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The warming climate driven by global change has great potential in altering regional and global hydrologic cycles, thus leading to considerable changes in spatial variability and temporal pattern of precipitation. Northwest China (NW) has witnessed a significant wetting trend over the past decades, while the persistence of this wetting trend and potential changes in precipitation under future climate impacts remains elusive. In this study, long-term meteorological observations were used to probe historical variations of precipitation from 1951 to 2020, and the WRF model was employed as a regional climate model to examine future precipitation patterns over NW. Two 9-year downscaled WRF simulations were conducted comprising of historical (WRF-HIST; 2012–2020) and future climate change scenarios (WRF-SSP585; 2047–2055) using bias-corrected global climate model outputs from Coupled Model Intercomparison Project Phase 6 (CMIP6). Compared with ground observations, the WRF model exhibited strong capability in capturing the spatial pattern and temporal variations of precipitation across the NW. Intense precipitation was mainly found in stations located at northern NW and southeastern NW. Summertime precipitation substantially contributed to annual precipitation over the study region. Future precipitation projections suggest significant decreases of precipitation across the southern and eastern NW, with a stronger reduction magnitude in summer. Further, extreme precipitation events were projected to decrease in spring and summer, suggesting that the NW may become drier and the wetting trend may shift to another pattern in the 2050s under the SSP585 climate scenario. Overall, this study reveals historical and future potential changes in precipitation over NW through a high-resolution, dynamically downscaled dataset from WRF modeling, which in turn will help inform regional mitigation and adaption on potential impacts of future climate change on NW.
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1 INTRODUCTION
The Northwest China (NW) situated in the hinterland of Eurasia is the largest arid region in East Asia. Historically, intense land-atmosphere interactions featured by rare water vapor and descent motion caused this area to become a vast arid and semiarid region (Koster et al., 2004). In addition, the unique geographic location (lies in the shadow of the Tibetan Plateau) and climate variability caused severe droughts (with annual accumulated precipitation less than 400 mm) over the past few decades (Shi et al., 2007). The land use and land cover over this area is characterized by deserts (Taklimakan desert, Gobi desert, etc) and sandy land, thus highly sensitive to climate change (Wang, et al., 2021). The response of precipitation changes to the warming climate in this region has important implications on depicting potential impacts on the arid environment and Qinghai-Tibet Plateau (Lu et al., 2019).
Previous studies have investigated the historical temporal pattern and spatial changes of precipitation over Northwest China based on ground-level meteorological observations, numerical weather models, and satellite products (Li et al., 2013; Yang et al., 2017). Sui et al. (2013) found that the precipitation in winter and spring exhibited an increasing trend in Northwest China from 1961 to 2019. Recent studies have shown that the climate feature in Northwest China is shifting from “dry and warm” to “wet and warm” in the past few decades (Wang et al., 2021). Han et al. (2016) indicated that the increased frequency of convective precipitation trigged by warming climate may explain the dry to wet climate change. Li et al. (2016) attributed the increasing trend of precipitation to the impacts of west Pacific subtropical high and North America subtropical high on the water vapor transport. Using the JRA55 reanalysis dataset and ground-level mean precipitation observations, Peng & Zhou, (2017) suggested that enhanced evaporation induced by increased downward longwave radiation acted as the dominant contributor to the wetting trend during 1961–2010. While several mechanisms have been proposed for explaining the wetting trend, the knowledge gap remains between climate-driven impacts on precipitation across Northwest China (Qin et al., 2021).
Given the warming climate, the spatial pattern and temporal variations of precipitation are expected to change substantially; thus, accurately interpreting climate model projections for this region is essentially needed. As a crucial part of the efforts made by World Climate Research Programme (WCRP), the datasets generated from phase 6 of the Coupled Model Intercomparison Project (CMIP6) (Eyring et al., 2016) which aims to provide an improved understanding of global and regional climate change have been widely used in previous studies for assessing changes in clouds, aerosols, radiative forcing, and internal variability under various shared socio-economic pathway (SSP) (Akinsanola et al., 2020; Grose et al., 2020; Abdelmoaty et al., 2021; Almazroui et al., 2021; Watters et al., 2021). Compared with the preceding experiment (CMIP5), considerable improvements in capturing decadal climate variability by CMIP6 are expected attributed to advanced methods and ensemble techniques. Therefore, CMIP6 provides a unique opportunity for shaping a much-detailed view of future projections of precipitation over northwest China.
