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Long-term and high-resolution gridded products of precipitation and temperature data are highly important to study the changes in climate and environment under global warming. Considering the uncertainties of these products in mountainous areas, it is necessary to evaluate the data reliability. This study evaluates the performances of the CMFD (China Meteorological Forcing Dataset) and ERA5-Land in simulating precipitation and temperature in the Qilian Mountains over the period of 1980–2018. We use the observation data of 28 basic meteorological stations in the Qilian Mountains to compare with the reanalysis products. Error metrics (the correlation coefficient (CC), the root mean square error (RMSE), the mean absolute error (MAE), and the relative bias (BIAS)) are used to quantify the monthly differences in existence between the observed data and reanalysis data. Our findings indicate that both CMFD and ERA5-Land could well reproduce the spatial distribution of mean monthly precipitation and temperature in the region. A good correlation is found between CMFD and OBS under different amounts of monthly precipitation conditions. The monthly average temperatures of CMFD and ERA5-Land reveal a high correlation with the observed results. Moreover, the CC values of CMFD and ERA5-Land precipitation products are the highest in autumn and the lowest in winter, and the CC values of both CMFD and ERA5-Land temperature products are higher in spring and autumn. However, we find that both reanalysis products underestimate the temperature to varying degrees, and the amount of precipitation is overestimated by ERA5-Land. The results of the evaluation show that the errors in precipitation yielded by CMFD as a whole are distinctly fewer than those yielded by ERA5-Land, while the errors in air temperature yielded by both ERA5-Land and CMFD are nearly identical to each other. Overall, ERA5-Land is more suitable than CMFD for studying the trends of temperature changes in the Qilian Mountains. As for simulation of precipitation, CMFD performs better in the central and eastern parts of the Qilian Mountains, whereas ERA5-Land performs better in the western part of the Qilian Mountains.
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INTRODUCTION
The Qilian Mountains is located at the northeast edge of the Qinghai–Tibet Plateau. It is an important ecological security barrier for northwestern China. Affected by the interactions among the Siberian high, East Asian monsoon, and westerly jet streams, this region is highly sensitive to climate changes (Chen F et al., 2011). In the context of global warming and frequent extreme climates, significant changes have taken place in the Qilian Mountains (Xie et al., 2015; Lin et al., 2017; Dehecq et al., 2019; Geng et al., 2019). As an area sensitive to climate changes, the Qilian Mountains have experienced severe ablations of glaciers, degradation of permafrost, variations of vegetation, and changes in runoff over the recent decades.
Generally, the data observed from conventional meteorological stations are considered to be the most reliable and accurate (Jing et al., 2017). However, the installation and maintenance of meteorological stations are often challenging tasks due to the complex terrains and low levels of local economic development in the respective region. Furthermore, the quality and density of meteorological stations in most areas of the plateau do not meet the requirements for research in high-altitude mountainous areas (Hijmans et al., 2005; Chen et al., 2008). Thus, researches on climate changes in the Qilian Mountains have been restricted. With the developments of remote-sensing technology and climate modeling, many reanalysis products for different purposes are produced. In recent decades, scientists and technicians have used remote-sensing data as the background field and data-assimilation technology to make full use of the meteorological data obtained from various sources, including but not limited to basic weather stations, climate model outputs, and multimodal integrational results. At present, many global research institutions and scientific organizations provide links or windows through which one can download reanalysis products for free, such as ECMWF and NCAR. There are many kinds of reanalysis data available; however, they are all quite different from each other in terms of their types, resolutions, fields of coverage, and accuracy levels pertaining to climatic elements. Atmospheric reanalysis products are being widely used for documenting and analyzing environmental changes in the Qinghai–Tibet Plateau (Qin et al., 2020).
Nowadays, many products have been developed and used. For example, there is the Global Precipitation Climatology Project (GPCP) (Huffman et al., 1997), Climate Prediction Center (CPC) morphing technique (CMORPH) (Joyce et al., 2004), China Meteorological Forcing Dataset (CMFD) (Chen Y et al., 2011), Climate Hazards Group Infrared Precipitation with Station data (CHIRPS) (Funk et al., 2015), Multi-Source Weighted-Ensemble Precipitation (MSWEP) (Beck et al., 2017), China Meteorological Assimilation Driving Datasets for the SWAT model (CMADS) (Liu J et al., 2018), and the fifth-generation ECMWF atmospheric reanalysis of the global climate (ERA5) (ECMWF, 2018). Data that are valid for a long term and contain high resolutions are important for analyzing climate changes, water-resource management, numerical weather forecasting, disaster warning, and ecological and environmental monitoring (Luo et al., 2014; Katsanos et al., 2016; Vionnet et al., 2016; Mohammed et al., 2018; Golian et al., 2019). Therefore, it is necessary to use long-term and high-resolution reanalysis products to study the climate changes and related scientific problems in the Qilian Mountains so as to make up for the deficiency of data that basic meteorological stations have observed and recorded. However, there are still many shortcomings among reanalysis products for research and application purposes. Different reanalysis products may have great differences in the same area of study since they might differ in their data sources, numerical models, and assimilation schemes. Some studies have suggested that each of those reanalysis products has its own advantages and disadvantages in the same area of study (Huai et al., 2019). Abundant research works have been carried out regarding the theme of reanalysis products’ evaluations on various scales by comparing them with data observed over the recent years, including the evaluation works of long-term precipitation products such as CHIRPS in mainland China (Bai et al., 2018), CHIRPS and PERSIANN-CDR in Xinjiang (Gao et al., 2018), CHIRPS and MSWEP in the Qinghai–Tibet Plateau (Liu et al., 2019), and the evaluations of products with multiple climatic factors such as ERA-40 and NCEP in the Qinghai–Tibet Plateau (You et al., 2010), ERA-Interim and NCEP in Northwest China (Wang et al., 2015), CMADS and CFSR in the northeast slope of the Qinghai–Tibet Plateau (Liu J et al., 2018), and four soil temperature and moisture products (CFSv2, ERA-Interim, ERA5, and GLDAS-Noah) in the permafrost regions of the Qinghai–Tibetan Plateau (Yang et al., 2020). These studies mainly revealed the performances of the reanalysis products by calculating and analyzing the correlation and error indices between the products and their observed values. These results of the evaluation indicated that not only could the performances of reanalysis products vary from region to region, but they might also vary on different time scales in the same area of study. Not all of these released reanalysis products are capable of capturing the complex precipitation process or spatial distribution of temperature so as to meet the various requirements for the research. Therefore, it is essential to evaluate the quality of these products before using them to study the climate in the Qilian Mountains.
