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Abstract
Global warming is assumed to accelerate the global water cycle. However, quantification of the acceleration and regional analyses remain open. Accordingly, in this study we address the fundamental hydrological question: Is the water cycle regionally accelerating/decelerating under global warming? For our investigation we have implemented the age-weighted regional water tagging approach into the Weather Research and Forecasting WRF model, namely WRF-age, to follow the atmospheric water pathways and to derive atmospheric water residence times accordingly. Moreover, we have implemented the three-dimensional online budget analysis of the total, tagged, and aged atmospheric water into WRF-age to provide a prognostic equation of the atmospheric water residence times. The newly developed, physics-based WRF-age model is used to regionally downscale the reanalysis of ERA-Interim and the MPI-ESM Representative Concentration Pathway 8.5 scenario (RCP8.5) simulation exemplarily for an East Asian monsoon region, i.e., the Poyang Lake basin (the tagged moisture source area), for two 10-year slices of historical (1980-1989) and future (2040-2049) times. In comparison to the historical simulation, the future 2-meter temperature rises by +1.4 °C, evaporation increases by +6%, and precipitation decreases by -38% under RCP8.5 on average. In this context, global warming leads to regionally decreased residence times for the tagged water vapor by 8 hours and the tagged condensed moisture by 12 hours in the atmosphere, but increased transit times for the tagged precipitation by 4 hours over the land surface that is partly attributed to a slower fallout of precipitating moisture components in the atmosphere under global warming.
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Key Points
· Age-weighted water tagging approach is implemented into WRF to derive the atmospheric water residence time.
· 3-D online moisture budget analysis is extended in WRF for age-weighted atmospheric water to provide a prognostic equation of the atmospheric residence time.
· Global warming reduces the age of tagged water vapor and condensed moisture but increases the age of tagged precipitation over the Poyang Lake basin. 

1. Introduction
It is well-accepted that global warming has been accelerating the global hydrological cycle (Held & Soden, 2006; Huntington, 2006; Olmedo et al., 2022; Yu et al., 2020), as concluded from observational findings (Huntington, 2006), theoretical expectations (Held & Soden, 2006), and modeling studies (Allen & Ingram, 2002). Accordingly, at the regional scale, such acceleration modifies weather regimes and increases the number of hydrometeorological extremes (Ficklin et al., 2019; Giorgi et al., 2011; Gu et al., 2023), thereby increasing the complexity of water resources management (Ficklin et al., 2022; Vahmani et al., 2022). Furthermore, continuous global warming in the future could also trigger multiple climate tipping points, which makes the changes (here, acceleration/deceleration) of the hydrological cycle at the regional scale and their associated impacts more complex (McKay et al., 2022; Blöschl et al., 2019; Lenton et al., 2008; Olschewski et al., 2023). Therefore, the understanding of regional hydrological cycle responses to global warming is fundamental to risk mitigation.
To quantify the acceleration/deceleration of the hydrological cycle, two types of approaches are often used: analytical methods with multiple datasets and numerical models with water-tracking techniques. For analytical methods, multiple indices are proposed to investigate the changes in the intensity of water fluxes in the hydrological cycle under global warming. For example, Giorgi et al. (2011) introduced the hydroclimatic intensity (HY-INT) index that synthesizes two metrics of precipitation intensity and dry spell length, with applications at regional and global scales (Giorgi et al., 2014; Mohan & Rajeevan, 2017). Huntington et al. (2018) presented the Water Cycle Intensity (WCI), which takes precipitation and actual evapotranspiration into account, for quantifying the intensity of the hydrological cycle from a landscape point of view across multiple temporal scales. Recently, Ficklin et al. (2019) integrated precipitation surplus and evaporative demand, namely, the Surplus Deficit Intensity Index (SDI), to quantify hydrologic intensification by additionally accounting for changed atmospheric water demand under global warming. However, these indices can focus solely on changes in fluxes of water between terrestrial and atmosphere, which neglects atmospheric moisture transport, and in this case the acceleration/deceleration of the hydrological cycle can only be inferred.
