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Abstract: While highland barley on the Tibetan Plateau is adversely affected by water 

stress during its growth period, precipitation enhancement could potentially mitigate this 

issue. Accurate assessment of the benefits obtained through precipitation enhancement is 

crucial for local governments to develop policies for sustainable agriculture. To quantify 

these benefits, the WOFOST model was employed to evaluate the effects under four dif-

ferent precipitation enhancement scenarios. The model demonstrated strong perfor-

mance, with a Nash–Sutcliffe Efficiency (NSE) of 0.93 and a root mean square error 

(RMSE) of 3.66. Using the calibrated WOFOST model, yield increases were simulated un-

der three meteorological drought conditions classified by the Standardized Precipitation 

Evapotranspiration Index (SPEI). The results showed that yield increases were minimal 

during years with less rainfall, primarily due to a lower leaf area index under extreme 

meteorological drought conditions. Additionally, the impact of precipitation enhance-

ment on yield increases was nonlinear. An enhancement of 5% had negligible effects, 

while enhancements greater than 10% led to significant increases. Specifically, precipita-

tion enhancement during the reproductive stage resulted in regional yield increases of 

170.7, 325.5, 465.9, and 580.5 kg/ha for enhancements of 5%, 10%, 15%, and 20%, respec-

tively, surpassing yield increases from enhancements during the vegetative stage. This 

greater yield increase is attributed to highland barley’s sensitivity to water stress at critical 

growth stages and the unique climate conditions of the Tibetan Plateau. For Longzi—the 

largest base for highland barley production, with a planting area of 3440 ha in 2024—a 

10% enhancement at the reproductive stage could yield an economic benefit of CNY 9.8 

million. Under climate change scenarios, the decreasing trends in highland barley yields 

could be effectively offset by precipitation enhancement, highlighting the applicability of 

precipitation enhancement as an effective tool for mitigating climate change in Tibet. Fu-

ture studies should integrate crop models with weather numerical models to better ad-

dress uncertainties. 
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1. Introduction 

Agricultural development enabled humans to adapt to the harsh conditions of the 

Tibetan Plateau as early as 5200 years ago [1]. Highland barley, with its diploid nature 

and adaptability to diverse environments, has become a staple food for Tibetans and is 

crucial for human habitation on the Tibetan Plateau [2]. However, the growth of highland 

barley is significantly constrained by water availability, as precipitation often falls short 

of the crop’s water demand in this high-elevation region [3]. In addition, climate change 

is presently posing a great threat to agricultural production and food security [4]. To ad-

dress these issues, weather modification techniques, such as precipitation enhancement 

through cloud seeding, could be effective in increasing water availability for highland 

barley production [5]. Recent advancements, including the use of large unmanned aerial 

vehicles for cloud seeding over the Tibetan Plateau, highlight the need for accurate eval-

uation of the benefits brought by weather modification to guide sustainable agricultural 

policies. Accurate evaluation of weather modification-related benefits can provide basic 

information for the local government, which is important for making plans to achieve 

sustainable agriculture on the Tibetan Plateau. 

Modern weather modification concepts were first introduced by Vincent Schaefer in 

the early 20th century [6]. Subsequent research and developments, including the use of 

dry ice and silver iodide for ice nucleation, have demonstrated the effectiveness of cloud 

seeding in enhancing precipitation [7]. The World Meteorological Organization (WMO) 

announced that an increasing number of countries are now planning or actually conduct-

ing weather modification activities [8]. In 2018, WMO experts confirmed that weather 

modification could effectively enhance precipitation in convective clouds, which is signif-

icant for regions such as the Tibetan Plateau, where convective clouds dominate [9]. 

Given that weather modification can affect areas as large as 50 km2 [5], traditional 

field experiments are often impractical for evaluating its effects on crop yields. Empirical 

models, such as those used by Huff et al. [10] to assess weather modification impacts on 

corn and soybeans, have limitations due to their lack of mechanistic detail. However, with 

increasing government investment in weather modification in China [11], there is a press-

ing need for accurate evaluations of the benefits of weather modification. Crop growth 

models, which simulate crop growth based on environmental factors and soil conditions 

[12], offer a promising approach for large-scale assessments of weather modification im-

pacts. 

The first crop growth model was developed in Wageningen [13] and has evolved 

significantly over the decades [14]. Modern crop models, such as WOFOST [15–17], 

DSSAT [18–20], and APSIM [21–23], are widely used to simulate the growth and yield of 

crops under varying conditions [12]. WOFOST, in particular, has demonstrated robust-

ness and efficiency in simulating crop yields under diverse conditions [24,25]. It has been 

successfully applied to crops such as wheat [26–28], maize [29–31], potato [32–34], and so 

on, and has shown promise in simulating highland barley yields under challenging con-

ditions on the Tibetan Plateau [35]. While previous assessments of the benefits of weather 

modification in Tibet were based on subjective speculation, in this study, the WOFOST 

model was used to quantitatively evaluate the benefits to provide more accurate infor-

mation for the local government. This type of evaluation will enhance the relevant 

knowledge for a beneficial assessment of precipitation enhancement. 