CMFD and ERA5-Land provide precipitation and temperature variables with long time scales and high spatial resolutions, which gives us an unprecedented opportunity to explore long-term trends towards climate changes accurately (He et al., 2020; Peng et al., 2021). Based on the integration of remote-sensing products and model results, CMFD also assimilates observations made and collected in the national weather stations. The temperature of CMFD has been evaluated over the Qinghai–Tibet Plateau by being compared with the observed data in 86 weather stations during the period of 1980–2018 (Peng et al., 2021), and the results indicate that CMFD performs the best when compared to other products in China. The CMFD precipitation product is also used for detecting the temporal and spatial patterns of extreme precipitation events over the Qinghai–Tibet Plateau from 1981 to 2014 (He et al., 2021). The results indicate that CMFD slightly underestimates extreme precipitation indices (except for those of consecutive humid days), but it is generally superior to other datasets in terms of its ability to capture the spatiotemporal patterns of most extreme precipitation indices over the Qinghai–Tibet Plateau. However, the evaluation of extreme precipitation in the Qilian Mountains through the use of CMFD is subject to further discussion. ERA5-Land is being widely used nowadays, and it is used less frequently to assess precipitation and temperature for the high-altitude mountainous areas relative to other reanalysis products. For example, ERA5-Land and UERRA MESCAN-SURFEX (UMS) are used as gridded weather data sources for assessing crop-reference evapotranspiration in irrigation water-budget analyses on regional scales, and the results of the assessment indicate that ERA5-Land outperformed UMS in both weather data and evapotranspiration estimates (Pelosi et al., 2020). ERA5-Land contains not only a variety of climatic elements pertaining to the ground but also several pieces of information regarding soil, in which soil temperature and humidity are widely recorded. The soil temperature of ERA5-Land in permafrost regions was evaluated based on the observations and published permafrost products (Cao et al., 2020). The results show that ERA5-Land overestimates the soil temperature in northern Canada and Alaska, but underestimates it in regions with mid–low latitudes, leading to a bias that averages −0.08°C. Moreover, the warm bias of ERA5-Land soil is stronger in winter than that in the other seasons, and ERA5-Land overestimates active-layer thickness and underestimates it in near-surface (<1.89 m) permafrost areas. In summary, the soil data which are analyzed by ERA5-Land are not well suited for providing information on permafrost research and decision-making directly.
Although CMFD and ERA-Land products with high resolutions have been used extensively, there are few studies geared toward regional climatic trends. In addition, the assessment of products which reanalyze precipitation and temperature in the Qilian Mountains is mostly carried out as a part of the evaluation work on the Qinghai–Tibet Plateau, and the existing studies focus on a daily scale. However, the length and spatial resolution of the data are more important in climate-related research. Therefore, the evaluation of reanalysis products has also become very important on monthly or seasonal scales for the study of regional climatic trends in the long term. In this study, the accuracy of the two long-term, high-resolution, and gridded products (CMFD and ERA5-Land) were evaluated on a monthly scale by being compared with the data that had been obtained from 28 meteorological stations in the Qilian Mountains. We attempt to evaluate and compare these two products. We expect that our work will provide a basis for the future use of the reanalysis products for climate-related research in the Qilian Mountains. Through this study, we hope to reflect the climate changes characteristics of the Qilian Mountains and provide some suggestions and support on climatic data for the relevant research at the Qilian Mountains in the future. Thus, the aims of this study are as follows: 1) to evaluate the precipitation and temperature reanalysis products of CMFD and ERA5-Land on a monthly scale by making comparisons with the climatic observations made in the Qilian Mountains from 1980 to 2018; 2) to analyze the climatic trends of precipitation and temperature in the Qilian Mountains through use of these reanalysis products; 3) to discuss some comparisons made between CMFD and ERA5-Land, and then to present their applicability in the different areas of the Qilian Mountains.