A numerical model with water tracking techniques is an additional and more straightforward way to derive residence times of water in the atmosphere, i.e., a measure of the speed of the atmospheric hydrological cycle, and thereby evaluate changes in the speed and potential acceleration/deceleration of the hydrological cycle (van der Ent & Tuinenburg, 2017; Gimeno et al., 2021; Läderach & Sodemann, 2016; Trenberth, 1998; Tuinenburg & van der Ent, 2019; Wang et al., 2018; Wei et al., 2016). Here, the atmospheric water residence time is defined as the time between the original evaporation and the return of its respective water masses to the land surface as precipitation. Technically, moisture/particle tracking in numerical atmospheric models allows to characterize the pathways of evaporated and/or precipitating water with the consideration of atmospheric moisture transport and to diagnose the residence times of water vapor in the atmosphere (Bosilovich, 2002; Bosilovich et al., 2005; van der Ent et al., 2014; Läderach & Sodemann, 2016; Numaguti, 1999; Stohl & James, 2004; Wei et al., 2016). For example, Stohl & James (2004) implemented a Lagrangian analog to the Eulerian water budget analysis into the Lagrangian particle dispersion FLEXPART model to derive the residence times in the total atmospheric column out of the meteorological analysis. Läderach & Sodemann (2016) further refined Lagrangian moisture source diagnostics and highlighted that simplified representations of moisture transport and precipitation processes in the tracking models lead to an overestimation of atmospheric moisture residence time globally. However, in FLEXPART, only the rate of change for the difference between evaporation and precipitation is diagnosed along trajectories, so that the respective impacts of evaporation and precipitation changes on the atmospheric moisture residence time cannot be disentangled (van der Ent & Tuinenburg, 2017). Recently, Tuinenburg & van der Ent (2019) extended the quasi-isentropic back-trajectory method of Dirmeyer & Brubaker (2007) to derive the probability density function of residence time of land evaporation on a global scale. Still, their model does not account for the vertical wind fields and neglects the vertical redistribution of the tracked parcel of water, which might introduce uncertainties in the derived patterns of the atmospheric residence time of water (Bosilovich, 2002; Goessling & Reick, 2013).
In addition to the Lagrangian framework, several Eulerian modeling frameworks have been proposed to estimate the residence time of atmospheric water in an offline calculation mode (van der Ent et al., 2014; Wang et al., 2018; Yoshimura et al., 2004). For example, the dynamic recycling model DRM (Wang et al., 2018) and the water account model WAM-2 Layers (Benedict et al., 2021; van der Ent et al., 2014; van der Ent et al., 2010; Wang-Erlandsson et al., 2018) take atmospheric analyses or model outputs, such as horizontal wind fields, specific humidity, surface pressure, precipitation, and evaporation, as their model inputs for forward-tracking of evaporation and backward-tracking of precipitation. Accordingly, the atmospheric moisture residence time increases linearly with time and is weighted by the updated tracked moisture during model iteration at each time step. However, the two-dimensional field assumption does not allow to account for three-dimensional effects such as wind shear and moist convection (Goessling and Reick, 2013; van der Ent et al., 2013), and simple averaging of estimates for different length scales and timescales may overlook the heterogeneity of the land surface and the temporal variability (Bosilovich & Schubert, 2001; Trenberth, 1999). 
To explicitly resolve the thermodynamical and precipitating processes and thus to more realistically estimate the atmospheric moisture residence time, atmospheric online models with the implementation of three-dimensional numerical water tagging approaches have been used (Bosilovich et al., 2005; Bosilovich & Schubert, 2002; Wei et al., 2016). In the last years, the numerical water tagging approaches have been elaborated within regional climate models to investigate the moisture sources for precipitation extremes and monsoon systems (Arnault et al., 2016; Dominguez et al., 2016; Knoche & Kunstmann, 2013; Sodemann et al., 2009; Winschall et al., 2014). Moreover, an “age-weighted” regional water tagging approach has been developed and successfully implemented in one regional climate model (Wei et al., 2016). This implementation allows for calculating residence times of atmospheric water states of matter (i.e., different types of hydrometeors) and for diagnosing the speed of the atmospheric branch of the hydrological cycle, which can be used to quantitatively assess the regional effects of global warming-induced acceleration of the hydrological cycle (Held & Soden, 2006; Huntington, 2006; Olmedo et al., 2022; Yu et al., 2020) in more detail. Because of these advanced features, the RCM-derived highly accurate three-dimensional magnitude, location, and residence time of tagged atmospheric water states of matter have been often used to guide the future improvements of analytical methods for precipitation recycling studies, such as DRM (Dominguez et al., 2016) and WAM-2 Layer (van der Ent et al., 2013).
