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Abstract

:

Canopy interception is an important part of forest ecosystem hydrological processes. It is the first stage of water distribution when rainfall reaches the canopy and has an important impact on nutrient inputs and water exchange. Pinus tabulaeformis is a main tree species in the rocky mountain areas of Northern China, and it is also a primary species for artificial afforestation. In previous studies of canopy interception, applications of the revised Gash model did not take rainfall characteristics into account. Therefore, in this study, rainfall patterns were divided according to the local rainfall characteristics in the rocky mountainous areas of Northern China. Rainfall was divided into three patterns. Rain pattern A was the main rainfall type. Rainfall patterns B and C were two types of rainstorms. Next, the revised Gash model was used to simulate Pinus tabulaeformis plantations under different rainfall patterns. The results showed that the canopy interception rate of Pinus tabulaeformis plantations in this area ranged from 14.7% to 17.9%. The revised Gash model can be used to simulate Pinus tabulaeformis plantations in the rocky mountainous areas of Northern China, with good simulation results for more than 80% of the conventional rainfall patterns. Furthermore, the canopy interception effect of simulated cumulative rainfall events was better than the individual rainfall event. The simulation effect for special rainfall patterns was not good, so it is necessary to improve the model parameters or collect more rainfall samples. These results can be used to explore the applicability of the revised Gash model in Pinus tabulaeformis plantations in the rocky mountain areas of Northern China. They also demonstrate different applicability of the model under different rainfall characteristics.
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1. Introduction


Forest–water interactions represent an important part of forest hydrology. Vegetation is an important regulator of large-scale water fluxes [1,2], and water fluxes indicate hydrological processes. In this context, vegetation largely impacts hydrological processes. The influence of vegetation on hydrological processes mainly occurs through canopy interception, ground cover water storage and soil water storage. Therefore, canopy interception is an important component of forest ecosystem hydrological processes. It is the first stage of water distribution when rainfall reaches the canopy, and it has an important impact on water exchange and redistribution [3], produces retention, and affects the input of nutrients. When rain comes into contact with the leaves, branches, and trunks of a forest, canopy interception begins. Some of the rain is stored and evaporated back into the atmosphere, and the residual rain reaches the ground in the forms of throughfall and stemflow [4]. Canopy interception is the difference between measured rainfall above the canopy interception and throughfall and stemflow below the canopy [5,6,7]. Previous studies have shown that canopy interception can account for 10%–50% of total precipitation [8,9,10,11]. Factors affecting canopy interception can be divided into large and small-scale factors [12]. Large-scale factors include meteorological factors, such as wind speed and exposure, rainfall intensity, available evaporation energy, and fog incidence, among others. Small-scale factors are forest characteristics, such as vegetation density, canopy cover, canopy architecture, canopy porosity, tree age, aerodynamics, and canopy roughness [13,14,15]. Stemflow is also an important part of the forest water cycle and is closely related to canopy interception [16,17,18]. Although the proportion of stemflow is small, it can be highly concentrated in the root soil. Stemflow transports a large amount of nutrients, which is a good supplement to nutrients in the soil.



When studying land–atmosphere interactions, the dynamics of the global water cycle, hydrological modeling, and the impacts of deforestation at the global scale, we need to quantify the magnitude of rainfall interception [19]; the most commonly used model is the Gash model. Nearly 100 years of attention and research have followed Horton’s [20] proposal of the concept of canopy interception [21]. The Gash model is widely used for canopy interception simulation and has had good applicability and effect in different regions and vegetation types around the world, such as the Mediterranean climate zone [22], arid and semi-arid areas [23], temperate areas [24] and tropical areas [25]. Although there have been some studies on the revised Gash model in temperate areas, there are few studies in the temperate monsoon climate zone, especially in the Rocky Mountain areas of North China. Besides, only the same simulation of all rainfall conditions has been carried out, and there is no division of rain patterns, potentially causing a large error in the simulation effect. The objective of this research is to study the applicability of the revised Gash model to a P. tabulaeformis plantation in the Rocky Mountain areas of North China under a temperate monsoon climate. The canopy interception under common and special rainfall conditions was studied by classifying rainfall patterns, thus providing a basis for the investigation of hydrological cycles.



