distributed in space, including 16 forest, 17 grassland, 6 farmland,
and 5 wetland stations, covering the main climatic regions and typical ecosystem types in
China. Details on the data are given in Table 1.

Table 1. Metadata for each flux station including station name, location, altitude, years of available
data, and references.

No. Stations Latitude Longitude Observational Periods Reference

1 Daxing 39.53◦ N 116.25◦ E 2006 Zhang [29]
2 Dinghushan 23.17◦ N 112.53◦ E 2003–2010 China FLUX
3 Changbaishan 42.40◦ N 128.10◦ E 2003–2010 China FLUX
4 Guantan 38.53◦ N 100.25◦ E 2011 Zhu et al. [30]
5 Yueyang 29.31◦ N 112.51◦ E 2006 Wang [31]
6 Kubiqi 40.54◦ N 108.69◦ E 2006 Wilske et al. [32]
7 Xiaolangdi 35.02◦ N 112.47◦ E 2007–2009 Guo [33]
8 Xishuangbannan 21.96◦ N 101.20◦ E 2003–2010 China FLUX
9 Qianyanzhou 26.74◦ N 115.06◦ E 2003–2010 China FLUX

10 Ailaoshan 24.53◦ N 101.02◦ E 2010 China FLUX
11 Gonggashan 29.58◦ N 102.00◦ E 2009 Lin et al. [34]
12 Huaining 33.00◦ N 117.00◦ E 2005–2006 Han et al. [35]
13 Huitong 26.83◦ N 109.75◦ E 2009 Wang et al. [36]
14 Laoshan 45.33◦ N 127.57◦ E 2004–2006 Cui [37]
15 Miyun 40.63◦ N 117.32◦ E 2008–2010 Liu et al. [38]
16 Taihuyuan 30.18◦ N 119.34◦ E 2011 Lin et al. [39]
17 Changling 44.58◦ N 123.50◦ E 2007–2008 Dong et al. [40]
18 Duolun County 42.05◦ N 116.28◦ E 2006 Chen et al. [41]
19 Haibei a 37.66◦ N 101.29◦ E 2003–2010 China FLUX
20 Haibei b 37.60◦ N 101.30◦ E 2002–2004 Gu et al. [42]
21 Siziwang Banner, grazed 41.79◦ N 111.90◦ E 2010 Shao et al. [43]
22 Xilinhot, grazed 43.55◦ N 116.67◦ E 2006 Chen et al. [41]
23 Xilinhot, typical fenced 44.13◦ N 116.33◦ E 2004–2006 Wang et al. [44]
24 Tongyu 44.59◦ N 122.52◦ E 2003–2008 Liu and Feng [45]
25 Yuzhong 35.95◦ N 104.14◦ E 2007–2012 Yue et al. [46]
26 Aro 38.04◦ N 100.46◦ E 2008 Wang et al. [47]
27 Dangxiong 30.85◦ N 91.08◦ E 2003–2010 China FLUX
28 Yanchi 37.81◦ N 107.48◦ E 2016 Liu [48]
29 Xinlin Gol 43.55◦ N 116.68◦ E 2003–2010 China FLUX
30 Fukang 44.28◦ N 87.93◦ E 2004 Liu et al. [49]
31 Sunitezuo 44.00◦ N 113.57◦ E 2008–2009 Zhang et al. [50]
32 Sanjiangyuan 34.35◦ N 100.50◦ E 2006–2008 Li et al. [51]
33 Tianjun 38.42◦ N 98.32◦ E 2011 Wu et al. [52]
34 Yucheng 36.95◦ N 116.60◦ E 2003–2010 China FLUX
35 Dingxi 35.55◦ N 104.58◦ E 2010 Yang et al. [53]
36 Jinzhou 41.15◦ N 121.20◦ E 2006 Zhou et al. [54]
37 Yueyang 29.31◦ N 112.51◦ E 2015 Chen and Huang [55]
38 Changwu 35.23◦ N 107.67◦ E 2008 Wu et al. [56]
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Table 1. Cont.