The land surface is characterized as highly heterogeneous concerning land cover, terrain height, and soil texture (Yates et al., 2003), and thereby interactions between the land surface and atmosphere are highly non-linear across scales (Betts et al., 1996; Wulfmeyer et al., 2018; Zhang et al., 2021). Over the last two decades, one of the Global Land Atmosphere System Study (GLASS) working groups (Hurk et al., 2011), namely, local coupling (LoCo) of land-atmosphere, promotes to develop processes-level, quantifiable metrics to diagnose the coupling among the land, planetary boundary layer, and precipitation (Santanello et al., 2018). However, the existing LoCo metrics listed in Santanello et al. (2018) have limited applicability in terms of investigated processes and temporal scales. Specifically, the process-based LoCo metrics summarized by Santanello et al. (2018), e.g., the concept of vector representation of heat and moisture budgets in the form of mixing diagrams (Milovac et al., 2016), do not apply to account for cloud formation and precipitating effect, and are not able to distinguish the local coupling of one specific region from other regions. To tackle the limitations of the existing LoCo metrics, the RCM-based regional water tagging approach is capable to quantify local land-atmosphere interactions by explicitly following atmospheric pathways of the water evaporated from a pre-defined region until it precipitates.
Using a RCM-based regional water tagging approach, the present study aims to address our hydrologically fundamental research question “Is the hydrological cycle regionally accelerating/decelerating under climate change?”, which has been ranked as the first out of the twenty-three unsolved problems in hydrology identified by the community process in 2018 (Blöschl et al., 2019). In particular, we present the newly developed WRF-age modeling system, that is the state-of-the-art Weather Research and Forecasting WRF model enhanced with the implementation of the age-weighted regional water tagging approach. For the case-study application, we choose to simulate and compare future and historical periods for the southeastern region of China, a region characterized by a monsoonal precipitation regime with a dry season during the winter months and a wet season during the summer months. It is reported that global warming may shift the position of this East Asian monsoonal circulation (Li et al., 2010; Li et al., 2023), which potentially generates droughts or floods in areas where this usually does not happen, thus affecting local economy (Hu et al., 2016). Recent studies also highlight that economic losses in China caused by warming-induced weather and climate extremes such as droughts, floods, and compound events might double between the 1.5 °C and 2.0 °C warming (Hao, 2022; Liu et al., 2022; Su et al., 2018).
The objectives of the present study are (1) to implement the age-weighted regional water tagging approach of Wei et al. (2016) and the three-dimensional online atmospheric water budget analysis of Arnault et al. (2016) into the Weather Research and Forecasting WRF modeling system, namely, the WRF-age, (2) to apply the WRF-age model to the Poyang Lake basin in the East Asian monsoon region for two 10-year slices of historical and future-warming times, and (3) to quantify to what extent the regional atmospheric hydrological cycle is accelerated/decelerated under global warming.
2. Model and methodology
2.1. WRF with the age-weighted regional water tagging approach
The Weather Research and Forecast WRF model version 3.6.1 (Skamarock et al., 2008) is extended and employed for our accelerated/decelerated atmospheric hydrological cycle modeling study. WRF is a limited-area mesoscale model that simulates a coupled, nonlinear system of the soil, the vegetation, and the atmosphere. The WRF model has been employed for applications of, short-term weather forecasting (Gao et al., 2022; Yang et al., 2021), seasonal forecasts (Mori et al., 2020; Siegmund et al., 2015), historical climate simulations (Fersch & Kunstmann, 2014; Shang et al., 2022), and future climate projections (Wagner et al., 2013; Warrach-Sagi et al., 2013).