DATA AND METHODS
Study Area
The Qilian Mountains (36°-40°N and 94°-104°E) is located in northwestern China. It is a huge mountain system composed of many paralleled mountains and wide valleys trending northwest. Its elevation averages more than 4000 m (Figure 1). Approximately 2684 glaciers exist in the high mountains of the Qilian Mountains, which have a total area of 1597.81 ± 70.30 Km2 and a total ice volume of about 84.48 Km3 (Guo et al., 2015). The annual mean air temperature in the Qilian Mountains is less than 2°C, and the annual precipitation increases from about 200 mm in the low-mountain zone to about 500 mm in the high-mountain zone (Li et al., 2019). Many inland rivers (Shiyang River, Heihe River, and Shule River) originate from the Qilian Mountains (Zhang et al., 2014). The Qilian Mountains is adjacent to the Qaidam Basin in the West and Badain Jaran and Tengger Deserts in the East. It plays an important and irreplaceable role in maintaining ecological security in western China.
[image: Figure 1]FIGURE 1 | Map of the study area and location of 28 weather stations in the Qilian Mountains and its surroundings.
Site-Observed Meteorological Data
The observed dataset, which comprises eight meteorological elements, including the air temperature, precipitation, relative humidity, wind direction and speed, is provided by the China Meteorological Administration Meteorological Data Center (http://data.cma.cn/) for the period of 1980–2018. It also contains climate-related data collected by 699 meteorological stations. After going through a strict quality check, the quality and completeness of each variable have been significantly improved. The present study selects observations made by 28 meteorological stations in the Qilian Mountains (Table 1 and Figure 1). These stations are mostly sporadically located in the low-altitude area around the Qilian Mountains. The elevations of 22 stations are lower than 3,000 m, and only of the rest six are higher than 3000 m. The one with the highest elevation is 3,367 m high.
TABLE 1 | Location information of the basic weather stations.
[image: Table 1]Reanalysis Products
CMFD is the first high spatiotemporal resolution meteorological forcing dataset for land process studies in China (http://data.tpdc.ac.cn). It includes seven meteorological elements such as air temperature, precipitation rate, downward short-wave radiation, and downward long-wave radiation. CMFD originates from multiple data sources, including Princeton reanalysis datasets, GEWEX-SRB, GLDAS, TRMM 3B42 precipitation datasets, and in situ observations. It was developed by the Institute of Tibetan Plateau Research at the Chinese Academy of Science (He et al., 2020). CMFD provides precipitation and temperature data within China from 1979 to 2018 with a spatial resolution of 0.1° and a temporal resolution of 3 h. CMFD has removed the values of the non-physical range and uses ANU-Spline statistical interpolation algorithm with an accuracy that is between the observational data of the Meteorological Bureau and the remote-sensing data (Yang and He, 2019). Owing to its long temporal coverage and high spatiotemporal resolution, CMFD has become one of the most widely used meteorological datasets in China (Wu et al., 2019; Liu et al., 2020). Its monthly precipitation and temperature gridded products from 1980 to 2018 are used in this study.
ERA5 (http://climate.copernicus.eu/climate-reanalysis) is provided by the European Centre for Medium-Range Weather Forecasts (ECMWF), which is an updated reanalysis product that has replaced ERA-Interim since September 2019 (Hersbach et al., 2019). To date, ERA5 contains a detailed record of the global atmosphere from 1950 to the near present (Wang C et al., 2019). ERA5-Land has been produced by replaying the land component of the ERA5 climate reanalysis. Reanalysis combines model data with observations made from across the world into a globally complete and consistent dataset by using the laws of physics. ERA5-land includes air temperature, total precipitation, relative humidity, evaporation, and other climatic elements. Its hourly and monthly datasets span from the year 1950 to the near present, with a very high spatial resolution of 0.1°. Its horizontal coverage is global. The monthly precipitation and temperature data of ERA5-Land from 1980 to 2018 have been evaluated in this study.
Methods
In order to thoroughly evaluate the applicability of the above two products toward reanalyzing the climate in the Qilian Mountains, we selected 28 stations with relatively complete data that could be obtained in the region as the comparative data. Strict quality control measures with respect to site-observed meteorological data were carried out in this study. The potential error data (outliers) in the observed data were carefully checked out and eliminated. The precipitation and temperature drawn from the gridded data, which contain the location of weather stations, were compared with the corresponding observations by the flowing statistic metrics. As we know, the spatial representation of the station is limited. Therefore, we use the spatial matching method to solve the uncertainty of the method (Lu et al., 2021; Jiang et al., 2022). The correlation coefficient (CC), root mean square error (RMSE), mean absolute error (MAE), and relative bias (BIAS) were all used to quantify the monthly differences among the observed data and reanalysis products in the Qilian Mountains. These statistical indices have been widely used in similar evaluation studies (Wang et al., 2016; Feng et al., 2018; Wang L et al., 2019). Some of the detailed information regarding statistical metrics is displayed in Table 2. In the formula, [image: image] is the value simulated by reanalysis data during [image: image] period, and [image: image] is the value observed by the weather stations. [image: image] and [image: image] are average values during the corresponding periods.
TABLE 2 | Information on the statistical indices used in this study.
[image: Table 2]To estimate the accuracy of reanalysis data in different regions, we calculated the error indexes for CC, RMSE, MAE, and BIAS one by one for each site during the period of 1980–2018. In order to evaluate the quality of reanalysis data in different seasons, we divided the seasons into spring (March to May), summer (June to August), autumn (September to November), and winter (December to February).