No. Stations Latitude Longitude Observational Periods Reference

39 Yushu 44.85◦ N 126.52◦ E 2009 Guo et al. [57]
40 Sanjiang Plains 47.51◦ N 133.51◦ E 2017 Guo et al. [58]
41 Panjin 41.14◦ N 121.90◦ E 2005, 2006–2007 Zhou et al. [59]
42 Dongtan 31.52◦ N 121.96◦ E 2005 Guo et al. [60]
43 Yunxiao 23.92◦ N 117.42◦ E 2009–2010 Yan [61]
44 Gaoqiao 21.57◦ N 109.76◦ E 2010 Chen et al. [62]

Nos.1 to 16 are forest stations, 17 to 33 are grassland stations, 34 to 39 are cropland stations, and 40 to 44 are
wetland stations. Periods in bold are the Validation Data. Haibei a and Haibei b are two sites in different
geographical locations.

Actual evapotranspiration data (unit: mm) and the 0–10 cm depth, monthly average
soil water-content data (unit: kg·m−2) in GLDAS_Noah025_M 2.0 and 2.1 datasets were
used, with 0.25 × 0.25◦ spatial resolution and a time range from January 1960 to December
2017. GLDAS data are global land-surface characteristics and flux data generated by
advanced land–surface models and data assimilation technology [63].

The validation NPP data are the MOD17A3 surface vegetation NPP data provided
by the EOS/MODIS (TERRA satellite) of NASA. MOD17A3 has been verified and widely
applied in research regarding vegetation growth, biomass estimation, environmental moni-
toring, and global change in different regions of China and the world. In this study, we
used NPP data with a 0.5 × 0.5 km resolution from 2000 to 2017. Data corresponding to the
693 meteorological stations were extracted using the neighboring grid method.

2.3. Methods

PUE was identified as the ratio of NPP to P [11]:

PUE =
NPP

P
(1)

where NPP is the annual net primary productivity (unit: g·m−2) and P is the annual
precipitation (unit: mm). NPP is obtained through the Thornthwaite memorial model [64]:

NPP = 3000(1− e−0.0009695(ETa−20)
)

(2)

where ETa is the actual evapotranspiration. It can be obtained as Zhou and Zhang [65]. Al-
though there are many methods to estimate ETa, such as the water balance method, surface
energy balance method, remote sensing analysis method, etc., they all have limitations,
such as complicated parameters and difficulty to determine [66,67]. Zhou and Zhang’s
method fully reflects the limiting effect of energy and water on evapotranspiration, with its
few parameters and clear physical significance making it high practicability. The method is
as follows:

ETa =
P× R×

(
P2 + R2 + P× R

)
(P + R)× (P2 + R2)

(3)

Here, P is the annual precipitation, and R is the annual net radiation correction factor,
which can be obtained by Equation (4):

R = (ET0 × P)0.5 × (0.369 + 0.598× (ET0/P)0.5 (4)

where ET0 is the potential evapotranspiration calculated using the FAO Penman-Monteith
method. See Allen et al. [68] for details.

The sensitivity coefficient and the relative change were used to measure the contribu-
tion of environmental factors to the PUE change:

ConX = RCX × SX (5)
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RCX =
58× TrendX

|aveX |
× 100% (6)

where ConX is the contribution of a factor to the PUE change, RCX is the relative change
rate of the factor, TrendX and aveX are the change rate and average of the factor, respectively,
and Sx is the sensitivity coefficient of the PUE with respect to environmental factor X. Sx
can be obtained as McCuen [69]:

Sx = lim
∆X→0

(
∆PUE/PUE

∆X/X

)
=

∂PUE
∂X

× X
PUE

(7)