The Lhasa and Longzi regions, located in the southeastern Tibetan Plateau, are major 

highland barley production areas in China due to their unique climate conditions [35]. 
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Longzi, with the largest highland barley production area in China, has seen several 

weather modification operations since 2020, aimed at enhancing precipitation for higher 

barley yields. However, a quantitative assessment of the benefits of these operations is 

still lacking and is urgently needed by local authorities. 

In this study, based on four assumed scenarios of precipitation enhancement, the 

WOFOST model was calibrated and used to investigate the effects of weather modification 

on crop yields and economic benefits in Tibet, especially in the Longzi region. This study 

aims to (1) develop a methodology to quantitatively evaluate the benefits of weather mod-

ification on highland barley production over the Tibetan Plateau and (2) identify optimal 

weather modification strategies to maximize net profits and support sustainable agricul-

tural development in these regions. 

2. Materials and Methods 

2.1. Study Area 

The study area encompasses the Lhasa and Longzi regions in the Tibet Autonomous 

Region. These are key production areas for highland barley in China. Located in the south-

eastern part of the Tibet Autonomous Region (27–31° N, 89–95° E), this region features a 

diverse climate due to its extensive altitude range, from 100 to 7600 m above sea level (m 

a.s.l.) (Figure 1). In Tibet, highland barley is usually cultivated at an elevation of 2500–

4500 m a.s.l. [36], with Longzi County being the largest production base, covering 3440 ha 

in 2024. Detailed weather station information is provided in Table 1. 

Highland barley is usually sown in March. The flowering dates are usually in June 

and July, and the maturity dates are in late July and August. The water demand for high-

land barley is 389 mm [3]. For most of the eight stations, the local precipitation during the 

growth period is much lower than the water demand (Table 1). The variety used in this 

study is Dongqing, a cold-resistant variety widely used in Tibet. Dongqing is especially 

sensitive to drought, making irrigation essential during its growth periods, especially at 

the reproductive stage from June to August. 

 

Figure 1. Locations of the experimental sites and distribution of weather stations in the study. 
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Table 1. Detailed information on the weather stations used in this study. 

Station Latitude/N Longitude/E Altitude/m Precipitation in Growth Period/mm  

Dangxiong 30.483 91.100 4200.0 382.2 

Jiacha 29.150 92.583 3260.0 378.1 

Langkazi 28.967 90.400 4431.7 312.2 

Lhasa 29.667 91.133 3648.9 376.3 

Longzi 28.417 92.467 3860.0 241.8 

Mozhugongka 29.850 91.733 3804.0 432.1 

Naidong 29.250 91.767 3551.7 332.0 

Nimu 29.433 90.167 3809.4 291.1 

2.2. Data Collection and Processing 

The experiments were conducted in Lhasa and Naidong agro-meteorological sta-

tions. The highland barley was sown in March and harvested in August. According to the 

local irrigation pattern, the first irrigation was carried out at the emerging stage, and the 

second irrigation was carried out at the jointing stage. The third irrigation was conducted 

at the flowering stage and is believed to be critical for yield formation. Phenological data 

and crop yield records are critical for calibrating and validating crop growth models. Phe-

nological data were collected from Lhasa and Naidong as per the China Meteorological 

Administration (CMA) requirements. Related experiments were conducted in the period 

of 1980–1998. Several ecological indices, including the sowing date, the emerging date, the 

flowering date, and the maturity date, were strictly observed according to the relevant 

guidelines of the CMA. The biases in observation are no more than 3 days, according to 

the requirements of the CMA. Yield data for highland barley in Lhasa and Longzi were 

obtained from agricultural statistical reports. These datasets were randomly divided into 

two subsets: one for model calibration and the other for validation. 

The historical daily meteorological variables, including solar radiation, sunshine 

hours, maximum and minimum temperatures, wind speed, and precipitation, were col-

lected from weather stations from 1991 to 2020. The related data were provided by the 

National Meteorological Information Center (NMIC) in the China Meteorological Admin-

istration (CMA). As data quality plays a very important role in the research, the NMIC 

developed the TianQin Platform, a comprehensive meteorological data control system to 

ensure high data quality. Solar radiation, a key input for the WOFOST model, was only 

measured at Lhasa. Consequently, daily solar radiation was estimated using empirical 

equations based on the relationship between solar radiation and sunshine hours [37]. 

To preliminarily evaluate the benefits of precipitation enhancement under climate 

change conditions, climate data from global climate models (GCMs) under SSP245 and 

SSP585 were used as two typical climate change scenarios. As discrepancies might exist 

between different GCMs, multiple GCMs are regularly applied to reduce the related un-

certainties. In this study, outputs from 22 GCMs were used; the detailed information on 

the GCMs is described in Table 2. The outputs of GCMs were downscaled to daily values 

for Longzi station according to the methods of Liu et al. [38,39]. First, the period from 1961 

to 1990 was set as the base period, and the monthly data from GCMs were downscaled to 

Longzi station using the inverse distance weighted interpolation method. Then, bias cor-

rection was applied to the monthly values of climatic elements, and a stochastic weather 

generator was used to produce daily climate variables for Longzi station. Detailed infor-

mation on the downscaling processes was described by Liu et al. [38]. The downscaled 

daily data from different GCMs for SSP245 and SSP585 climate change scenarios were 

validated against the baseline observations from 1961 to 1990; then, downscaled daily data 

were used to drive the WOFOST model to simulate yields of highland barley under dif-

ferent climate conditions. 
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Table 2. Information on 22 global climate models (GCMs) used in this study. 