RESULTS
The Performance of Precipitation Products in the Qilian Mountains
The spatial distribution of average monthly precipitation in the Qilian Mountains is shown in Figure 2. OBS, CMFD, and ERA5-Land are presented through the use of amplified cell sizes for each site in Figures 2A–C, and gridded precipitation products are displayed in Figures 2D,E. Both reanalysis products can well reproduce the spatial distribution characteristics of mean monthly precipitations during the period of 1980–2018, which is verified by comparing them with the observed values. CMFD turned out to perform better than ERA5-Land did. Both CMFD and ERA5-Land products showed the pattern that the precipitation decreases from southeast to northwest in the Qilian Mountains, where the East Asian monsoon is blocked and uplifted to form rich precipitations. There is more precipitation in the eastern Qilian Mountains under the combined actions of water vapor from East and South Asia. The eastern Qilian Mountains has the most amount of precipitation (i.e., monthly precipitation within 30–50 mm/month as displayed by CMFD, whereas ERA5-Land displays it as higher than 50 mm/month). The precipitation in the Qilian Mountains is characterized by more in the centers and less in the surroundings (i.e., monthly precipitation is mainly within 0–10 mm/month, as shown in Figure 2A), which is a typical topographic precipitation. Both CMFD and ERA5-Land correctly identified the spatial distribution of precipitation, except for some overestimation in the high-altitude areas. Meanwhile, ERA5-Land apparently overestimated the precipitation in the central and eastern parts of the Qilian Mountains when compared with what was estimated by CMFD (Figure 2C). The precipitation in the western part of the Qilian Mountains is low, the result of which, as analyzed by the two products, is basically in agreement with the observed data. Figures 2D,E show the gridded distribution of precipitation as derived from CMFD and ERA5-Land. The distributions generated by the two products are roughly the same, and the difference is that ERA5-Land shows more precipitation in the Qilian Mountains than CMFD does.
[image: Figure 2]FIGURE 2 | (A–C) Spatial distribution of mean monthly precipitation in the Qilian Mountains for the period 1980–2018, from station observations (OBS), CMFD (D) and ERA5-Land (E).
A comprehensive comparison between CMFD and ERA5-Land was also made with respect to the precipitation in the Qilian Mountains based on the monthly precipitation data observed in the 28 stations. Figures 3A,B show the scatter plots of precipitation through the use of the two precipitation products against OBS in the Qilian Mountains from 1980 to 2018. As seen in Figure 3C, the precipitation in the Qilian Mountains gradually increased over recent decades, and there had been an obvious mutation from the end of the 19th century to the beginning of the 20th century. There is a good correlation between CMFD and OBS under different conditions with respect to the different amounts of precipitation (Figure 3A). However, with an increase in monthly precipitation, the overestimation by ERA5-Land becomes more obvious (R2 = 0.707). Figure 3C shows the annual average monthly precipitation, which is derived by CMFD and ERA5-Land. We find that the time-series trends produced by CMFD and ERA5-Land are in good agreement with those under OBS, with the only exception that precipitation is seriously overestimated by ERA5-Land on the whole.
[image: Figure 3]FIGURE 3 | Scatter plots of the site observations versus monthly precipitation estimates derived from (A) CMFD and (B) ERA5-Land. The black solid line is the 1:1 line, and the red solid one represents the linear regression fitting line. (C) Time series of mean monthly precipitation in the Qilian Mountains for the period 1980–2018, from observations (OBS, thin black line), CMFD (thin blue line), and ERA5-Land (thin green line).
To more accurately evaluate the accuracy of monthly precipitation, the average monthly CC, RMSE, MAE, and BIAS over all stations were calculated from 1980 to 2018. Figure 4 shows the spatial distribution of the four statistical metrics for CMFD and ERA5-Land as precipitation reanalysis products based on a monthly scale. Figures 4A,B show the spatial distribution of CC as derived from the two products. While both products made a good performance in CC, CMFD is relatively better than ERA5-land in this regard. Figures 4A,B indicate that the CC values of CMFD and ERA5-Land are high in the Qilian Mountains, and almost all of the values are higher than 0.80. However, the CC value of ERA5-Land in the low-altitude area around the Qilian Mountains is lower than that in the interior of the Qilian Mountains, which is opposite to CMFD. Figures 4C,D show the spatial distribution of RMSE. Both CMFD and ERA5-Land show that RMSE decreases gradually from the middle to the periphery. The RMSE values of ERA5-Land are higher than those of CMFD in the central and northern parts of the Qilian Mountains, that is, the number of stations with a large RMSE value (RMSE higher than 7.5 mm) of ERA5-Land is significantly more than that of CMFD. The number of stations marked by the smaller size (RMSE within 0–4 mm) of CMFD is less than that of ERA5-Land as a whole, which indicates that the RMSE value of ERA5-Land is higher than that of CMFD. According to the comparison and verification with the observed results, the MAE value of CMFD is small, and ERA5-Land presents a larger MAE (Figures 4E,F). Considerable differences appear in the performances of the two reanalysis products for monthly precipitation in the regions with different altitudes. In terms of the performance of RMSE and MAE, the two precipitation products show that RMSE and MAE in the central and eastern parts of the Qilian Mountains are higher than that in the west. The small values of RMSE and MAE mainly appear in the areas with less precipitation, while the large values mostly occur in the areas with abundant precipitation. Figures 4G,H display the spatial distribution of BIAS. Precipitations obtained in many stations in the eastern and middle parts of the Qilian Mountains are heavily overestimated by ERA5-Land, and they are marked by large purple points (BIAS >15%). Both CMFD and ERA5-Land overestimated the precipitation of the two stations in the western end of the Qilian Mountains, whereas CMFD only slightly overestimated or underestimated the precipitation of most stations in the Qilian Mountains (−15% < BIAS <15%). In comparison, the CMFD precipitation product makes a better performance, with its BIAS being smaller than that of ERA5-Land.