3. Results
3.1. ETa Estimation and Its Change Characteristics

ETa was calculated using Equation (3). Compared with the observations from the
flux stations (Figure 2), both the observed and estimated ETa were found to increase
significantly with increased precipitation in the region where P < 600 mm. Furthermore,
when P ≥ 600 mm, the observed ETa first increased and then decreased with increasing P,
although the estimated ETa still increased significantly with increased P. Many factors affect
ETa, the most important of which are water and energy conditions. In arid and semiarid
regions, the amount of precipitation is relatively small, but the energy is sufficient. The main
factor affecting ETa is water, and a change in P largely determines the change in ETa. In the
semi humid region, increased P makes energy the controlling factor of ETa instead of water,
and the rate at which ETa increases with P slows down. In humid areas with abundant
rainfall, ETa no longer increased with increasing P. Due to more precipitation, energy
conditions limit ETa, and higher P results in smaller ETa. Earlier studies confirmed the
switch of the ETa controlling factor from water to energy with increased precipitation [70].
Equation (3) does not consider this switch when estimating the ETa in the humid region
and does not reflect its energy constraint. Estimates are largely dependent on precipitation,
which exaggerates the results. We further used P = 600 and P = 1400 mm as the boundaries
and conducted regression corrections on the estimated ETa. The specific regression equation
is given by Equation (8).

ETa_new =


ETa if Pre ≤ 600mm
0.815 ∗ ETa + 26.2 if 600 mm < Pre ≤ 1400mm (r = 0.82, a < 0.01)
−0.615 ∗ ETa + 1249.8 if Pre > 1400mm (r = 0.53, a < 0 .01)

(8)

Figure 2. Distribution of observed and estimated ETa with P.

The improved ETa in the southern humid region is significantly smaller than the
ETa before improvement (Figure 3). Regions with the highest ETa move north from the
southeastern coastal area to the middle and lower reaches of the Yangtze River. To further
verify the accuracy of the improved ETa model, we compared the estimated values with



Remote Sens. 2022, 14, 2467 7 of 20

the ETa observations from the flux stations during the validation period and the ETa from
GLDAS during the same period. This comparison showed that the improved ETa is highly
consistent with the observed and GLDAS ETa (Figure 4). The correlation coefficients were
0.95 and 0.85, respectively, and the standard deviation between the estimated and observed
values was much smaller than that between the GLDAS assimilation and observed values.
GLDAS data are sparser in the high evapotranspiration regions, and the values are too
large. Wang et al. [71] also identified an overestimation in the high ETa regions of southern
China in the GLDAS data. Hence, our improved ETa model can simulate the ETa in the
study region more accurately.

Figure 3. ETa distribution (1981–2010 average) before (a) and after (b) improvement.

Figure 4. Comparison of the improved ETa values (ETanew_simu) with the observed and GLDAS
ETa values.

Over the past 58 years (1960–2017), the ETa trend was roughly bounded by 103◦ E,
with ETa increasing to the west and decreasing to the east (Figure 5a). ETa in the arid
region is the smallest, with an average of 68.8 mm and a fluctuation range of 21.3–142.7 mm.
ETa in the transition zone is 350.2 mm with a 79.2–485.0 mm fluctuation range. The ETa
fluctuation range in the humid region is between 439.8 and 745.6 mm, with an average
of 602.5 mm. Over the past 58 years, ETa in the arid region increased at an average rate
of 2.9 mm·10 a−1. The amount of water expenditure in the region increased, and this
increase was significant in some areas. The ETa in the humid area decreased at a rate of
−1.7 mm· 10 a−1. Moreover, the ETa in the transition zone generally shows a slight overall
decrease, and the regional differences are obvious (Figure 5b).
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Figure 5. ETa trend (1960–2017) and (a) distribution of average values and trends in sub regions and
(b) +indicates that the trend was significant at the 0.05 level.