Pinus tabulaeformis (P. tabulaeformis) is the main tree species found in the Rocky Mountain areas of Northern China. In addition to natural forests, P. tabulaeformis is also regarded as a primary species for afforestation. Some studies have used the revised Gash model to simulate canopy interception of P. tabulaeformis forests in various areas, such as the tropics [26], the Mediterranean region [27], and semi-arid and arid regions [28,29]. In this region, however, the revised Gash model has mainly been applied to simulate natural forest canopy interception. There have been few simulations of plantation forests, and there were few studies on the division of rainfall patterns. In this study, in addition to simulating the cumulative canopy interception of all rainfall events that was widely used in previous studies, canopy interception was also simulated for an individual rainfall event. The Miyun Reservoir, the largest reservoir in the region, was selected as the study area, and the revised Gash model was used to simulate P. tabulaeformis plantation forest canopy interception. The results can be used to explore the applicability of P. tabulaeformis plantations in the rocky mountain areas of Northern China. Moreover, this research creates a theoretical foundation for the investigation of ecological hydrological process and provides a scientific basis for the management of P. tabulaeformis.




2. Materials and Methods


2.1. Study Area


This study was conducted in the Miyun Reservoir (40°19′–41°38′ N, 115°25′–117°35′ E) (Figure 1), which is located to the northeast of Beijing (the capital of China), at an elevation of 205 to 700 m. It is the largest reservoir in Northern China [30], and the local vegetation is representative of the rocky mountain areas of Northern China.



The region has a warm temperate semi-humid continental monsoon climate, with perennial average temperatures of 9–10 °C [31]. Average annual precipitation is 669 mm, and the distribution of precipitation during the year is uneven. Overall, 80% to 85% of the annual precipitation is concentrated between July and September.




2.2. Data Sources


A sample plot was selected after investigating P. tabulaeformis plantations and excluding human disturbance in the study area (Figure 2). The sample plot included a 36-year-old afforestation P. tabulaeformis plantation with an area of 4279.3 m2 (Table 1). The average canopy density was 0.31, the average tree height was 2.72 m, and the average diameter at breast height was 11.3 cm. There were some shrubs under the plantation that were ignored. In the plot, one canopy throughfall collector with three flumes was placed on the ground (Table 2). Each flume was 2 m long and 20 cm wide. The aim of the flumes was to replace replicates of extra canopy throughfall collectors. This reduced error caused by uneven crown distribution. To represent the growth of the trees in the plot, standard trees were selected. After investigating all trees in the plot, three standard trees representing the average growth of trees were identified and selected. Stemflow from each standard tree was diverted from a plastic pipe (3 cm wide) to a collection container at the base of each tree. Each plastic pipe was stapled and sealed with caulking around the circumference of the three standard trees at a mean height of 1.3 m.



A total of 120 rainfall events in the study area were identified from 2018 to 2021. Because the duration and intensity of minimal rainfall events during the classification process can affect the conclusions derived from classification results, rainfall events totaling less than 2 mm in 24 h were removed from the analysis. To use as many samples as possible to improve the accuracy of rain pattern classification, all 120 rainfall events observed were used in the study of rain pattern division. Of those events, some were not selected because of human disturbance, errors, or impacts of animals. Overall, 51 events not influenced were selected for simulation, which can make the results more scientific.




2.3. Methodology


2.3.1. Rain Pattern Division


There are four main methods for classifying rainfall patterns [32,33,34], including the Chicago method designed by Keifer [35], the Pilgrim–Cordery method [36], the Huff method [37] and the K-means clustering method [38]. When using the Chicago method and the Pilgrim–Cordery method, the rain peak was too sharp and thin for the area. In many rainfall events, the durations were too short, which made it difficult to use the Huff method. Therefore, the most widely used method was K-means clustering combined with discriminant analysis [39,40]. In this study, the SPSS software and the method of system clustering and fast clustering were used for analysis [41,42], Overall, 120 rainfall events from 2018 to 2021 were classified and divided into three categories by K-means clustering based on rainfall amount, rainfall duration and rainfall intensity. Values of 25 % and 75 % quantiles of each index were taken as the range of the corresponding rainfall patterns to analyze the characteristics of each rainfall pattern.