Model No. Name of GCM Abbreviation of GCM Institute Country 

1 ACCESS-CM2 ACC1 ACCESS Australia 

2 ACCESS-ESM1-5 ACC2 ACCESS Australia 

3 BBC-CSM2-MR BCCC BCC, CMA China 

4 CanESM5 Can1 CCCMA Canada 

5 CMCC-CM2-SR5 CMCS CMCC Italy 

6 CNRM-ESM2-1 CNR1 CNRM-CERFACS France 

7 CNRM-CM6-1 CNR2 CNRM-CERFACS France 

8 EC-Earth3 ECE1 EC-Earth Consortium Europe 

9 FGOALS-g3 FGOA IAP, CAS China 

10 GFDL-CM4 GFD1 GFDL USA 

11 GFDL-ESM4 GFD2 GFDL USA 

12 GISS-E2-1-G GISS NASA-GISS USA 

13 HadGEM3-GC31-LL HadG MOHC UK 

14 INM-CM4-8 INM1 INM Russia 

15 INM-CM5-0 INM2 INM Russia 

16 IPSL-CM6A-LR IPSL IPSL France 

17 MIROC6 MIR1 MIROC Japan 

18 MIROC-ES2L MIR2 MIROC Japan 

19 MPI-ESM1-2-HR MPI1 MPI Germany 

20 MPI-ESM1-2-LR MPI2 MPI Germany 

21 MRI-ESM2-0 MTIE MRI Japan 

22 UKESM1-0-LL UKES MOHC UK 

Based on the previous operations of precipitation enhancement in Tibet, the most 

optimistic estimate was that the precipitation could be enhanced by 20%, while the most 

likely enhancement was believed to be 10%. Thus, four precipitation enhancement scenar-

ios were simulated: 5%, 10%, 15%, and 20%. The effects of precipitation enhancement dur-

ing different growth periods were examined by adding these enhancements to rainy days 

with multiplication factors of 0.05, 0.10, 0.15, and 0.20. The WOFOST model was first run 

using actual meteorological data and then with data modified to include precipitation en-

hancements. Yield increases were calculated as the difference between yields from these 

two simulations. 

2.3. Description of the WOFOST Model 

The WOFOST model is a dynamic crop simulation model that incorporates physio-

logical processes such as phenological development, CO2 assimilation, growth and 

maintenance respiration, and assimilation allocation [24]. It simulates dry matter accumu-

lation as a function of crop properties and environmental conditions, including soil water 

balance, which is influenced by precipitation, soil evaporation, plant evapotranspiration, 

surface runoff, and ponding. WOFOST is widely recognized for its ability to simulate crop 

growth and yield under water-limited conditions [25,31,40]. For more detailed infor-

mation, refer to Boogaard et al. [16]. 

2.4. Calculation of SPEI 

SPEI combines precipitation and potential evapotranspiration to assess meteorolog-

ical drought conditions spatially and temporally [41]. As SPEI considers the comprehen-

sive effects of both precipitation and evapotranspiration, it is sensitive to the variations in 

both precipitation and temperature under climate change scenarios. Thus, SPEI is widely 

used as an effective tool for identifying meteorological drought conditions under different 
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climate backgrounds [41–43]. According to the relevant definition [42], the difference Dj 

between the monthly precipitation and potential evapotranspiration of month j is calcu-

lated as 

     𝐷𝑗 = 𝑃𝑗 − 𝑃𝐸𝑇𝑗      (1) 

where Dj and PETj are precipitation and potential evapotranspiration in month j, respec-

tively. The accumulated difference 𝐷𝑖,𝑗
𝑘   at the k-month time scale for year i can be ex-

pressed as follows: 

         𝐷𝑖,𝑗
𝑘 =

{
  
 

  
 

∑ 𝐷𝑖−1,𝑙

12

𝑙=13−𝑘+𝑗

+∑𝐷𝑖,𝑙

𝑗

𝑙=1

     𝑗 < 𝑘

∑ 𝐷𝑖,𝑙

𝑗

𝑙=𝑗−𝑘+1

               𝑗 ≥ 𝑘

                       (2) 

The probability distribution function of D series can be expressed as 

           𝐹(𝑥) = [1 + (
𝛼

𝑥 − 𝛾
)
𝛽

]

−1

       (3) 

where α, β, and γ are the scale, shape, and origin parameters of the distribution function, 

respectively. Let P = 1 − F(x). When P ≤ 0.5, the value of SPEI can be calculated as 

          𝑊 = √−2ln𝑃    (4) 

          𝑆𝑃𝐸𝐼 = 𝑊 −
𝐶0 + 𝐶1𝑊+ 𝐶2𝑊

2

1 + 𝑑1𝑊+ 𝑑2𝑊
2 + 𝑑3𝑊

3
                           (5) 