3.2. NPP Estimation and Change Characteristics

Figure 6 shows the estimated annual NPP before and after ETa improvement. As
depicted, the NPP in China is small in the northwest and large in the southeast, which
is consistent with previous study [72]. The NPP of the southern humid region obtained
before the improvement of the ETa model was between 1400 and 1700 g·m−2·a−1. Precipi-
tation is proportional to the NPP. In some regions of the southeast coast, the NPP is above
1700 g·m−2·a−1. The improved NPP range was 22–1510 g·m−2·a−1. The region of maxi-
mum NPP shifts northward and is located south of the Yangtze River. The annual average
NPP was above 1400 g·m−2·a−1. In arid regions, water has a positive effect on vegetation
productivity, which means that productivity increases with improved water conditions.
However, in humid regions with sufficient water supply, NPP tends to be saturated and
is no longer controlled by water [73]. In addition, this region is the cloudiest region in
China [74], which is generally proportional to the light stress on vegetation growth. In
coastal regions with abundant rainfall, vegetation growth is more likely to be regulated by
radiation. Before the improvement, the ETa model did not consider the energy constraint
in the south, the estimated NPP was overly dependent on precipitation, and the estimated
values were too large. The improved NPP better reflects the response of vegetation growth
to the regional climate.

Figure 6. NPP distribution before (a) and after(b) improvement.

A comparison between the estimated NPP values (average values from 2000 to 2017)
and the MOD17A3 multiyear average data shows that the estimated NPP after improve-
ment is significantly correlated with the MOD17A3 NPP (R = 0.67, p < 0.001) (Figure 7). In
the arid region, the MOD17A3 NPP was larger than the estimated NPP. However, in the
humid region, the MOD17A3 NPP was relatively small. Due to estimation errors regarding
reflectance, maximum light-use efficiency, and radiation, MODIS NPP products are overes-
timated in low-productivity regions and underestimated in high-productivity regions [75].
In addition, different methods and scale conversions can also lead to different comparisons.
Therefore, the estimated NPP in this study has a certain rationality and superiority.
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Figure 7. Comparison of estimated NPP and MOD17A3 NPP (average values from 2000 to 2017).

The distribution of the average values and trends of the NPP in the sub regions in
China from 1960 to 2017 are shown in Figure 8. Over the past 58 years, the NPP increased
to the west of 103◦ E, while it decreased to the east. NPP in arid regions typically increases,
with a rate of 4.3 g·m−2·10 a−1. NPP in the transition zone generally exhibits a slight
decrease. However, the regional differences are large. NPP in the humid region typically
displays a decreasing trend of −3.3 g·m−2·10 a−1. The distribution of the average NPP
in different climatic regions shows that the NPP gradually increases from arid to humid
regions. The main vegetation types in arid regions are desert grassland and lowland
meadows. The soil is severely desertified and salinized in regions with low vegetation
coverage. The annual average NPP is 140.4 g·m−2·a−1. The NPP fluctuation range in the
humid region is the smallest, with an average of 1287.9 g·m−2·a−1. The average NPP in
the transition zone is 807.2 g·m−2·a−1, ranging from 226.6 to 1084.8 g·m−2·a−1, thereby
exhibiting the largest regional difference, which is related to the complex and diverse
climate types and vegetation types in the area.

Figure 8. NPP trend (1960–2017) and (a) distribution of average values and trends in sub regions and
(b) +indicates that the trend was significant at the 0.05 level.

3.3. Spatial Distribution and Temporal Variation in PUE

The distribution of the multiyear average PUE presents a “low-high-low” band from
northwest to southeast (Figure 9). PUE is relatively low in arid and humid regions and is
the lowest in extremely arid and extremely humid regions. The transition zone exhibited
the highest PUE. PUE reached its highest value of 2.2 g·m−2·mm−1 in the area where the
annual precipitation was 414 mm. The regional differences in PUE distribution are closely
related to the regional topography, landform, and water expenditure modes. Arid regions
have sparse precipitation, sufficient energy, and low and sparse vegetation, and water is
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mostly spent in the form of soil evaporation. Therefore, vegetation PUE is low. Humid
regions have abundant precipitation, but there are many rainstorms of large intensity [76].
Precipitation is dissipated in the form of runoff, canopy interception, and soil evaporation,
which may produce more ineffective water. In addition, in the humid region, there are
mostly mountainous and hilly land forms with large surface runoff. Hence, PUE is also
low there.