[image: Figure 4]FIGURE 4 | Correlation coefficients (CC) (A,B), root mean square error (RMSE) (C,D), mean absolute error (MAE) (E,F), and mean bias (BIAS) (G,H) of monthly precipitation in the two reanalysis datasets, relative to monthly mean precipitation observations.
Figure 5 shows the boxplots of the four statistical metrics which are generated by the CMFD and ERA5-Land precipitation products on a monthly scale during the period of 1980–2018. It indicates that CMFD performs better than ERA5-Land does on all statistical indicators. Figure 5A shows that the CC values of CMFD, which vary from 0.67 to 0.99 and have a mean of 0.94, are higher than those of ERA5-Land, which vary from 0.68 to 0.95 and have a mean of 0.85. This indicates that the CMFD precipitation has a higher linear correlation and is consistent with the observations. Moreover, the CC value of CMFD is significantly higher than that of ERA5-Land in different seasons in the Qilian Mountains. The mean CC value of CMFD in spring is 0.90, and those in summer, autumn, and winter are 0.88, 0.93, and 0.78, respectively. The mean CC value of ERA5-Land in spring, summer, autumn, and winter are 0.81, 0.68, 0.85, and 0.59, respectively. The CC values of CMFD and ERA5-Land are the highest in autumn and the lowest in winter. Figures 5B–D display the errors yielded by CMFD and ERA5-Land when compared with data obtained from the stations. As for RMSE and MAE, which are shown in Figures 5B,C, CMFD performs better than ERA5-Land does (the mean RMSE and MAE values of CMFD are 6.33 mm/month and 3.37 mm/month, respectively, and the mean RMSE and MAE values of ERA5-Land are 17.99 mm/month and 12.55 mm/month, respectively). The RMSE and MAE values of both CMFD and ERA5-Land are the largest in summer and the smallest in winter. Figure 5D shows that there are a lot of points of BIAS derived by CMFD and ERA5-Land which are out of range of the whole, and those points contain very large errors (e.g. the maximum BIAS of CMFD is 257.1%, and the maximum BIAS of ERA5-Land is 523.88%). The mean BIAS of CMFD is 10.76%, and that of ERA5-Land is 67.46%. From the distribution of BIAS values, CMFD and ERA5-Land have both overestimated the precipitation to varying degrees. The BIAS value of CMFD is the highest in autumn (with a mean of 21.6%), while the BIAS value of ERA5-Land is the highest in winter (with a mean of 247.24%). In general, the relative error of precipitation decreases with an increase in precipitation, while the absolute error is just the opposite of this pattern.
[image: Figure 5]FIGURE 5 | Boxplots of the statistical metrics [CC (A), RMSE (B), MAE (C), and BIAS (D)] for CMFD and ERA5-Land monthly precipitation against 28 observation stations data. Five lines from bottom to top for one box represent minimum value, 25th percentile, 50th percentile, 75th percentile, and maximum value, respectively. The blackspot inside the box represents the mean values.
The Performance of Temperature Products in the Qilian Mountains
Figure 6 shows the distribution of mean monthly temperature in the Qilian Mountains. To enhance the effect of display, the temperatures of observations and reanalysis products are presented through the use of the amplified cell sizes for each site in Figures 6A–C, and the gridded temperatures are displayed in Figures 6D,E. Both CMFD and ERA5-Land well reproduce the spatial distribution of mean monthly temperature during the period of 1980–2018, which is verified by comparing them with the station observed data. The temperature in the Qilian Mountains is low in the center (i.e., with its monthly average temperature being lower than 0°C) and gradually rises towards the surrounding areas because the temperature basically decreases linearly with an increase in altitude (Figures 6D,E). Both CMFD and ERA5-Land correctly identify the spatial distribution of temperature, though both also have a tendency to underestimate it, and this tendency appears in the middle part of the Qilian Mountains. However, when compared with precipitation estimates, the two products make a better description of the temperature in the Qilian Mountains. Figures 6D,E show the gridded distribution of temperatures which are derived by CMFD and ERA5-Land. The temperature in the Qilian Mountains decreases from southeast to northwest, and the analysis made by these two products is basically in agreement with that made by OBS. However, ERA5-Land shows a lower temperature in the central and western parts of the Qilian Mountains than CMFD does.
[image: Figure 6]FIGURE 6 | (A–C) Spatial distribution of mean monthly temperature in the Qilian Mountains for the period 1980–2018, from station observations (OBS), CMFD (D) and ERA5-Land (E).
In order to show the performance of the two temperature reanalysis products as a whole, a concise and clear comparison between CMFD and ERA5-Land is also made with respect to the climate change in the Qilian Mountains based on the temperatures that were observed in the 28 stations. Figures 7A,B show the scatter plots of the temperature generated by these two products against OBS in the Qilian Mountains on a monthly scale from 1980 to 2018. The monthly average temperatures of CMFD (R2 = 0.994) and ERA5-Land (R2 = 0.986) reveal excellent correlations with the observed results (Figures 7A,B). Figure 7C shows the annual average monthly temperature, which was derived by CMFD and ERA5-Land. We find that the time-series trends of the two products are very consistent with those of OBS, although their temperatures are underestimated at times to varying degrees. In the context of global warming, the Qilian Mountains has warmed up significantly along with the globe in recent decades (Figure 7C). Like precipitation, the Qilian Mountains had gone through an abrupt change in air temperature from the end of the 19th century to the beginning of the 20th century. The two reanalysis products in question can well simulate their warm and humid trend over the recent decades.