When P > 0.5, SPEI can be estimated by 

        𝑊 = √−2ln(1 − 𝑃)   (6) 

 𝑆𝑃𝐸𝐼 =
𝐶0 + 𝐶1𝑊+ 𝐶2𝑊

2

1 + 𝑑1𝑊+ 𝑑2𝑊
2 + 𝑑3𝑊

3
−𝑊 (7) 

where the parameters of C0, C1, C2, d1, d2, and d3 are 2.515517, 0.802853, 0.010328, 1.432788, 

0.189269, and 0.001308, respectively. For a detailed explanation of the method for SPEI 

calculation, one can refer to the relevant materials [42,43]. Because a 90-day (3-month) 

time scale for SPEI has been shown to adequately monitor soil moisture and agriculture 

drought [43], the daily SPEI data were calculated over a 3-month time scale in this study. 

2.5. Beneficial Analysis 

Various factors, such as government investment, farmer input, and local agricultural 

technology, significantly influence economic benefits. However, accounting for all these 

factors would complicate the analysis and make it difficult to isolate the benefits of pre-

cipitation enhancement. To simplify the analysis, the economic benefits from precipitation 

enhancement were defined as 

           𝐵𝑛 = 𝐴𝑝 × 𝑌𝑐 × 𝑃𝑟 − 𝐶  (8) 

where Bn is the economic benefit from precipitation enhancement, Ap is the planting area 

(ha), Yc is the yield increase (kg/ha), Pr is the price of highland barley (CNY/kg), and C is 

the cost of precipitation enhancement operations (CNY). It was assumed that precipitation 

enhancement operations occurred three times during the growing period, with six rockets 

launched each time. The cost of each rocket was set as CNY 3000, based on 2024 prices, 

and the price of highland barley was set as 6 CNY/kg. The yield increase was derived from 
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the simulation results. Thus, the economic benefit was modeled as a linear function of the 

planting area. 

2.6. Statistical Analysis 

NSE and RMSE were used to evaluate the performance of the WOFOST model 

[35,44]. 

  𝑁𝑆𝐸 = 1 −
∑ (𝑂𝑖 − 𝑆𝑖)

2𝑛
𝑖=1

∑ (𝑂𝑖 − �̅�)
2𝑛

𝑖=1

   (9) 

    𝑅𝑀𝑆𝐸 = [
1

𝑛
∑ (𝑂𝑖 − 𝑆𝑖)

2
𝑛

𝑖=1
]
1/2

  (10) 

where Oi is the observed value, Si is the estimated value, 𝑂 is the average of the observed 

value, and n is the sample number of observations. Higher NSE and lower RMSE mean 

better model performance. 

Trends in time series of SPEI were estimated by the nonparametric Theil–Sen estima-

tor [45]. 

  𝛽 = 𝑀𝑒𝑑𝑖𝑎𝑛 (
𝑋𝑗 − 𝑋𝑖

𝑗 − 𝑖
) , 𝑖 < 𝑗 (11) 

where Xi and Xj are the SPEI values for year i and j, respectively. The trend significance 

was tested by Mann–Kendall method. For detailed information on calculating the stand-

ardized test statistic (z) for the MK method, one can refer to the relevant descriptions 

[46,47]. In addition, the Hurst exponent index was also used to analyze potential future 

changes in SPEI; information on the Hurst exponent index can be found in the relevant 

reference [48]. 

3. Results 

3.1. Calibration and Validation of the WOFOST Model 

The WOFOST model was calibrated using phenological data from Lhasa and Nai-

dong through a trial-and-error approach. Key parameters for emergence were established, 

with the low threshold temperature set at 0 °C and the maximum effective temperature 

set at 30 °C. Three critical temperature sums for crop growth—sowing to emergence, 

emergence to anthesis, and anthesis to maturity—were determined by the trial-and-error 

approach as 96.9, 1067.4, and 578.6 °C, respectively. The calibrated model was then vali-

dated using independent datasets, with results presented in Figure 2. 

 

Figure 2. Validation of the WOFOST model against (a) the phenological date and (b) grain yield in 

Lhasa, Nandong, and Longzi. 
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In the study area, highland barley is typically sown in March, with emergence occur-

ring between early April and early May, anthesis in July, and maturity from late July to 

August. The calibrated WOFOST model accurately captured these phenological stages 

(Figure 2a), achieving an NSE of 0.93 and an RMSE of 3.66. The regression analysis be-

tween observed and simulated dates yielded a slope of 0.98, close to the ideal value of 1, 

and an intercept of just 1.13, indicating strong model accuracy. These results confirm the 

model’s effective calibration with local phenological data. 

The model also demonstrated excellent performance in simulating yield differences 

influenced by water availability. As Longzi generally receives more water from irrigation 

than Lhasa during the anthesis-to-maturity period, higher yields are typically observed in 

Longzi. This pattern was well represented in the simulation results (Figure 2b), reflecting 

the model’s ability to account for water conditions under the Tibetan Plateau’s climate. 