Figure 9. Spatial distribution of mean precipitation-use efficiency (PUE) in China during 1981–2010.

Figure 10 shows the PUE trend in China from 1960 to 2017 and the distribution of
average values and trends in the sub regions. Over the past 58 years, PUE in the arid region
increased at a rate of 0.014 g·m−2·mm−1·10a−1, indicating that the ability of vegetation
in those regions to convert water and nutrients into biomass has increased. PUE in the
transition zone was the highest, with an average of 1.92 g·m−2·mm−1, and generally
showed a slight decreasing trend. In the western part of the transition zone (i.e., west of
103◦ E), PUE decreases and ecology deteriorates, which is consistent with current grassland
degradation in the upper reaches of the Yellow River [77]. In the middle of the transition
zone (i.e., between 103 and 120◦ E), PUE increases. PUE in the eastern part (i.e., east of
120◦ E) decreases. Most of the PUE in the humid region exhibits a decreasing trend of
−0.003 g· m−2·mm−1·10 a−1. In recent years, rainstorm intensity in humid regions has
significantly increased, as has the proportion of rainstorms in annual precipitation [76].
Rainstorms are more likely to form runoff. Hence, this change in precipitation intensity is
one of the reasons for the PUE decrease in the region.

Figure 10. Precipitation-use efficiency (PUE) trend (1960–2017) and (a) distribution of average values
and trends in the sub regions and (b) +indicates that the trend was significant at the 0.05 level.

3.4. Driving Force of PUE Changes and Its Corresponding Conversion Characteristics

Fluctuations in environmental factors have a significant effect on the PUE. Here, we
selected Tmean, Rn, U, Rh, and soil moisture (SM) as influencing factors to characterize the
energy, dynamic, and water statuses, respectively. Regression models between regional
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environmental factors and PUE were established (Table S1). Based on the trends and
sensitivity analysis, the contribution of each factor to the PUE change was obtained.

Figure 11 shows the trends of environmental factors from 1960 to 2017. Over the past
58 years, Tmean in China exhibited a significant increasing trend. Air-temperature increases
in the arid region and transition zone are particularly evident. Rn, U, and Rh exhibited
decreasing trends. Among them, Rn decreased most significantly in the eastern transition
zone and the humid region, especially in Beijing-Tianjin-Hebei and the lower reaches of
the Yangtze River, which is closely related to increased aerosols in these areas [78]. U also
decreased most significantly in the eastern transition zone and east of the humid region. In
addition, U exhibited significant decreasing trends in most of the arid regions. Rh change
is more complicated. Rh in the western Tianshan Mountains, which are located in an arid
region, exhibited an increasing trend because the climate in the region tends to be warm
and humid [50]. Rh decreased in most of the rest of the country. SM changes differed from
east to west. The arid region and western transition zone exhibited significant SM increases,
whereas the Middle Eastern transition zone and humid region exhibited SM decreases.
Overall, soil tended to become arid.

Figure 11. Trends of each environmental factor from 1960 to 2017, (a) Tmean, (b) Rn, (c) U, (d) Rh,
(e) SM, +indicates that the trend was significant at the 0.05 level.