[image: Figure 7]FIGURE 7 | Scatter plots of the site observations versus monthly temperature estimates derived from (A) CMFD and (B) ERA5-Land. The black solid line is the 1:1 line, and the red solid one represents the linear regression fitting line. (C) Time series of mean monthly temperature in the Qilian Mountains for the period 1980–2018, from observations (OBS, thin black line), CMFD (thin blue line), and ERA5-Land (thin green line).
Figure 8 shows the spatial distribution of the four statistical metrics for the temperature reanalysis products on a monthly scale from 1980 to 2018. Figures 8A,B show the spatial distribution of CC, which is derived from the two products. The values of CC corresponding to the monthly temperature for each dataset are rather high, which are above 0.98 (Figures 8A,B). ERA5-Land has made important changes relative to the former ERA-Interim, including higher spatial and temporal resolutions, a better model input, and certain improved parameterization schemes. However, the CC value of ERA5-Land in the high-mountain areas of the Qilian Mountains is lower than that in the marginal areas of the Qilian Mountains. Figures 8C,D show the spatial distribution of RMSE. Both CMFD and ERA5-Land show that RMSE gradually decreases from high altitude to low altitude, whereas the RMSE of ERA5-Land changes slightly only. The RMSE values of ERA5-Land are higher than those of CMFD on the northern edge of the Qilian Mountains, and the number of stations with large RMSE values (higher than 1.0°C) of ERA5-Land is significantly higher than that of CMFD. Based on the verification of the observed data, the precipitation MAE is smaller for CMFD, and ERA5-Land presents a larger MAE (Figures 8E,F). In terms of the performances that RMSE and MAE made, the spatial distributions made by the two products are very similar to each other. Figures 8G,H display the spatial distribution of BIAS. Temperatures observed in the three stations in the middle part of the Qilian Mountains are heavily overestimated by CMFD and ERA5-Land, which are marked by maximum purple points (BIAS >50%). The BIAS yielded by the two products in the eastern and western parts of the Qilian Mountains is relatively small. Moreover, the BIAS yielded by ERA5-Land is less than that yielded by CMFD. Both CMFD and ERA5-Land perform well in low-altitude stations on the northern edge of the Qilian Mountains, and they only slightly overestimate or underestimate the temperature of most stations (−15% < BIAS <15%). However, ERA5-Land makes a better performance when the overall BIAS is less than that of CMFD. Due to the scarcity of observations in the high-altitude areas of the Qilian Mountains, we are more concerned about the errors generated by the two reanalysis products in the Qilian Mountains. The simulated results produced by these two products show a good performance.
[image: Figure 8]FIGURE 8 | Correlation coefficients (CC) (A,B), root mean square error (RMSE) (C,D), mean absolute error (MAE) (E,F), and mean bias (BIAS) (G,H) of monthly temperature in the two reanalysis datasets, relative to monthly mean temperature observations.
Figure 9 shows the boxplots of the four statistical metrics generated by CMFD and ERA5-Land on a monthly scale during the period of 1980–2018. It indicates that CMFD performs better in CC, RMSE, and MAE, while the BIAS yielded by CMFD is greater than that yielded by ERA5-Land. Figure 9A shows that both CMFD and ERA5-Land have high CC values, which indicates that their simulated temperature values have high correlations with the station observed data. The CC of CMFD is significantly higher than that of ERA5-Land in winter (i.e. the mean of CMFD is 0.96, and the mean of ERA5-Land is 0.88). The CC values of both CMFD and ERA5-Land are higher in spring and autumn. Figures 9B–D display the errors of CMFD and ERA5-Land compared with the observed values in the stations. As for RMSE and MAE, which are shown in Figures 9B,C, CMFD performs better than ERA5-Land does (the mean RMSE and MAE values of CMFD are 1.45°C/month and 1.29°C/month, respectively, and the mean RMSE and MAE values of ERA5-Land are 2.37°C/month and 2.14°C/month, respectively). The RMSE and MAE values of CMFD differ little from each other in each season, while the maximum values of ERA5-Land appear in spring. Figure 9D shows that there are a lot of points of BIAS derived by CMFD and ERA5-Land that are out of range on the whole, and these points contain very large errors in spring and autumn (e.g., the maximum BIAS of CMFD in spring is 655.2%, and the maximum BIAS of ERA5-Land in spring is 549.16%). The mean BIAS of CMFD is 22.79%, and the mean BIAS of ERA5-Land is −19.95%. This shows that the temperature deviation between ERA5-Land and the observed data is generally smaller than that of CMFD.
[image: Figure 9]FIGURE 9 | Boxplots of the statistical metrics [CC (A), RMSE (B), MAE (C), and BIAS (D)] for CMFD and ERA5-Land monthly temperature against 28 observation stations data. Five lines from bottom to top for one box represent minimum value, 25th percentile, 50th percentile, 75th percentile, and maximum value, respectively. The blackspot inside the box represents the mean values.