Validation metrics for yield simulations included an NSE of 0.95 and an RMSE of 161.28 

kg/ha; the average yield of highland barley in the experiment was 6638.27 kg/ha, and the 

relative error was only 2.4%, demonstrating the WOFOST model’s robust capacity to sim-

ulate highland barley yields in the Lhasa and Longzi regions. 

3.2. Analysis of Drought Conditions by SPEI Index 

Changes in SPEI reflect variations in meteorological drought. Monthly SPEI values 

at a three-month scale were calculated for the period from January 1991 to December 2020 

(Figure 3), revealing distinct patterns of meteorological drought across the stations, albeit 

with varying intensities. No extreme droughts (SPEI ≤ −3) were recorded at Dangxiong, 

Longzi, Naidong, or Nimu. In contrast, one extreme drought was observed in Jiacha 

(March 1999) and Mozhugongka (March 2006), two in Langkazi (January 2001 and March 

2010), and three in Lhasa (March 2006, March 2016, and July 2018). The SPEI variations in 

Longzi were notably different from those in Lhasa, where more frequent extreme 

droughts and pronounced fluctuations in SPEI were identified. 

 

Figure 3. Variations in monthly SPEI at 3-month scale in different locations from 1991 to 2020. 
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Highland barley’s main growing period in Lhasa and Longzi spans April to August. 

During this period, monthly SPEI values were averaged to assess drought severity. An-

nual classifications were then assigned based on SPEI values: drought year, normal year, 

and moisture year. It is essential to note that these classifications reflect meteorological 

drought conditions without accounting for crop water demand. In Lhasa and Longzi, 

available water for crop growth often falls short of crop requirements, resulting in annual 

agricultural droughts of varying severity. To avoid confusion, the classifications were re-

named as “less rain year”, “average rain year”, and “more rain year”, respectively. Com-

pared to the monthly SPEI, the growth-period SPEI showed reduced variation, with no 

extreme droughts observed at any station (Figure 4). 

 

Figure 4. Classification of meteorological drought conditions by the averaged SPEI in the growth 

period of highland barley. 

Trend analysis of annual SPEI indicated a worsening drought trend over the past 

three decades at all stations except Longzi (Table 3). Significant decreases in SPEI were 

observed at Lhasa, Jiacha, and Nimu, with absolute Z values of 1.945 (90% confidence 

level), 2.212 (95% confidence), and 3.104 (99% confidence), respectively. Hurst exponent 

analysis suggested that these decreasing trends are likely to persist in the near future. 

Table 3. Trend analysis of annual SPEI and SPEI in the growth periods of highland barley. 

Station 
Annual SPEI SPEI in the Growth Periods 

Trend  Z Value Hurst Value Trend Z Value Hurst Value 

Dangxiong −0.019 −1.196 0.705 0.007 0.285 0.613 

Jiacha −0.032 −2.212 0.685 −0.020 −1.285 0.677 

Langkazi −0.021 −1.500 0.651 −0.007 −0.393 0.626 

Lhasa −0.025 −1.945 0.632 −0.002 −0.250 0.608 

Longzi 0.000 0.001 0.528 0.002 0.071 0.612 

Mozhugongka −0.022 −1.213 0.653 −0.010 −0.464 0.661 

Naidong −0.015 −1.499 0.659 0.008 0.428 0.584 

Nimu −0.055 −3.104 0.716 −0.040 −2.355 0.680 
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In contrast, growth-period SPEI trends differed from annual SPEI trends. Decreasing 

trends in growth-period SPEI were identified at only five of the eight stations, with a sig-

nificant decrease observed solely at Nimu. This discrepancy highlights that climatic trend 

analysis of annual SPEI may have limited applicability for agricultural purposes. Evalu-

ating drought trends during critical growth periods is more relevant for informing agri-

cultural decision-making. 

3.3. Effect of Precipitation Enhancement on Highland Barley Yields Under Different Drought 

Conditions 

To assess the impact of precipitation enhancement on highland barley yields during 

different growth stages, precipitation increases were simulated separately for the vegeta-

tive and reproductive stages. Given the distinct drought characteristics of Lhasa and 

Longzi, these stations were selected for analysis under varying drought conditions. 

When precipitation was enhanced during the vegetative period, highland barley 

yields increased in both Lhasa and Longzi under all drought scenarios. Generally, the 

yield gains became more pronounced with higher levels of precipitation enhancement 

(Figure 5). However, the yield responses varied depending on drought conditions and 

enhancement scenarios. For example, in Longzi, yield increases in less rain years exceeded 

those in average rain years under 15% and 20% precipitation enhancements. Conversely, 

under 5% and 10% enhancement scenarios, yield increases in less rain years were lower 

than those in average rain years. In Lhasa, the relationship between different meteorolog-

ical drought conditions and yield increases was more straightforward. Across all precipi-

tation enhancement scenarios, the smallest yield increases occurred in less rain years, 

while the largest yield increases were observed in more rain years. On average, yield in-

creases in Lhasa ranged from 89.1 to 274.7 kg/ha, with an average standard deviation of 

15.75 kg/ha, whereas in Longzi, they ranged from 28.1 to 126.3 kg/ha, with an average 

standard deviation of 6.03 kg/ha. 