PUE changes in different regions caused by changes in environmental factors are
shown in Figure 12. In the arid region, PUE increased by 6.5% over the past 58 years. The
Tmean increase reduced the PUE by 9.3%. The SM increase and U decrease increased
the PUE by 8.4% and 6.1%, respectively. Rn and Rh increased the PUE by 1.3 and 1.9%,
respectively. SM was the main driving force of regional PUE increases. In the humid
region, PUE decreased by 3.5% over the past 58 years. The relative change rates of PUE
caused by changes in Rn, U, Tmean, Rh, and SM were −15.3, 13.0, −3.2, −1.3, and 1.6%,
respectively. Rn changes were the main driving force of regional PUE decreases. Over the
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past 58 years, atmospheric aerosols in humid regions increased significantly, whereas net
radiation decreased significantly [78]. As a result, vegetation photosynthesis is inhibited,
vegetation productivity decreases, and PUE decreases accordingly. The impact of climate
factors on PUE in the transition zone is more complicated. From the regional average
sequence, the positive contribution of the Tmean increase and the U decrease to PUE offset
the adverse effects of the Rn and SM decreases, which makes the PUE change insignificant.
However, the PUE change in the transition zone exhibited obvious regional differences. The
PUE decrease in the western plateau area was dominated by a significant SM increase. The
PUE increase in the central regions was mainly due to the positive effect of a U decrease.
PUE in the eastern and northeastern regions of the transition zone was dominated by Rn,
which means that a significant Rn decrease can reduce the PUE. Overall, the PUE trend
was dominated by water in the northern and arid regions and by energy in the southern
and humid regions of China.

Figure 12. Contribution of environmental factors to precipitation-use efficiency (PUE). Tmean is air
temperature, Rn is the net radiation, U is the wind speed at 10 m, Rh is the relative humidity, and SM
is soil moisture.

The contribution of the factors is consistent or opposite depending on the factor and
region. Rn exhibits a negative effect in southern humid regions and a positive effect in
northern arid regions. Rh exhibits a positive effect in northern arid regions and a negative
effect in southern humid regions. Furthermore, the effects of Tmean, SM, and U follow
apparent “V” shapes, with positive and negative directions or turns from large to small and
subsequently to large in the transition zone. To further reveal the turning characteristics of
the PUE responses to water, energy, and dynamics and to clarify the precipitation climate
zone where turning occurs, the multiyear average precipitation at each station was taken
as a spatial climate type at every 200 mm. For example, the P100 climate type represents a
spatial climate type with average annual precipitation between 0 and 200 mm. The NPP
and PUE responses to changes in Tmean, SM, and U in different precipitation climate types
were further analyzed.

Figure 13 shows the distribution patterns of annual NPP and PUE with ∆T, ∆SM, and
∆U changes in different precipitation climate types. Therefore, ∆T, ∆SM, and ∆U are the
increments of Tmean, U, and SM, expressed as ∆X = X− Xmin, where X is T, SM, or U,
and Xmin is the minimum value of each factor. In the arid region and transition zone (i.e.,
P100, P300, and P500), NPP and PUE were the most sensitive to various factors, especially
∆SM (Figure 13b,e). NPP and PUE increased significantly with positive ∆SM. In the humid
region, NPP and PUE changed slightly with ∆SM. However, in the extremely humid area
(i.e., P ≥ 1400), NPP and PUE decreased with positive ∆SM. Soil moisture in the arid region
and transition zone is close to the withering humidity. Vegetation growth is affected mainly
by water factors. Soil moisture in the humid region always maintains a relatively high
value. However, vegetation is less sensitive to soil moisture. Hence, extremely humid soil
can restrict the oxygen supply to vegetation roots and soil microorganisms due to excessive
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moisture. The NPP and PUE responses to a positive ∆SM range from significantly increased
to decreased between the arid and extremely humid regions, respectively. The NPP and
PUE responses to ∆T and ∆U also have conversion characteristics (Figure 13a,c,d,f). Water
available for evapotranspiration in arid regions is limited. Changes in NPP and PUE with
∆T were not obvious. However, in the transition zone, more obvious air temperature
increases resulted in stronger water restriction for vegetation growth and smaller PUE.
In the humid region, NPP and PUE were less sensitive to ∆T, but they increased slightly
with positive ∆T in the extremely humid region, which reflects the promotion of vegetation
growth in extremely humid regions by improved energy conditions. Wind velocity had
the greatest impact on vegetation growth in the arid region and transition zone. Increased
wind velocity was more conducive to evapotranspiration, thereby causing faster water
loss and decreased NPP and PUE. In the humid region, a positive ∆U resulted in more
favorable evapotranspiration of super humid water vapor, which indirectly promoted NPP
and PUE.