In this study, historical observation of precipitation from 1951 to 2020 is adopted to identify precipitation changes over the past several decades. Further, WRF simulations are conducted by using reanalysis data and dynamic downscaled inputs from bias-corrected CMIP6 model outputs under Shared Socioeconomic Pathway 5–8.5 (SSP585) scenario over the Northwestern China. Comparisons between projected precipitation in the future climate scenario and historical simulations are used to depict climate-driven precipitation changes in Northwestern China. This paper is organized as follows. Section 2 provides the details of observation data, WRF model setup, and bias-correction procedure for CMIP6 datasets. In Section 3, historical changes and regional analyses of precipitation between different scenarios are presented. Section 4 summarize major findings and conclusions of the results.
2 METHODOLOGY
2.1 Bias-corrected coupled model intercomparison project phase 6 datasets
As various global climate models exhibit varying degrees of precipitation changes in future projections, bias-correction procedure is essentially needed for addressing the limitations of model bias (Xu & Yang, 2012; Xu et al., 2019). Here, we use a global bias-corrected dataset which has a horizontal grid resolution of 1.25° × 1.25° at 6-h intervals. This dataset is reconstructed from 18 models in CMIP6, which not only has mean climate conditions from ECMWF Reanalysis v5 (ERA5) and interannual variance, but also includes a non-linear trend from the ensemble mean of the 18 CMIP6 models. More details about this dataset can be found in Xu et al. (2021). In CMIP6, Shared Socioeconomic Pathways (SSPs) are developed for representing scenarios of projected socioeconomic global changes which correspond to estimated greenhouse gas (GHG) emissions under various climate policies. Here, we use the SSP585 scenario which considers high GHG emissions with a radiative forcing of 8.5 W/m2 in the year 2,100. This scenario has been widely used in projecting climate extremes in prior studies.
2.2 WRF model
WRFv4.1.1 is used in this study to downscale global climate model outputs from CMIP6. In previous work, WRF has been extensively used in investigating precipitation pattern and examining land-atmosphere interactions over Northwestern China (Wen et al., 2012; Duan et al., 2018; Yan et al., 2020; Hui et al., 2022). Two nested domains with grid resolution of 27 km and 9 km are adopted, as shown in Figure 1. The WRF physics schemes used in this study include Lin scheme for microphysics (Lin et al., 1983), revised MM5 for surface layer (Jiménez et al., 2012), Rapid Radiative Transfer Model (RRTM) longwave radiation (Iacono, 2011), Goddard short wave radiation (Chou & J.Suarez, 1999), Noah-LSM for land-surface parameterization (Chen & Dudhia, 2001), Yonsei University PBL parameterization (Hong et al., 2006). These schemes are selected based on best model performance yielded from sensitivity experiments performed in prior studies (Wu et al., 2020, 2021; Yang et al., 2021). For historical simulations (hereafter referenced as WRF-HIST), initial and boundary conditions of WRF are acquired from National Center for Environmental Prediction (NCEP) Final Analysis (FNL) data with 1° × 1° resolution and 6 h interval over 2012–2020. To reduce accumulated model bias for long-term simulations, the WRF model is re-initialized every month with extended simulation period (ahead of 3 days for each month and these 3-day simulation is treated as spin-up). In contrast, the periods of 2047–2055 were selected to represent a future decadal period in this study. The future year simulation is performed under SSP585 scenario (hereafter referenced as WRF-SSP585), which is driven by bias-corrected CMIP6 global outputs (as discussed in Section 2.1).
[image: Figure 1]FIGURE 1 | Map of the two nested WRF model domains.
2.3 Meteorological observations
In total, daily precipitation data of 145 stations from the China Meteorological Data Service Centre (CMDSC) are used in this study following rigorous data quality check (http://data.cma.cn/) (Locations shown in Figure 2). This dataset has been widely used in prior studies for investigating spatial pattern of precipitation across the NW (Peng & Zhou, 2017).
[image: Figure 2]FIGURE 2 | Spatial map of observed annual average precipitation across Northwestern China during 1951–2020. (Note: The color shaded area presents terrain height).
3 RESULTS AND DISCUSSION
3.1 Long-term mean and interannual variability of precipitation
Figure 2 presents the map of time-averaged annual precipitation observed by ground-level meteorological stations across NW from 1951–2020. Spatially, the driest stations with annual total precipitation less than 50 mm are situated over vast areas of western NW (particularly west Xinjiang Province). In contrast, stations located in the eastern NW are much wetter where annual precipitation is almost 6 times higher than western NW. This pattern is broadly consistent with prior studies which revealed that climatological mean precipitation in NW exhibits decreases from east to west.