 

Figure 5. Effects of precipitation enhancement at vegetation stage on yield increases of highland 

barley under different drought conditions. 

Precipitation enhancements during the reproductive stage also led to yield increases 

across all drought conditions and enhancement scenarios, with patterns similar to those 

observed during the vegetative stage (Figure 6). In Longzi, the smallest yield increases 

occurred in less rain years, while the largest increases were observed in average rain years. 

In Lhasa, the response of yield increases to different meteorological drought conditions 

remained consistent with the vegetative stage, with the lowest increases in less rain years 
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and the highest in more rain years. Notably, yield increases resulting from precipitation 

enhancements during the reproductive stage were significantly larger than those during 

the vegetative stage. On average, yield increases in Lhasa ranged from 160.1 to 581.3 

kg/ha, with an average standard deviation of 29.25 kg/ha, while in Longzi, they ranged 

from 235.9 to 839.3 kg/ha, with an average standard deviation of 36.50 kg/ha. These find-

ings highlight the critical role of precipitation during the reproductive stage in improving 

highland barley yields, particularly under the variable climatic conditions of the Tibetan 

Plateau. 

 

Figure 6. Effects of precipitation enhancement at reproductive stage on yield increases of highland 

barley under different drought conditions. 

3.4. Spatial Distribution of Yield Increase Under Different Precipitation Enhancement Scenarios 

When precipitation was enhanced during the vegetative stage, highland barley yields 

increased across all locations under all precipitation enhancement scenarios (Figure 7). 

Under the 5% precipitation enhancement scenario, yield increases were modest, ranging 

from 30.5 kg/ha in Dangxiong to 99.4 kg/ha in Jiacha, with an average regional increase of 

63.6 kg/ha (Figure 7a). In contrast, with a 10% precipitation enhancement, yields increased 

significantly, ranging from 62.2 kg/ha in Longzi to 195.6 kg/ha in Nimu, with an average 

regional increase of 118.5 kg/ha (Figure 7b). Further precipitation enhancements resulted 

in continued but smaller increases. The regional average yield increases were 161.9 kg/ha 

and 193.8 kg/ha for 15% and 20% enhancements, respectively (Figure 7c,d). 

During the reproductive stage, precipitation enhancement led to even higher yield 

increases across all stations, surpassing the increases gained during the vegetative stage 

(Figure 8). For instance, under the 5% precipitation enhancement scenario, yield increases 

ranged from 131.9 kg/ha to 260.8 kg/ha, substantially higher than the corresponding in-

creases during the vegetative stage. Additionally, the average regional yield increases 

were 170.7 kg/ha, 325.5 kg/ha, 465.9 kg/ha, and 580.5 kg/ha under the 5%, 10%, 15%, and 

20% enhancement scenarios, respectively. Unlike the vegetative stage, there was no de-

crease in the rate of yield increase with higher precipitation enhancements at the repro-

ductive stage. 
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Figure 7. Spatial distribution of yield increases under different precipitation enhancement scenarios 

at vegetative stage. 

 

Figure 8. Spatial distribution of yield increases under different precipitation enhancement scenarios 

at reproductive stage. 

These findings indicate that precipitation enhancements during the reproductive 

stage have a significantly greater impact on highland barley yields, highlighting the criti-

cal importance of this growth phase for yield improvement. 

3.5. Analysis of the Economic Benefits of Precipitation Enhancement 

Longzi, with the largest highland barley planting area on the Tibetan Plateau, was 

selected as the representative region for analyzing the economic benefits of precipitation 

enhancement. The regional yield increases were strongly affected by both precipitation 

enhancement and planting area. During the vegetative stage, the yield increase became 

greater with larger enhanced precipitation and planting area (Figure 9a). The yield in-

crease showed a very similar pattern during the reproductive stage but with much higher 

values (Figure 9b). 
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Figure 9. Response of increased yield to both planting area and enhanced precipitation in Longzi 

under different stages: (a) the vegetative stage; (b) the reproductive stage. 

According to Equation (8), when precipitation was enhanced during the vegetative 

period, economic benefits were lowest in less rain years and highest in more rain years 

(Figure 10). Under the 5% precipitation enhancement scenario, the average economic ben-

efit was approximately CNY 520,000 in 2023, with a planting area of 3440 ha. The benefit 

rapidly increased to CNY 1,230,000 under a 10% enhancement. As precipitation was fur-

ther increased by 15% and 20%, the rate of benefit increase slowed, reaching CNY 

1,967,000 and CNY 2,553,000, respectively. 

 

Figure 10. Economic benefits from precipitation enhancement at vegetation stage in Longzi under 

different drought conditions. 