An evaporation tagging algorithm has been implemented in the WRF model version 3.5.1 by Arnault et al. (2016), with numerous applications for regions in Europe (Arnault et al., 2019), Africa (Arnault et al., 2021), and China (Shang et al., 2022; Zhang et al., 2019, 2022). This evaporation tagging algorithm is adapted to the WRF model version 3.6.1 used in this study, and further enhanced with the age-weighted evaporation tagging approach for regional climate models given by Wei et al. (2016). For the implementation of the age-weighted regional water tagging approach into the so-called WRF-age model, we closely follow our previous study in Wei et al. (2016). The age-weighted regional water tagging approach and the implementation strategy into regional climate models from Wei et al. (2016) has originally been developed with the Fifth-Generation Pennsylvania State University/National Center for Atmospheric Research Mesoscale Model (MM5) version 3.5 (Dudhia, 1993; Grell et al., 1994).
The implementation of the age-weighted water tagging approach in WRF-age is summarized in three steps: 
(1) Tagged evaporated water Etag is calculated from a pre-defined moisture source area of the land surface by implementing a mask MASKtag in the lower boundary condition of WRF;
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(2) The tagged water (Equation 3) and the age-weighted tagged water (Equation 4) are tracked until it returns to the land surface as precipitation by following the atmospheric water pathways. For this implementation, two additional equation sets for the tagged water states of matter  (kg kg-1) and the age-weighted water states of matter (kg kg-1 s), describing three-dimensional grid-scale transport, horizontal H and vertical V subgrid-scale transport due to turbulence and diffusion F, phase change C, and the downward transport (namely, fallout) of precipitating water components P, are added to WRF-age. The subscript k denotes different types of hydrometeors.
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Here  (Pa) represents the difference between the hydrostatic pressures at the top  and surface  of the model, which represents the mass of the dry air per unite area within the modeled atmospheric column. x (m) and y (m) denote the two horizontal coordinates.  (-) is the terrain-following hydrostatic pressure (mass) vertical coordinate. u (m s-1), v (m s-1), and w (m s-1) are the two horizontal and vertical wind components.  (m2 s-2) is the geopotential and g (m s-2) is the acceleration of gravity.
(3) Time weight information is included to the age-weighted tagged water due to atmospheric transport and phase change processes, in order to advance time for the age-weighted tagged water  at each model iteration as 
	,
	(5)


where  (s) denotes the model time step length and  denotes the preliminary age-weighed tagged moisture components from the previous model time step t due to time-weighted atmospheric transport and phase change.
2.2. Extension of the online budget analysis for age-weighted tagged water
In this study, we further extend the three-dimensional online atmospheric water budget analysis of Arnault et al. (2016) for age-weighted tagged water, thereby providing a prognostic equation of the residence time of state variables in the atmospheric hydrological cycle.
The concept of the online budget analysis of atmospheric water states of matter is to compute the physical and dynamical tendencies of the model time step during model integration (Langhans, Fuhrer, et al., 2012). Such online budget analysis has been implemented into different regional climate models, such as the non-hydrostatic Consortium for Small-Scale Modeling (COSMO) model (Langhans, Schmidli, et al., 2012), the MM5 model (Braun, 2006), and the WRF model (Fita et al., 2019), for disentangling the precipitation generation mechanisms. In addition to the original atmospheric water states of matter, this approach has been extended by Arnault et al. (2016) for tagged atmospheric water states of matter (Equation 6) to understand the scale-dependency of regional precipitation recycling.
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where  (m) is the height step for a given model layer and  is the density of dry air. 
In our WRF-age modeling environment, we use the online budget analysis of Equation 6 for tagged water and further extend this online budget analysis for age-weighted water. For this new extension, analogously to the implementation of the online budget analysis for tagged water in regional climate models described in Arnault et al. (2016), new variables representing budgets of the age-weighted tagged atmospheric water states of matter are defined, and new diagnostic equations of Equation 7 integrating instantaneous values of the defined variables over space, height, and time are formulated in the source code of WRF. Terms of Equations 6 and 7 are integrated online at the time step of the model to provide a budget of tagged and age-weighted tagged atmospheric water states of matter, thereby allowing to calculate the atmospheric transit times of water.