Climatic Trend Analyses of Precipitation and Temperature in the Qilian Mountains
In recent years, many research findings on climate changes in Northwest China show that Northwest China has become warmer and more humid in recent decades as a whole. As an important part of Northwest China, do the Qilian Mountains also display this feature in the context of warmer and more humid trend in that region? To answer this question, we used CMFD and ERA5-Land to analyze the trends in climatic changes with respect to precipitation and temperature in the Qilian Mountains from 1980 to 2018. In order to show the spatial distribution of climatic trends clearly, we used the two products with high resolutions to calculate the climatic tendency rate at each grid point and displayed their values in space according to the different colors (Figure 10 and Figure 11).
[image: Figure 10]FIGURE 10 | Spatial distribution of precipitation climate tendency rate in the Qilian Mountains for the period 1980–2018, from CMFD (A) and ERA5-Land (B).
[image: Figure 11]FIGURE 11 | Spatial distribution of temperature climate tendency rate in the Qilian Mountains for the period 1980–2018, from CMFD (A) and ERA5-Land (B).
Through the use of linear regression analysis, we have presented the distribution of precipitation as the climate change tendency in Figure 10. There are huge differences between the two reanalysis products in terms of describing the trend of changes in precipitation over the Qilian Mountains. CMFD shows that the precipitation in most areas of the Qilian Mountains demonstrates a significant increase in such a trend. That is to say, the dark-blue grid points (with precipitation trends >30 mm/10a) in the figure account for a large proportion (Figure 10A). CMFD shows that most areas in the western part of the Qilian Mountains demonstrate a significant increase in precipitation, which is very different from the observed results in this area (e.g. Subei station, precipitation trend = 8.6 mm/10a). So, CMFD performs well in the middle and eastern parts of the Qilian Mountains, but just the opposite in the western part of the Qilian Mountains. However, ERA5-Land shows that the precipitation in the central and southern parts of the Qilian Mountains increases significantly, and the precipitation in most parts of the eastern Qilian Mountains has a slightly decreasing trend (i.e., precipitation trends <0 mm/10a, Figure 10B). The observed data in the eastern part of the Qilian Mountains show that the precipitation in this area has also increased significantly in recent decades, which proves that the simulation effect of ERA5-Land in this area is poor. In order to understand the climatic trend more comprehensively, we also used CMFD and ERA5-Land to analyze the precipitation trend of the Qilian Mountains in different seasons from 1980 to 2018 (Table 3), and the results show that the precipitation in the Qilian Mountains displays an apparent increasing trend over different periods. Furthermore, the precipitation reanalysis products show a greater trend of increase than OBS does, which indicates that the increasing trend of precipitation in mountainous areas is significantly stronger than that in the low-altitude areas. Except for the point where the precipitation in spring shows a slightly decreasing trend as analyzed by ERA5-Land, the precipitation of all other seasons shows an increasing trend. The precipitation in the Qilian Mountains increased significantly in summer and autumn, but only slightly in winter and spring. In addition, the growth rate of summer precipitation in the Qilian Mountains has gradually increased in recent decades and has increased significantly from 2010 to 2018. The sharp increase in summer precipitation may form a serious challenge to the management of disasters and predictions on runoffs in the Qilian Mountains.
TABLE 3 | Precipitation trends of the Qilian Mountains from 1980 to 2018 based on OBS, CMFD, and ERA5-Land; OBS is the average of 28 observation stations.
[image: Table 3]In the context of global warming and increasing humidity in Northwest China, the Qilian Mountains significantly warm up. As an area susceptible to climate changes, the Qilian Mountains may show different warming trends in each of its segments due to its complex terrain. The temperature climate tendency rates were calculated by the two products by using the linear regression method, and their spatial distributions are shown in Figure 11. Both CMFD and ERA5-Land show that most areas of the Qilian Mountains had a significant warming trend in recent decades, and the range of warmed areas gradually decreased from southeast to northwest. CMFD shows that the warming trend of the central part and western edges of the Qilian Mountains is significantly higher than that of ERA5-Land, and the increasing magnitude of temperature in some areas, which is displayed by CMFD, exceeds 0.6°C/10a (Figure 11A). However, CMFD shows that there is a large area of negative temperature climate tendency rate in the western part of the Qilian Mountains, which is contrary to the observed results in the region (e.g. Subei station, temperature trend = 0.15°C/10a). The values of climate tendency rates for all grid points of ERA5-Land are above zero, which indicate that the warming has been going on significantly in the Qilian Mountains (Figure 11B). Among them, the warming trend, as analyzed by ERA5-Land, is the most obvious in the central and eastern parts of the Qilian Mountains, with a rate exceeding 0.50°C/10a, while the warming rate in most areas ranges from 0.25 to 0.40°C/10a. ERA5-Land shows that the warming rate in the western part of the Qilian Mountains is the lowest, with its value being below 0.30°C/10a in most areas. Through the above comprehensive comparison, ERA5-Land makes a better description of the temperature trends in the Qilian Mountains as a whole. At the same time, the research on the overall and seasonal warming trends of the Qilian Mountains also has important practical significance for the glacier melting and ecological-environment changes. So we used CMFD and ERA5-Land to analyze the temperature change trends over the Qilian Mountains in different seasons from 1980 to 2018 (Table 4). The results show that the Qilian Mountains had distinctly warmed up over different periods, and the temperature rise at the end of the 20th century was the most significant. The warming of the Qilian Mountains in spring (with its rate of increase being 0.59°C/10a for OBS, 0.38°C/10a for CMFD, and 0.46°C/10a for ERA5-Land) is more overt than that in the other seasons. The rise of spring temperature may lead to the advance of glacier melting in alpine areas every year, which will affect the prediction of the runoffs of the Qilian Mountains. Moreover, the rise in temperature will also increase the frequency of extreme climates and disastrous events in the Qilian Mountains (Mora et al., 2017; Niu et al., 2020; Wu et al., 2021).