Figure 13. Trends of annual NPP and PUE with ∆T (a,d), ∆SM (b,e), and ∆U (c,f) in different
precipitation climate types.

4. Discussion
4.1. Effect of Energy and Water on ETa in Different Climatic Regions of China

The Budyko curve shows the relationship between ETa-Pre-ET0 and can reveal the
limiting relationship between energy and water on ETa [79–81]. Figure 14 shows the
Long-term mean values of annual ETa, Pre, and ET0 together with Fu’s curves with the
regional average values of parameter ω, where ω is the plant-available water coefficient,
representing the relative difference in the way plants use soil water for transpiration, and
larger values of ω tend to promote evapotranspiration. It can be seen that the relationship in
most areas conforms to the Budyko curve, and the data are within the boundary conditions
of the hydrothermal coupling assumption, with ω in the humid region greater than in the
arid region. In humid regions, ETa is limited by available energy. As it asymptotically
approaches ET0, in arid regions, ET0 exceeds P, and where ETa is mainly controlled by
water, evapotranspiration ratio (ETa/Pre) tends to 1.
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Figure 14. Relationship among ETa-Pre-ET0 in different climatic regions of China. The ratio of mean
annual ETa to Pre as a function of the index of dryness (ET0/Pre) for different values of plant-available
water coefficient ω.

Evapotranspiration ratio at some stations in the arid and semi-arid zones (in the lower
right dashed box) is less than 1; as such, this may be attributed to the way different kinds of
vegetation use soil water and the particularity of precipitation conversion to evaporation in
arid areas. In the arid region, small precipitation events are just able to wet the soil surface
and are quickly evaporated, whereas large precipitation events increase potential water
losses from the ecosystem through runoff or deep soil water percolation [13]. Therefore,
evaporation can be lower than precipitation in arid regions, this is consistent with the study
of Yang et al. [82] in northern China. In addition, evapotranspiration ratio in arid regions
also shows a large fluctuation, which may be related to the large variation in precipitation in
arid regions [83,84]. The amount of precipitation in arid and semi-arid regions of China has
a large variation [85]; the sparser the precipitation in a region, the greater the variation, and
interannual fluctuations in precipitation and regional differences cause large fluctuations
in evapotranspiration.

4.2. Complexity of PUE Change in Transition Zone

Figure 15 shows a schematic diagram of the controlling factors of PUE in different
climatic regions in China, which shows the opposite change of PUE in arid and humid
regions and the complexity of PUE change in transition zones.

Figure 15. Schematic diagram that illustrates the control factors of the PUE in different climatic
regions of China.
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Warming and humidification in Northwest China [86] have a great impact on the
increased ETa, NPP, and PUE in arid areas. Warming and humidification increase the
amount of water that can evaporate, thereby increasing ETa. Temperature increase results
in earlier onset of the greening period while delaying the yellowing period, enhancing
vegetation activities, then increasing NPP. Multiple research based on empirical observa-
tions and process-based models have also confirmed that aboveground production in arid
ecosystems has exhibited an increasing trend [87]. Decreased ETa in the humid region
is related to the decrease in ET0, which is consistent with the evaporation paradox [88].
In the southern humid region with sufficient water supply, changes in ETa and ET0 are
consistent [89]. Thus, when the ET0 decreases, ETa also decreases. Rainfall is abundant
in humid areas. Vegetation productivity is positively correlated with air temperature and
negatively correlated with precipitation. In recent decades, the increase in precipitation
in humid regions has reduced photosynthetically active radiation. Enhanced radiation
restrictions reduce vegetation NPP.