2.3.2. Descriptions of the Revised Gash Model


The original Gash model [43] presented rainfall as a series of discrete events and divided it into three phases. The first is the wetting phase, which starts at the beginning of precipitation and ends when the canopy is saturated. The second is the saturation phase, which begins when the canopy storage is exceeded and last throughout the rainfall process. The third is the drying phase, which begins at the end of rainfall and ends when the trees are completely dried. The model is based on the assumption that there is a rainfall process every day, and the canopy has sufficient time to dry between rainfall intervals. Based on this, studies have shown that the Gash model is not suitable for short vegetation types [44] and sparse canopy cases [45] in temperate latitudes.



Given the conceptual errors and limitations of applicable conditions in the original model [46], Gash et al. presented a revised version in 1995. Valente et al. improved the Gash model by scaling the average evaporation during rainfall and other parameters to the canopy coverage ratio in the study area to consider the canopy sparsity. The average evaporation of a saturated canopy was calculated using the Penman–Monteith equation. The results showed that the average evaporation in open areas was zero. The modified Gash model has the following assumptions: (i) rain falls from the canopy after it is saturated; (ii) stemflow occurs after canopy saturation; (iii) tree trunk evaporation occurs after rainfall; and (iv) the forest can be divided into areas with and without vegetation cover. Evaporation only occurs in vegetated areas, and evaporation only occurs in one-dimensional vertical space.




2.3.3. Calculation of the Revised Gash Model


Canopy interception is calculated by the function as follows [47]:


    ∑   j = 1   n + m    I j  = c   ∑   j = 1  m   P  G j   +   ∑   j = 1  n   (    c  E  c j      R j     )   (   P  G j   −  P G ′   )  + c   ∑   j = 1  n   P G ′  + q c  S  t c   + c  p  t c     ∑   j = 1   n − q   ( 1 −  (   E  c j   /  R j   )  )  (   P  G j   −  P G ′   )     



(1)







In the model, m is the number of events in which the canopy storage capacity is not filled, n is the number of events in which the canopy storage capacity is filled, j is rainfall event, Ij is canopy interception, c is closure, PG is rainfall, P′G is the amount of rainfall to fill the canopy storage capacity, E is average evaporation rate, Ec = E/c, R is average rainfall rate, q is the amount of rainfall to fill the trunk storage capacity, pt is the stemflow coefficient, ptc = pt/c, and St is the trunk storage capacity, Stc = St/c.



The amounts of rainfall to fill the canopy storage capacity (P′G) and trunk storage capacity (P’’G) were calculated as follows [48]:


   P G ′  =  (  − R /  E c   )       S   c  ln  (  1 −  (     E c   R   )   )     



(2)






   P G   ″    =  (  R /  (  R −  E c   )   )   (   S  tc   /  p  tc    )  +  P G ′     



(3)







S is the canopy storage capacity, Sc = S/c.



According to the sparse Gash model, stemflow (SF) and throughfall (TF) can also be calculated as follows:


    ∑   j = 1  q    SF  j  =   cp   tc     ∑   j = 1  q   (  1 −  (     E  cj      R j     )   )   (   P G  −  P G ′   )  −      qcS    tc      



(4)






    ∑   j = 1   n + m     TF  j  =   ∑   j = 1   n + m    P G  −   ∑   j = 1   n + m    I j  −   ∑   j = 1  q    SF  j     



(5)







The relationship between canopy interception (I), stemflow (SF) and throughfall (TF) can be described as follows:


  I = P − TF −  SF     



(6)










3. Results


3.1. Rain Pattern Classification and Statistical Analysis


To characterize the characteristics of the rainfall process, three indicators were selected: average rainfall intensity (I) (mm/h), rainfall amount (P) (mm), and rainfall duration (T) (h). K-means clustering and discriminant analysis were used to divide the 120 rainfall events into categories as patterns A, B, and C (Figure 3). The discriminant analysis adopted a Fisher function, yielding the following discriminant functions:


Function 1, F1 = 0.096P − 0.028T − 0.0.034I − 1.083 (p < 0.005)