TABLE 4 | Temperature trends of the Qilian Mountains from 1980 to 2018 based on OBS, CMFD, and ERA5-Land; OBS is the average of 28 observation stations.
[image: Table 4]DISCUSSION
Comparisons Made With Similar Studies
The evaluation showed that both reanalysis products bear similar temporal patterns of precipitation and temperature against the observed data in the Qilian Mountains. However, they systematically underestimated the temperature. ERA5-Land significantly overestimates the precipitation (Figure 3 and Figure 7). Similar to the results produced from the previous studies (Ma et al., 2008; Wang and Zeng, 2012), all reanalysis products over the Qilian Mountains underestimated the temperature and overestimated the precipitation (Ma et al., 2009). The results drawn from some evaluations on a daily scale show that the daily precipitation simulation of the products is relatively poor, especially at a higher altitude. However, most reanalysis products perform fairly satisfactorily with respect to the daily temperature of the Qilian Mountains (e.g., JRA-55 and ERA5) (Huai et al., 2019; Zhao et al., 2020). This resulted mainly because the gradient relationship between the temperature and altitude in high-altitude mountains is better than that of precipitation. In this study, the results of the evaluation are very good, especially in terms of the CC of temperature. Overall, the assessment results from this study regarding precipitation and temperature which were generated by the products in question on a monthly scale are much better than those generated by other studies on a daily scale.
System Bias Yielded by the Model and Potential Causes for Errors
In order for users to use these reanalysis products better, we should analyze the potential causes for errors in more depth. For the products in question, the differences among their input data, elevations of underlying surfaces, parameterization schemes, and simulations’ time intervals may also contribute to the differences in existence among reanalysis data (Hu et al., 2019). This study pointed out that significant differences in elevation do exist between reanalysis grid cells and their corresponding stations. Moreover, the errors in elevation should not be neglected when it comes to the reanalysis products being used for practical applications (Wang and Zeng, 2012). For example, due to the complex terrain inside the Qilian Mountains, the difference in elevation between data produced by the reanalysis product and those observed in the meteorological stations will lead to errors in temperature (Wang et al., 2017; Liu Z et al., 2018). Therefore, in the practical applications of reanalysis products, it is very important to use errors in elevation to correct data on precipitation and temperature. We could also use numerical models to change the underlying surface elevation data generated by the reanalysis products to improve its accuracy level. In addition, the differences in the type of land cover, density of sites, and the period of study may also lead to the differences in existence between our results and those of other similar studies (Zeng et al., 2015; Bi et al., 2016; Deng et al., 2020). Thus, we try to ensure that the same observed data will be used when we evaluate them through the use of different reanalysis products and the period of research is consistent throughout. Of course, it will be more convincing to use more of the observed data collected in high-altitude mountainous areas for the evaluation in question.
CONCLUSION
In this study, two long-term and high-resolution reanalysis products (CMFD and ERA5-Land) over the Qilian Mountains were evaluated during the period of 1980–2018. Their precipitation and temperature were compared with the observed data of 28 meteorological stations. Four statistical indices (CC, RMSE, MAE, and BIAS) were employed to measure the performances of CMFD and ERA5-Land on a monthly scale. The major conclusions are summarized as follows:
1) Both CMFD and ERA5-Land can well reproduce the spatial distribution of the mean monthly precipitation and temperature in the Qilian Mountains during the period of 1980–2018. The precipitation decreases from southeast to northwest over the Qilian Mountains, and the temperature is low in the center and gradually increases in the surrounding areas.
2) Both reanalysis products can well describe the trends of change in precipitation and temperature over the Qilian Mountains. The CC values of CMFD and ERA5-Land precipitation products are the highest in autumn and the lowest in winter, and the CC values of CMFD and ERA5-Land temperature products are higher in spring and autumn than those in other seasons. However, both reanalysis products underestimate the temperature in the Qilian Mountains to varying degrees, and the precipitation is seriously overestimated by ERA5-Land on the whole. The results of the evaluation show that the error in precipitation made by CMFD is obviously less than that made by ERA5-Land, while the errors in air temperature are almost the same between the two.
3) Considering the error assessment results and the spatial distribution of climatic trends, we believe that the precipitation of CMFD performs better in the central and eastern parts of the Qilian Mountains, while ERA5-Land does so better in the western part of the Qilian Mountains. In terms of temperature, ERA5-Land describes it better in the Qilian Mountains overall, while CMFD describes it poorly in the western part of the Qilian Mountains. Therefore, ERA5-Land is more suitable for studying the trends of temperature changes in the Qilian Mountains than that of CMFD.
4) The reanalysis product that all climate factors are better than other products do not exist, and various reanalysis products should be combined together in doing climate-related research pertaining to the Qilian Mountains. For the situation where the elevation used by the reanalysis product is greatly different from the actual elevation in the study area, we should modify the product based on the elevation error between the two or use a numerical model to replace the underlying surface elevation with the actual elevation so as to downscale it dynamically and thus improve accuracy.
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