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2.3. Quantification of the atmospheric water pathways
The model extensions of section 2.1 and section 2.2 allow us to derive two categories of metrics to quantitatively understand the atmospheric water pathways, which are then employed to assess to what extent the regional atmospheric water cycle is accelerated/decelerated under global warming.
The contribution ratio  (%) is used to evaluate the strength of the land-atmosphere interaction. It quantifies to what extent the tagged water states of matter  originating from a pre-defined moisture source region contributes to the total (original) water states of matter  in the atmospheric hydrological cycle:
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 denotes arbitrary column-integrated variables, such as, water vapor , condensed atmospheric moisture .
The atmospheric residence time  (h) is defined as the age of tagged water since its source (hereafter referred to as the age of water), evaluated with the ratio between an age-weighted tagged variable and the corresponding tagged variable as
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where  denotes arbitrary column-integrated age-weighted tagged variables.
	We further define the atmospheric transit time  (h) as the age of tagged water since its source originating from a particular physical or dynamical process pro (hereafter referred to as the age of water in flux), such as fallout and precipitation.
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3. The experimental design	
3.1. Study area
This WRF-age modeling study focuses on the Poyang Lake basin (Figure 1a) with a spatial coverage of the basin of around 162,000 km2 (Wei et al., 2021). The topography of the basin varies from around 2000 m in the south to 50 m around the lake area (Figure 1b). Poyang Lake, located in the northern part of the basin (29°N, 116°E), is the largest freshwater lake in China. In a hydrological normal year, the area of the lake is approximately 3,500 km2 and the average depth of the lake is approximately 8.4 m (Feng et al., 2011). The land use in the Poyang Lake basin consists of forest (46%), shrubland (25%), cropland (25%), and small areas of pasture, urban, and open water (4%) (Ye et al., 2011; Zhang et al., 2014). The climate of the basin is categorized as a humid subtropical climate and has a strong seasonality of hot humid summers and cool dry winters (Wagner et al., 2016), which is mainly controlled by the East Asian monsoon (Ding & Chan, 2005; Xing et al., 2022; Zhang et al., 2011). The rainy season of the basin ranges from April to June and the summer is from June to August (Zhang et al., 2016). The mean annual basin-averaged 2-meter air temperature is around 17.5 °C, evaporation and precipitation are around 900 mm year-1 and 1680 mm year-1, respectively (Li & Zhang, 2011; Wei et al., 2015; Xing et al., 2022).
3.2. Domain setup and model configuration
For the domain setup and general model configuration of the newly developed WRF-age model, we closely follow the selection as chosen by Wei et al. (2015) and Wagner et al. (2016). A nested two-domain setup (Figure 1a) is used in this study. The first domain (D1) has a horizontal resolution of 30 km and an uneven vertical discretization of 38 layers up to 50 hPa for the atmosphere. The second domain (D2), centered over the Poyang Lake basin (Figure 1b), has a horizontal resolution of 5 km and 38 vertical layers of the atmosphere.
Table 1 lists the physical schemes of the WRF-age model applied in this study for both D1 and D2. They consist of the Dudhia scheme (Dudhia, 1989) for calculating shortwave radiation, the Rapid Radiation Transfer Model (RRTM) (Mlawer et al., 1997) for calculating longwave radiation, the WRF Single-Moment five-class scheme (WSM5) microphysics scheme (Hong et al., 2004), the Yonsei University (YSU) planetary boundary layer scheme (Hong et al., 2006), the Revised MM5 Monin-Obukhov surface layer scheme (Jiménez et al., 2012), the NOAH land surface model (Chen & Dudhia, 2001). For parameterizing cumulus, the Betts-Miller-Janjic (BMJ) scheme (Betts, 1986; Betts & Miller, 1986; Janjić, 2002) is applied only for the outer domain D1. The model setup and the physical schemes selected in this study have been intensively evaluated and widely used in our previous studies of regional climate modeling for the Poyang Lake basin (Wagner et al., 2013; Wagner et al., 2016; Wei et al., 2015, 2016).