In the past several decades, a wetting trend has been identified over the NW based on surface meteorological observations and the reanalysis dataset. However, the seasonal pattern of precipitation changes remains poorly understood and thus warrants further investigation. The climatological mean precipitation in four seasons (spring, March-April-May (MAM); summer, June-July-August (JJA); autumn, September-October-November (SON); and winter, December-January-February (DJF)) is shown in Figure 3. Moreover, the contributions of seasonal precipitation to annual accumulated precipitation from 1951 to 2020 are depicted in Figure 4. Evidently, summertime precipitation substantially affects annual accumulated precipitation over time with a contribution generally greater than 50%, which suggests the governing role in determining interannual variations of NW precipitation. This is consistent with findings reported by Peng & Zhou, (2017) who attributed the summertime wetting trend over NW to increased evaporation induced by the convergence of moisture flux based on moisture budget analysis. In addition, the contributions of autumn and spring to the long-term trend of precipitation changes could not be neglected, which corresponds to ranges between 10%–36% and 10%–30% over the study period, respectively. Unlike strong interannual variability in other seasons, the proportion of wintertime precipitation on annual precipitation is persistently low (generally less than 4%), which is associated with the climate features over this vast arid region.
[image: Figure 3]FIGURE 3 | Seasonal pattern of observed climatological mean precipitation (unit: mm/day) over Northwestern China from 1951–2020. (Note: The color shaded area presents terrain height).
[image: Figure 4]FIGURE 4 | Contributions of seasonal precipitation to annual precipitation from 1951–2020.
3.2 Climate-driven precipitation changes in future scenarios
3.2.1 Changes in spatial distribution and seasonal pattern
In this section, WRF-HIST simulations over 2012–2020 are compared with future years based on dynamic downscaled WRF simulations driven by CMIP6 outputs. Figure 5 shows multi-year mean precipitation at an annual perspective over NW in WRF-HIST and WRF-SSP585 scenarios, respectively. Furthermore, the seasonal average of multi-year precipitation and corresponding changes compared to WRF-HIST are presented in Figure 6. To evaluate the model performance of WRF in replicating the variations of precipitation, simulated precipitation in the WRF-HIST experiment is compared against annual total stationary precipitation from 2012 to 2020, as shown in Supplementary Figure S1. While the WRF model tends to slightly overestimate precipitation over western NW, the spatial pattern of precipitation simulated by WRF-HIST generally agrees well with ground meteorological observations, which implies the strong capability of the WRF model due to robust physical parameterization schemes in WRF configuration.
[image: Figure 5]FIGURE 5 | Multi-year annual average precipitation simulated by WRF-HIST (2012–2020) and WRF-SSP585 (2047–2055) experiments over Northwest China.
[image: Figure 6]FIGURE 6 | Multi-year seasonal average precipitation projected changes simulated by WRF-HIST (2012–2020) and WRF-SSP585 (2047–2055) experiments over Northwest China.
As seen in Figure 6, the spatial distribution of precipitation over NW under WRF-SSP585 is broadly consistent with WRF-HIST, where intense precipitation is found over southeastern and northwestern NW. However, the behavior of seasonal mean precipitation spans the range from profound decreases to substantial increases, with magnitude changes of precipitation varying across the model domain. It can be clearly seen that obvious changes in annual precipitation are noted in WRF-SSP585 simulations, featured by substantial decreases over southern and southeastern NW. This phenomenon suggests that the wetting trend depicted during the past several decades may not persist through the 2050s under the projected pathways. However, southern areas of Xinjiang Province and western regions of Qinghai Province do not experience significant changes in average precipitation, which is mainly attributed to the limited water vapor caused by deserts and sandy land cover.
Seasonally, the most significant changes in future projected precipitation are noted in summer which depicts region-wide substantial decreases of precipitation, except for considerable increases over Qinghai Lake, Eling Lake, and Gyaring Lake situated in eastern Qinghai Province. The large decrease in precipitation in the warm season is perhaps induced by the widespread projection of warm conditions across the study domain by CMIP6 models. In contrast, northern and southern NW are projected to become wetter in autumn and winter in the 2050s, with remarkable increases in precipitation (increment magnitude higher than 100 mm). Moreover, moderate enhanced precipitation (approximately 50 mm) is found over the western region of NW in autumn and winter. It is worth noting that there is a clear increasing precipitation intention over Qinghai Lake, Eling Lake, and Gyaring Lake in autumn and winter with larger areas compared with summertime, indicating strong lake-atmosphere interactions simulated by the WRF-SSP585 experiment. The changing seasonal patterns imply that future climate change could exert a profound influence on regional hydroclimate. While the spatial changes of precipitation in the 2050s are coincident with prior studies discussing the impacts of climate change over northern China (Veiga & Yuan, 2021), it should be noted that a recent study by Zhang et al. (2022) found that the wetting trend will persist throughout the 2030s and 2040s based on outputs from global climate models in CMIP6. This discrepancy might be linked to the bias-correction process and dynamic downscaling and additional investigations are essentially needed for elucidating clear explanations.