Factors influencing ETa, NPP, and PUE in the transition zone are more complex because
this region is a competitive zone for water and energy [90]. In the highland region in the
western part of the transition zone, NPP increases along with warming and humidification,
and a significant decrease in precipitation in the eastern region of the transition zone and
the warming and drying caused by temperature increases are the main reasons for the
NPP decrease [91]. At the same time, the region is affected by the interannual fluctuation
of the intensity of the East Asian summer monsoon, so the interannual and interdecadal
precipitation fluctuations in the region are large [92].

4.3. Transformation Characteristics of PUE

The transition zone exhibited the highest PUE. PUE reached its highest value of
2.2 g·m−2·mm−1 in the area where the annual precipitation was 414 mm. The unimodal
PUE distribution, which first increases and then decreases with increasing precipitation,
has been confirmed by other studies. Paruelo et al. [8] indicated that in American temperate
grasslands with 200–1200 mm precipitation, PUE first increased and then decreased with
increasing precipitation, peaking at 475 mm. PUE in extremely arid and extremely humid
regions is low. Hu et al. [5] reported that the PUE initially exhibited a rising trend but
subsequently decreased as precipitation increased from 200 to 1200 mm. PUE peaked at
400–500 mm. Huxman et al. [6], Lauenroth and Paruelo [7], and Yu et al. [11] also showed
that in regions with annual precipitation less than 600 mm, PUE increased with increasing
precipitation. In humid regions with annual precipitation above 650 mm, PUE decreased
with increasing precipitation, and when the annual precipitation was above 1500 mm, PUE
was approximately constant. Zhang et al. [9] reported that the spatiotemporal PUE pattern
in alpine grasslands in northern Tibet initially increased in the arid region and subsequently
decreased along the precipitation gradient toward the humid region, reaching a peak at
approximately 500 mm precipitation.

The PUE distribution pattern with precipitation in this study is consistent with the
above studies, and different precipitation thresholds of the maximum PUE conversion
point may be partially attributed to the different research methods and study regions.
In addition, the distribution patterns of annual PUE with ∆T, ∆SM, and ∆U changes in
different precipitation climate types also indicate that the PUE transition interval coincides
with the northern edge of the monsoon. Therefore, the results of this paper are reasonable.

Our research shows that transition regions with limited rainfall have the strongest
NPP and PUE processes, and the response of the carbon fluxes in these fragile regions
deserves more attention.

5. Conclusions

Based on the improvement of the ETa model, this study characterized the responses of
ETa, NPP, and PUE to climate change in different climatic regions of China, revealed the
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PUE conversion characteristics with the precipitation distribution, and clarified the driving
force of PUE changes in different climate regions. The main conclusions are as follows:

The improved ETa model fully reflects the energy limitation on ETa in humid regions,
and the estimated ETa is more reasonable and reliable. The distribution of ETa and NPP in
China shows a gradually increasing trend from northwest to southeast, and the trends of
ETa and NPP both change from an increase to a decrease from the arid to the humid region.
ETa and NPP fluctuations in arid regions are mainly controlled by water, and the increase
in precipitation and soil moisture is the main reason. ETa and NPP in humid regions are
mainly controlled by energy. ETa in the transition zone is affected by both water and energy,
and regional differences in ETa and NPP changes in the transition zone are large.

There was a conversion zone of PUE in mainland China. Arid and humid regions had
the lowest PUE, and the transition zone with annual precipitation of 200–600 mm had the
highest PUE. In the past 58 years, PUE in arid regions has exhibited an increasing trend,
whereas PUE in the transition zone generally exhibited a slightly decreasing trend. PUE
displayed a decreasing trend in most of the humid regions.

PUE changes in arid regions are dominated by water conditions, whereas changes
in energy in humid regions largely determine PUE changes. The transition zone is the
conversion zone where the prevailing factor transitions from water to energy. PUE changes
are caused by the interaction of energy, water, and dynamic factors. Among them, soil
moisture plays the most prominent role, followed by temperature and wind velocity.
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