Function 2, F2 = −0.011P + 0.134T + 0.143I −1.545 (p < 0.005)











The datapoints corresponding to the three rainfall type clustering functions were clustered in three relatively concentrated areas in the scatterplot as shown in Figure 3, and the classification functions were significant (p < 0.005), which indicated that the clustering result was valid. The datapoints corresponding to each rainfall pattern were relatively discrete. Most scatter points of each rainfall pattern were concentrated, but some scatter points of each rain patterns had partial dispersion, indicating that the characteristics of each rainfall pattern changed slightly. The group points and group means of rainfall patterns A and C were closer, which were far from the group point and group mean of rain type B. It showed that the rainfall characteristics of rainfall pattern A and C were closer, and rainfall pattern B was significantly different. Some of the rainfall conditions in patterns A and C were relatively similar. However, the conditions were both significantly different from those in rainfall pattern B. According to the feature indices, the values corresponding to the first and third quantiles of the quartile, i.e., the 25th and 75th percentiles, were used to represent the range of variability for each rainfall type (Table 2). Accordingly, the characteristics of different rainfall patterns were summarized as follows: rainfall pattern A: 105 events, 87.5% of the total number of events at the station, medium duration (1.7–5.2 h), light rainfall amount (3.6–16.4 mm), light rain intensity (1.7–6.6 mm/h); rainfall pattern B: six events, 5% of the total number of events, long duration (4.5–12.8 h), heavy rainfall amount (76.6–92.8 mm), medium rain intensity (6.3–23.1 mm/h); rainfall pattern C: nine events, 7.5% of the total number of events, short duration (0.18–0.33 h), medium rainfall amount (7.0–15.4 mm), heavy rain intensity (28.7–41.2 mm/h).




3.2. Parameters Related to Canopy and Stem


Of the 120 rainfall events, throughfall and stemflow were measured for 51. The total rainfall under pattern A was 563.6 mm, the total throughfall was 452.6 mm, and stemflow was 4.01 mm. According to Equation (1), canopy interception was 106.59 mm, accounting for 18.93% of the rainfall. Under rainfall pattern B, the total rainfall was 524.4 mm, total throughfall was 390.2 mm, total stemflow was 12.19 mm, and the canopy interception was 122.01 mm, accounting for 23.27% of the rainfall. Under rainfall pattern C, total rainfall was 104.1 mm, total throughfall was 86.2 mm, total stemflow was 0.3 mm, and the canopy interception was 17.6 mm, accounting for 16.91% of the rainfall.



Figure showed that throughfall (TF) and stemflow (SF) under three rainfall patterns were linearly correlated with rainfall amount (P). The results can be described by the formula in Table 3.



In this study, canopy storage capacity (S) was determined using the methods of Limousin [22] andWallace [49]. Next, the residual error (Δ) of throughfall was obtained to calculate the rainfall amount of the inflection point of the equation, and the relationship between the residual TF (Δ) of TF and P was calculated. P was greater than this value and the residual TF (Δ) > 0 was used for the regression equation with corresponding throughfall. According to the relationships between TF, SF and P among the rainfall patterns, S can be calculated. For rainfall pattern A: S = 1.07 and SC = 3.44; for pattern B: S = 7.85 and SC = 25.32; for pattern C: S = 0.8 and SC = 2.56.



The trunk storage capacity (St) and stemflow coefficient (pt) were determined according to the relationship equation between stemflow (SF) and rainfall amount (P) (Table 4). Pattern A: St = 0.0283, pt = 0.0089; pattern B: St = 1.053, pt = 0.0353; pattern C: St = 0.0036, pt = 0.0081.



According to Equations (2) and (3) and the parameters involved, for rainfall pattern A: P′G = 4.063, P″G = 8.544; pattern B: P′G = 29.905, P″G = 71.94; pattern C: P′G = 3.029, P″G = 3.656.




3.3. Model Estimation Results


Throughfall and stemflow for the individual rainfall events and cumulative rainfall events under all three rainfall patterns were obtained from the Gash model. As seen in Figure 4, for the individual event, the predicted values of canopy interception of three rainfall patterns were generally lower than the observed values. The ratio between the difference of the predicted and observed values to the observed values were large, ranging from 0.24%–58.22%, of which most were distributed within 20%, and only a few events were greater than 40%. The average relative difference of rainfall pattern B was the lowest (14.9%); for pattern A it was 19.93%; and for pattern C it was the highest (25.54%).