3.2.2 Changes in extreme precipitation frequency
Owing to the unique topography and land cover types, extreme precipitation could result in serious environmental consequences. Thus, investigations on the occurrence of extreme precipitation events are warranted. Herein, we use the methods introduced by Lu et al. (2021) to calculate extreme precipitation events. Firstly, a precipitation event is defined when the daily precipitation of each model grid exceeds 0.1 mm. Then we use the 90th percentiles precipitation to obtain the thresholds of extreme precipitation events. Once simulated daily precipitation for a model grid is in excess of the threshold, it is identified as an extreme precipitation event. Following this method, the annual and seasonal extreme precipitation events over NW are quantified.
Figure 7 shows the multi-year average of extreme precipitation days (EPD) across NW simulated by WRF-HIST and WRF-SSP585, respectively. The regions with extreme precipitation are mainly concentrated in the south and northwest NW and the frequency of EPD peaks in the northwest region, which is in good agreement with the spatial pattern of EPD across NW identified by Lu et al. (2021). Moreover, it is interesting to note that this spatial pattern is consistent with precipitation distribution and regions with large decreases of EPD generally correspond to intense precipitation (as shown in Figure 5). This phenomenon suggests that not only the total amount of precipitation will decrease in response to future climate change under SSP585 scenario, but the intensity of precipitation will also decrease significantly. While previous work have reported that EPD exhibited a significant rising trend between 1961 and 2016 and most increases of precipitation over NW could be attributed to EPD over time (Lu et al., 2021), our work clearly show that future climate change greatly impacts precipitation extremes over NW which characterized by decreases in both total precipitation and EPD. Zoom into seasonal pattern of EPD (Figure 8), it can be clearly seen that the EPD in the WRF-SSP585 scenario in both spring and summer decreased significantly, particularly in summer, which implies that the decrease of EPD had a large impact on the projected precipitation decreases and the transition of the wetting trend in the 2050s over NW. In addition, it is worth noting that southern areas of NW experience an increase of EPD in winter, which might be linked to the shift of weather patterns and alteration of water vapor budget.
[image: Figure 7]FIGURE 7 | Multi-year annual mean extreme precipitation days (EPD) simulated by WRF-HIST (2012–2020) and WRF-SSP585 (2047–2055) experiments and corresponding changes over Northwest China.
[image: Figure 8]FIGURE 8 | Multi-year seasonal average extreme precipitation days (EPD) and corresponding changes simulated by WRF-HIST (2012–2020) and WRF-SSP585 (2047–2055) experiments over Northwest China.
4 CONCLUSION
In this study, ground precipitation observations from 1951–2020 in combination with long-term WRF simulations forced by the NCEP-FNL dataset and bias-corrected CMIP6 outputs are used to assess historical and future potential precipitation changes over a climate-sensitive region, Northwest China. Compared with surface meteorological observations from 2012 to 2020 collected from CMDSC, the WRF model performs well in capturing spatial patterns of precipitation and interannual variations over NW. Based on the long-term observation dataset, it is found that strong precipitation is mainly depicted over stations located in the southeastern and northern NW. For seasonal patterns, summertime precipitation acts as the dominant contributor to annual total precipitation over this region.
The potential changes in precipitation over NW simulated by WRF with bias-corrected CMIP6 outputs are analyzed for pinpointing climate-driven impacts on precipitation across NW. It is shown that there might be a region-wide decrease in annual precipitation in the 2050s, as compared with the historical period (2012–2020). Although slight increases in precipitation are found over northern areas of Xinjiang Province and southern NW in autumn and winter, the net effects of future climate change under the SSP585 scenario present substantially reduced precipitation over the study domain. In contrast, apparent increases in precipitation are seen over inland Lakes situated in western Qinghai Province, suggesting the potential contribution from lake-atmosphere interactions. Similar to the variations of annual precipitation, the frequency of extreme precipitation events is found to be decreased in the 2050s, particularly for the summer season.
This study disentangles potential future changes of precipitation over NW in the 2050s through dynamic downscaling WRF simulations and indicates the possible shift of the wetting trend observed since the 1980s. Nevertheless, future projections may have considerable uncertainties which primarily arise from physical parameterizations configured in WRF, ensemble model members acquired from CMIP6, future climate pathways, etc. Therefore, additional efforts in identifying the potential changes of precipitation and wetting trend under various pathways are essentially needed and deserve further study.
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