In contrast, economic benefits were much higher when precipitation was enhanced 

during the reproductive stage (Figure 11). Even under the 5% enhancement scenario, the 

economic benefit rose to CNY 4,815,000, significantly higher than the CNY 520,000 gained 

during the vegetative period. Unlike the vegetative period, the rate of increase remained 

stable at higher enhancement levels. Specifically, the economic benefit of CNY 4,815,000 

under a 5% enhancement steadily increased to CNY 9,882,000, CNY 13,597,000, and CNY 

17,269,000 under 10%, 15%, and 20% enhancements, respectively. Given that a 10% pre-

cipitation enhancement is considered more plausible than the higher scenarios, an eco-

nomic benefit of CNY 9,882,000 is viewed as the most likely outcome under precipitation 

enhancement during the reproductive stage. 
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Figure 11. Economic benefits from precipitation enhancement at reproductive stage in Longzi under 

different drought conditions. 

3.6. Preliminary Analysis of the Benefits of Precipitation Enhancement Under Climate Change 

Conditions 

The Taylor figures showed that the models performed best in simulating minimum 

temperature (Figure 12c), with all RMSE values less than 1.2 and all correlation coefficients 

higher than 0.95. All of the GCMs performed worse in simulating wind speed, with RMSE 

values ranging from 0.28 to 0.40 and correlation coefficients ranging from 0.42 to 0.76, 

respectively (Figure 12e). 

 

Figure 12. Performance of GCMs in Longzi under baseline conditions. 

Under an SSP245 climate change scenario, the yield of highland barley showed a 

slightly decreasing trend with the passage of time, but the decreasing trend can be effec-

tively offset by the benefit from precipitation enhancement in the productive period (Fig-

ure 13a). Under an SSP585 climate change scenario, the simulated yields were generally 

lower than those under the SSP245 climate scenario but showed a similar decreasing trend 

and obvious benefits from precipitation enhancement (Figure 13b). 
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Figure 13. Simulated yields under different climate change scenarios. (a) Yields under SSP245 sce-

nario; (b) yields under SSP585 scenario. 

4. Discussion 

In recent years, investment in precipitation enhancement has increased rapidly in 

China [5,11], and local governments are keen to understand the economic benefits of these 

investments. Previous assessments of these benefits were largely based on subjective spec-

ulations. This study establishes a quantitative evaluation method supported by a crop 

growth model to assess the benefits of precipitation enhancement on highland barley 

yields. The findings and their implications for sustainable agriculture in Tibet are dis-

cussed as follows. 

4.1. Reliability of the WOFOST Model for Simulation of the Highland Barley Yields over the 

Tibetan Plateau 

Unlike empirical yield-environment models [49,50], crop growth models such as 

WOFOST incorporate physiological mechanisms, enabling a more realistic simulation of 

crop growth [51,52]. The WOFOST model, a typical model of the Wageningen series, em-

phasizes these mechanisms [24,25,53] and has been validated as a dynamic and accurate 

tool for simulating crop growth under various conditions in China [28,54,55]. 

In this study, WOFOST demonstrated high performance, with an NSE of 0.95 and a 

relative error of 2.4%, for simulating highland barley yields in Lhasa and Longzi (Figure 

2b). These results are consistent with its use in other regions, such as the Three Rivers 

Region of the Tibetan Plateau [35]. In addition, the WOFOST model even showed good 

performance for simulating the yields of highland barley over the Tibetan Plateau when 

it was calibrated by the local observations [56], which further supports its reliability as a 

tool for simulating crop growth and yield formation processes over the Tibet Plateau. 

4.2. Complex Effects of Precipitation Enhancement Under Different Drought Conditions 

Previous studies on the effects of precipitation enhancement on crop yields, such as 

those carried out by Huff et al. [10], have highlighted both positive and negative effects of 

precipitation enhancement. These effects can vary based on different scenarios and cli-

matic conditions. For example, in Illinois, adverse effects were noted when precipitation 

was increased in some scenarios, leading to waterlogging or severe soil drainage con-

straints [57,58]. In contrast, the Tibetan Plateau’s water availability for highland barley is 

consistently lower than crop demand [3], reducing the likelihood of negative effects from 

precipitation enhancement. In addition, the soil type in the study area (sandy loam with 

low plant available water capacity) exacerbates water stress during simulations [16,59]. 

Consequently, added precipitation generally benefits highland barley production over the 
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Tibetan Plateau. The large discrepancy between the crop’s high water requirements and 

the region’s low precipitation, coupled with the soil’s low water capacity, ensures that 

precipitation enhancement is consistently beneficial for highland barley production over 

the Tibetan Plateau. 

Precipitation enhancement exhibited a non-linear effect on yield increases. Under ex-

treme drought conditions, a 5% increase in precipitation had minimal impact due to a low 

leaf area index. In such cases, enhanced precipitation could lead to higher evapotranspi-

ration and exacerbated water stress, occasionally resulting in reduced yields. However, 

enhancements exceeding 10% generally yielded significant positive effects (Figures 5–8). 

4.3. Impact of Precipitation Enhancement at Different Growth Stages 

The yield of barley can be seriously reduced by water stress in the growth period 

[60], especially in a critical stage, for example, in the grain filling period [61]. For most of 

the stations in Tibet, precipitation during the growth period (see Table 1) is lower than the 

corresponding water demand of 389 mm [3], meaning that drought inevitably occurs in 

this highland area. The drought was also identified by variations in SPEI in recent years 

(Figure 3). Thus, precipitation enhancement always showed positive effects on highland 

barley at both vegetative and reproductive stages (Figures 5–8). 