When dividing the rainfall amount by the predicted or observed canopy interception, we obtained the proportion of canopy interception to rainfall (Figure 5). For rainfall pattern A, predicted cumulative canopy interception accounted for 14.9% of the total rainfall, which was 4% less than observed. For pattern B, predicted cumulative canopy interception accounted for 17.9% of the total rainfall, 5.3% less than observed. For pattern C, predicted cumulative canopy interception accounted for 14.7% of total rainfall, 2.2% less than observed. By comparing the predicted and observed values of cumulative canopy interception with the revised Gash model (Figure 6), the relative difference was greatest under rainfall pattern C. With the increase in the number of rainfall events, the relative difference under pattern A increased from 10.52% to 21.46%, pattern B increased from 8.23% to 22.5%, and pattern C increased from 3.36% to 13.06%. Compared with the simulation of an individual rainfall event, the relative difference between the cumulative predicted and observed value was generally lower with a smaller change. This demonstrated that the revised Gash model is more suitable for simulating canopy interception with accumulated rainfall. Table 5 showed cumulative observed and estimated canopy water fluxes predicted by the revised Gash model.



Figure 7 compares predicted and observed stemflow values for trunk saturation. Similar to canopy interception, the revised Gash model prediction of stemflow for the three rainfall patterns performed best for pattern A and worst for pattern C. The maximum difference in stemflow between predicted and observed values was 0.13 mm for pattern A, 2.68 mm for pattern B, and 0.06 mm for pattern C. For rainfall patterns A and B, the simulated values were generally lower than the measured values. However, for pattern C, simulated values were generally greater than the measured values.



Figure 8 shows that the differences between predicted and observed values for cumulative stemflow under patterns B and C were greater than 50%.



Figure 9 shows that the simulation results for throughfall were better for rainfall patterns A and C, and predicted values were generally higher than the observed values. The effect of the model for rainfall pattern B was poor.



Table 6 shows the performance metrics of the revised Gash model. According to the RMSE, CE and R, the simulated effects of patterns A and C were better than pattern B. As mentioned earlier, the error for observed and predicted of the rainfall pattern A was the minimum; therefore, the model was more suitable for simulating pattern A.





4. Discussion


4.1. Rainfall Patterns and Characteristics in the Rocky Mountain Areas of Northern China


In this study, rainfall amount, rainfall intensity, and rainfall duration were used as three indicators to classify rainfall patterns. Rain in the region was divided into three patterns: A, medium duration, light rainfall intensity, and light rainfall amount; B, long duration, moderate intensity, and heavy rainfall amount; and C, short duration, heavy rain intensity, and moderate rainfall amount. Pattern A accounted for 87.5% of total rainfall events, indicating that moderate duration, light rainfall intensity events with a light rainfall amount were dominant in the rocky mountain areas of Northern China. Rainfall patterns B and C were two special types of rainfall and the main form of heavy rain. Rainfall pattern B was long in duration with high overall rainfall. Pattern C was characterized by heavy rainfall with high intensity over a short time.



Based on our previous studies about the response of runoff and sediment to rainfall in the area, rainfall pattern B had the largest contribution to surface runoff, and was the main rainfall pattern causing soil erosion. Pattern C had a great influence on runoff in certain plantations, such as Castanea mollissima and Juglandis. To increase the production of these economic plantations, little other coverage was reserved on the surface, so the surface soil was not sufficient to withstand a short period of heavy rainfall amount and erosion occurred.




4.2. Parameters of Revised Gash Model


Canopy storage capacity (S) is one parameter in the revised Gash model, and is also the basis for accurate model estimation of canopy interception [50,51]. Depending on how it is calculated and the characteristics of the three rainfall patterns, canopy storage capacity may vary, so this study did not calculate the overall canopy storage capacity of a P. tabulaeformis plantation, and instead carried out separate calculations. Canopy storage capacity values under rainfall patterns A, B, and C were S1 = 1.07, S2 = 7.85, and S3 = 0.8. The values of S1 and S3 of this study were similar to the ranges (0.25–3 mm) reported by Deguchi (2006) [52] and Llorens et al. (1997) [53] in their studies carried out in the southeast of Toyota within a temperate marine monsoon climate, and in Eastern Pyrenees Spain within a Mediterranean climate, respectively. However, S2 was much higher than the value they obtained. After excluding calculation and human errors, this may be because pattern B was long-duration with a heavy rainfall amount, and rainfall during the rainy season in the region occurred relatively frequently. Therefore, there was a shorter interval between two rainfall events compared to the other two rainfall patterns. Before the next rainfall event occurred, the evaporation process was short, and therefore, the canopy may not have completely dried, which may have caused the error. This result proved that the simulation accuracy of the revised Gash model can be improved by calculating the canopy storage capacity of each pattern separately.




4.3. Simulation Results of the Revised Gash Model


Canopy interception of a P. tabulaeformis plantation was simulated based on each rainfall pattern. The predicted canopy interception and throughfall values of the revised Gash model for an individual rainfall event and a cumulative rainfall event in the rainy season were generally close to the observed values. The differences were small, but the relative difference of stemflow was large, which was related to the hydrothermal patterns in the region. The rainy season in the area is summer, and because of the high temperature, evapotranspiration is higher than other seasons. In this sense, the high evapotranspiration and the rapid canopy drying generally restricted the possible simulation error to some extent. The predicted values for rainfall interception in this study were slightly lower than the measured values, similar to the results of the studies of Shi (2010) [24], Liang (2014) [47] and Wang (2013) [54], which may be related to climatic conditions such as high rainfall frequency and high intensity rainfall in the wet season.



When simulating canopy interception of an individual rainfall event under three rainfall patterns, although the relative difference for some events was greater than 40%, the relative difference of most events was less than 20%, indicating that the revised Gash model can be used for simulating an individual rainfall event. Relative differences greater than 40% were mainly observed under patterns B and C, indicating that the model is more suitable for simulating pattern A. The long duration of rainfall events and high rainfall in pattern B may not allow the canopy to dry between events, which not only affects the calculation of canopy interception capacity, but also affects the predicted values. Rainfall pattern C was short-term with low canopy interception, so the relative difference was large.



The simulated stemflow effects of pattern A were better than those for patterns B and C. For patterns A and B, the predicted values were generally less than the observed values. For pattern C, the predicted values were greater than the observed. This may be because pattern C was of short duration but heavy, which is generally accompanied by severe weather such as strong winds. Therefore, the stemflow would be affected by wind while moving down along the trunk until reaching the ground, resulting in lower values than those under normal conditions. The revised Gash model did not take this into account, so the simulation values were higher.



Throughfall was calculated based on predicted canopy interception and stemflow. The revised Gash model had a better simulated effect under rainfall patterns A and C, and predicted values were generally higher than the observed values. Differences from pattern B were high, and the relationship between the predicted and observed values was irregular.



In this study, the revised Gash model was also used to simulate the cumulative canopy interception and stemflow during the rainy season. Canopy interception accounted for 14.7%–17.9% of total rainfall amount and predicted values were less than the observed. This may be because simulated atmospheric rainfall was not enough to saturate the canopy, and canopy interception was expressed as canopy closure c multiplied by the atmospheric rainfall without considering the influence of evaporation. In reality, some rainfall falling on the canopy reaches the surface without the canopy achieving saturation, and this was ignored in the model. When the canopy is saturated by atmospheric rainfall, canopy interception is composed of canopy humidification, evaporation during rainfall, evaporation after rainfall ends, and stem interception and its evaporation. Similarly, rainfall reaching the ground from the canopy was not considered, so that predicted value was lower than the observed value.



Because stemflow was low, the relative difference of predicted stemflow was greater than that of the predicted canopy interception, so the simulated cumulative canopy interception was better. Due to the characteristics of rainfall pattern C mentioned above, the relationship between observed and predicted differed from those in patterns A and B, which also impacted simulation accuracy.



Compared with an individual rainfall event, the revised Gash model for cumulative rainfall events had less difference and higher fit for simulating canopy interception and stemflow.