However, crop sensitivity to water stress varies across different growth stages. 

Drought reduces barley yield depending not only on the severity of water stress, but also 

on the growth period at which the stress was imposed [62]. Barley grain filling rate can be 

reduced by 40% under drought stress at the reproductive stage [61], meaning that en-

hanced precipitation during this period would play a significant positive role in highland 

barley production. This study found that precipitation enhancement during the reproduc-

tive stage resulted in greater yield increases compared to enhancements during the vege-

tative stage (Figures 5–8). This aligns with previous research emphasizing the importance 

of alleviating water stress during critical developmental stages [61–63]. 

4.4. Uncertainties and Future Research 

Previously, benefits from precipitation enhancement were often assessed subjec-

tively. This study’s quantitative evaluation, supported by a crop growth model, offers a 

more scientific approach. Nonetheless, a great many uncertainties still exist regarding pre-

cipitation enhancement effects [64]. These uncertainties led to the assumption of various 

precipitation enhancement scenarios, which complicates precise benefit estimation for lo-

cal policymakers. Moreover, the assumption of regionally homogeneous precipitation en-

hancement does not reflect the heterogeneous nature of real enhancements [65]. At pre-

sent, numerical weather models are used for simulating precipitation enhancement with 

high spatiotemporal resolution [65–67], which presents opportunities to reduce these un-

certainties by integrating these models with crop growth models in future research. 

The simulated yield of highland barley only decreased slightly under both SSP245 

and SSP585 climate change scenarios. Previous research has identified that potential 

yields under no-water conditions would decrease significantly under warming conditions 

due to shortened critical growth periods [35]. However, this negative effect can be offset 

by more precipitation under climate change conditions [68,69], and the comprehensive 

effect of both temperature and precipitation led to slightly decreasing trends in the high-

land barley yields (Figure 13). Future studies should focus on using attribution analysis 

to reveal the leading factor in decreasing yields under climate change scenarios. Though 

decreasing trends in highland barley were caused by comprehensive elements with many 

uncertainties, it is fairly clear that decreasing trends can be effectively offset by precipita-

tion enhancement (Figure 13), highlighting the applicability of precipitation enhancement 

as an effective tool for mitigating climate change in Tibet. 
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At present, most crop models—including WOFOST—assume a simplified soil profile 

and do not take into account the dynamic simulation of extreme weather events [16]. Due 

to this limitation, these models may not fully capture complex plant–soil–atmosphere in-

teractions. Thus, multiple crop models, including WOFOST, APSIM, DSSAT, and so on, 

should be used simultaneously to obtain more accurate and objective assessments in fu-

ture studies. In addition, while precipitation enhancement showed a positive effect on 

highland barley in Tibet, this conclusion should be cautiously applied to other regions. 

Barley is relatively sensitive to excess moisture [70], with 20–25% yield losses occurring 

under waterlogging conditions worldwide [71]. In addition to yield loss caused by hy-

poxic stress [70], excess water can also result in yield loss through deficient conditions for 

the absorption of nutrients such as nitrogen, phosphorus, potassium, and so on [72,73]. In 

addition to these negative effects, increased rainfall and humidity may create favorable 

conditions for many pathogenic fungi and bacteria, which can play a negative role in bar-

ley production [74,75]. 

5. Conclusions 

The WOFOST model performed well in terms of the validation results, showing NSE 

values of 0.93 and 0.95 for phenological dates and yields, respectively. The relative error 

for estimated yields of highland barley was 2.4%, showing that it can effectively assess the 

impacts of precipitation enhancement on highland barley yields in the Lhasa and Longzi 

regions over the Tibetan Plateau. 

The simulation results, classified by SPEI into three meteorological drought condi-

tions, revealed that yield increases were minimal under extreme drought conditions; this 

was due to a low leaf area index. Precipitation enhancement demonstrated a non-linear 

effect, with significant yield increases occurring at enhancements greater than 10%. 

Regional yield increases averaged 63.6 to 193.8 kg/ha at the vegetative stage and 170.7 

to 580.5 kg/ha at the reproductive stage. The larger yield increases during the reproductive 

stage highlight the importance of mitigating water stress during critical growth phases, 

enhanced by the unique climate of the Tibetan Plateau. 

In Longzi, with its 3440 ha of highland barley, precipitation enhancement at the re-

productive stage could yield economic benefits ranging from CNY 4.8 to 17.3 million, with 

a most probable benefit of CNY 9.8 million for a 10% enhancement. Under climate change 

scenarios, the yields of highland barley would decrease slightly due to the comprehensive 

effects of both temperature and precipitation, but the decreasing trends can be effectively 

offset by precipitation enhancement. 

Future studies should integrate crop models with advanced numerical weather mod-

els to reduce uncertainties caused by the assumption of homogeneity in this study. In ad-

dition, multiple crop models should be applied in the future to increase the reliability of 

the assessments. It should also be noted that our conclusion regarding the positive effects 

of precipitation enhancement in Tibet should be cautiously applied to other regions, as 

precipitation might have a negative effect on barley production under waterlogging con-

ditions. 
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