5. Conclusions


In this study, rainfall in the rocky mountain areas of Northern China was divided into three patterns. Pattern A was the main rainfall type and represented more than 80% of all rainfall events. It was characterized by medium duration, light rainfall amount and light rain intensity. Patterns B and C were two types of rainstorms. Pattern B rainfall was long in duration, heavy and medium in intensity. Pattern C was short in duration, medium rainfall with heavy intensity.



The revised Gash model was used to simulate canopy interception under the three rainfall patterns. For an individual rainfall event, the simulation effect of rainfall pattern A was better than that of patterns B and C, and the simulation effect of pattern B was the worst. The simulation results for cumulative rainfall events were similar to those for the individual rainfall event, with the best effect for pattern A. The effect of simulating cumulative rainfall events was better than that for an individual rainfall event. In the simulation of individual and cumulative stemflow, the simulation results of rainfall patterns A and B were better, the results for rainfall pattern C were poorer, and the effect of cumulative rainfall events was better than that of an individual event. The errors of throughfall for the three rainfall patterns calculated by the revised Gash model were relatively low.



The canopy interception rate of a P. tabulaeformis plantation ranged from 14.7% to 17.9% in the rocky mountain areas of Northern China. This was lower than other tree species.



In conclusion, the revised Gash model can be used to simulate P. tabulaeformis plantations in the rocky mountain areas of Northern China, and more than 80% of the conventional rainfall patterns had good simulation results. Rainfall patterns B and C had lower probabilities of occurrence. The number of samples collected was small and the changes were large; therefore, the simulation effect was poor. More samples should be collected for further research.
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Figure 1. Geographical location of the research region and study site. 
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Figure 2. The photo of measurements for canopy interception and stemflow. 
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Figure 3. Scatterplot showing rainfall discrimination and classification analysis results. 
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Figure 4. Relationships between stemflow (SF), throughfall (TF), and rainfall amount (P) in the studied plot. (a): Rainfall pattern A; (b): rainfall pattern B; (c): rainfall pattern C. 
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Figure 5. Comparison of individual observed and predicted canopy interception. (a): Rainfall pattern A; (b): rainfall pattern B; (c): rainfall pattern C. 
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Figure 6. Comparison of cumulative observed and predicted canopy interception. (a): Rainfall pattern A; (b): rainfall pattern B; (c): rainfall pattern C. 
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Figure 7. Comparison of individual observed and predicted stemflow. (a): Rainfall pattern A; (b): rainfall pattern B; (c): rainfall pattern C. 
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Figure 8. Comparison of cumulative observed and predicted stemflow. (a): Rainfall pattern A; (b): rainfall pattern B; (c): rainfall pattern C. 
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Figure 9. Comparison of observed and predicted throughfall of studied rainfall events. (a): Rainfall pattern A; (b): rainfall pattern B; (c): rainfall pattern C. 
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Table 1. Characteristics of the plantation in the sample plot.
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	Types
	Plot Size (m2)
	Average Crown Closure
	Height (m)
	DBH (cm)
	Crown Width (m)
	Basal Area

(m2/ha)





	P. tabulaeformis
	4279.30
	0.31
	2.72
	11.30
	1.55
	0.54
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Table 2. Characteristics of different rainfall patterns.
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Rainfall

Patterns

	
Variable Characteristics

	
Number of Events

	
Percentage of Rainfall Events




	

	
P (mm)

	
T (h)

	
I (mm/h)






	
A

	
Total

	
1217.4

	
367.0

	
572.2

	
105

	
87.5%




	
Mean (SE)

	
11.6 (+1.01)

	
3.5 (+0.26)

	
5.4 (+0.53)




	
V25

	
3.6

	
1.2

	
1.7




	
V75

	
16.4

	
5.2

	
6.6




	
B

	
Total

	
524.4

	
59.8

	
94.0

	
6

	
5%




	
Mean (SE)

	
87.4 (+8.57)

	
10.0 (+2.57)

	
15.7 (+5.19)




	
V25

	
76.6

	
4.5

	
6.3




	
V75

	
92.8

	
12.8

	
23.1




	
C

	
Total

	
104.1

	
2.8

	
369.7

	
9

	
7.5%




	
Mean (SE)

	
11.6 (+1.79)

	
0.3 (+0.05)

	
41.1 (+6.49)




	
V25

	
7.0

	
0.18

	
28.7




	
V75

	
15.4

	
0.33

	
41.2








Abbreviations: P stands for rainfall amount; T stands for duration; I stands for rainfall intensity. A stands for the rainfall pattern that has medium duration, light rainfall amount and light rain intensity; B stands for the rainfall pattern that has long duration, heavy rainfall amount and medium rain intensity; C stands for the rainfall pattern that has short duration, medium rainfall amount and heavy rain intensity.
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Table 3. Estimation for each rainfall pattern for TF and P.
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	Rainfall Pattern
	Linear Equation
	R2





	A
	TF1 = 0.8953P − 1.4339
	0.9961



	B
	TF2 = 0.7525P2 − 0.7395
	0.9076



	C
	TF3 = 0.8421P3 − 0.1622
	0.9978
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Table 4. Estimation for each rainfall pattern for SF and P.
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	Rain Patterns
	Linear Equation
	R2





	A
	SF1 = 0.0089P − 0.0283
	0.8675



	B
	SF2 = 0.0353P2 − 1.053
	0.7749



	C
	SF3 = 0.0036P3 − 0.0081
	0.871
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Table 5. Cumulative observed and estimated canopy water fluxes predicted by the revised Gash model.
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Components

	
Rainfall Patterns




	
A

	
B

	
C






	

	
Observed values (mm)

	
Predicted values (mm)

	
Observed values (mm)

	
Predicted values (mm)

	
Observed values (mm)

	
Predicted values (mm)




	
For rainfall PG < P′G

	
/

	
0.682

	
/

	
0

	
/

	
0.81




	
For rainfall PG ≥ P′G

	
/

	
6.764

	
/

	
8.53

	
/

	
1.15




	
Evaporation from canopy during rainfall

	
/

	
37.691

	
/

	
31.05

	
/

	
6.95




	
Evaporation after rainfall

	
/

	
37.321

	
/

	
47.09

	
/

	
6.36




	
Evaporation from trunk for PG ≥ P″G

	
/

	
0.73

	
/

	
5.27

	
/

	
0.03




	
Evaporation from trunk for PG < P″G

	
/

	
0.53

	
/

	
2.08

	
/

	
0




	
Canopy interception

	
106.59

	
83.72

	
122.01

	
94.02

	
17.6

	
15.3




	
Stemflow

	
4.01

	
2.47

	
12.19

	
4.89

	
0.3

	
0.54




	
Throughfall

	
452.6

	
477

	
390.2

	
425.5

	
86.2

	
88.26
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Table 6. A comparison of the total observed/predicted canopy interception and stemflow by the revised Gash model.
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Components

	
Rainfall Patterns




	
A

	
B

	
C






	
Rainfall numbers

	
36

	
6

	
9




	
Maximum rainfall(mm)

	
44

	
127.2

	
19.9




	
Minimum rainfall(mm)

	
2.2

	
58.8

	
2.6




	
Average rainfall (mm)

	
15.64

	
87.4

	
11.57




	
Total rainfall (mm)

	
563.2

	
524.4

	
104.1




	
Canopy interception

	
Total observed (mm)

	
106.59

	
122.01

	
17.6




	
Total predicted (mm)

	
83.72

	
94.02

	
15.3




	
RMSE

	
0.85

	
8.96

	
0.47




	
CE

	
0.44

	
0.4

	
0.7




	
R (unitless)

	
0.87 **

	
0.53

	
0.97 **




	
Stemflow

	
Total observed (mm)

	
4.01

	
12.19

	
0.3




	
Total predicted (mm)

	
2.47

	
4.89

	
0.54




	
RMSE

	
0.056

	
1.58

	
0.03




	
CE

	
0.67

	
0.72

	
0.62




	
R (unitless)

	
0.93 **

	
0.84

	
0.93 **








Abbreviations: RMSE stands for root mean square error; error stands for mean error percentage; CE stands for the Nash–Sutcliffe efficiency. Significance levels are indicated by asterisks: ** p < 0.01.
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