For the WRF-age setup, the moisture source area of the Earth’s land surface focused on in this study is the Poyang Lake basin (light blue shaded area in Figure 1a), from which the evaporated water is “tagged, tracked, and aged” when entering the atmosphere. To separate the moisture source of the Poyang Lake basin from the surrounding, a pre-defined mask (with values of 1 for the Poyang Lake basin and of 0 for otherwise, Equations 1 and 2) is added into the static boundary condition of WRF-age for D2. Then, the tagged and age-weighted water undergo the same dynamic and physical processes of the atmosphere as the original atmospheric water states of matter, until they return to the land surface of D2 as tagged and age-weighted tagged precipitation or leave the D2 model domain.
3.3. Simulation protocol
In this study, two regional dynamical downscaling simulations using the newly developed WRF-age model are conducted: (1) a control simulation for historical periods (CTRL) and (2) a warming scenario simulation under Representative Concentration Pathway 8.5 for future periods (RCP8.5), which corresponds to the atmospheric carbon dioxide concentration being in the range of 851-1379 ppm by 2100. All two simulations are carried out for the East Asian monsoon region for an 11-year slice. The first year of two simulations is selected as the model spin-up time and the remaining 10 years of the simulations are used for the warming-induced acceleration/deceleration analysis.
For the CTRL simulation, the initial and lateral boundary conditions to drive the WRF-age model are taken from the European Centre for Medium Range Weather Forecasts Interim reanalysis (Dee et al., 2011). The CTRL simulation is initialized on January 1st, 1979 at 0000 UTC and covers the historical period 1979-1989. For the RCP8.5 simulation, the Max-Planck-Institute Earth System Model (MPI-ESM) RCP8.5 scenario (Giorgetta et al., 2013) is dynamically downscaled using WRF-age for the future period 2039-2049.
Regarding the selection of the emission scenario RCP8.5, this is because that, for our investigation future period 2040-2049, the changes in the projected temperature and precipitation over South China under RCP4.5 follows those under RCP8.5, with relatively fewer deviations in comparison with these during far future periods, e.g., 2090-2100 (Gu et al., 2015). On the other hand, our selection of the high-emission RCP8.5 warming scenario referred to as “business-as-usual” facilitates the elaboration of the accelerated atmospheric hydrological cycle under global warming.
MPI-ESM is selected because the changes in the projected precipitation and temperature over South China by the MPI models are most similar to those derived from the multiple model ensemble of CMIP5 (Gu et al., 2015), and latest CMIP6 models (You et al., 2021; Zhang et al., 2022). Therefore, it is expected that our WRF-age downscaled MIP-ESM future projection over the Poyang Lake basin is in agreement with the robust regional climate change signals derived from the multiple model ensemble.
To quantitively assess the warming-induced alternations of the regional atmospheric water cycle, we denote
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where subscripts “RCP8.5” and “CTRL” indicate the values of an arbitrary quantity in parentheses during the future warming period and the historical period. 
3.4. Reference data and evaluation strategy
To evaluate the performance of the basic WRF model in reproducing the historical climate of the study region, the simulated 2-meter air temperature T2, evaporation E, and precipitation P from the CTRL simulation are compared to gridded reference datasets. For T2 and P, the CN05.1 product released by China Meteorological Administration is used. It provides daily gridded temperature and precipitation estimates over China since 1961 at a horizontal resolution of 0.25° (Wu & Gao, 2013). CN05.1 is derived by spatially interpolating records collected from around 2416 meteorological stations in China. For E, the satellite- and reanalysis-based Global Land Evaporation Amsterdam Methodology (GLEAM) version 3.6a product is chosen. GLEAM provides daily gridded global evaporation estimates for the period 1980-2021 at a 0.25° 0.25° spatial resolution (Martens et al., 2017). Relative to the previous version 3.3, the upgraded version 3.6a is derived by additionally merging the latest reanalysis ERA5 and by updating to the latest version of input data sets (e.g., precipitation, soil moisture) using the revised approaches for calculating evaporative stress, optimizing drainage, and assimilating soil moisture (Martens et al., 2017). The reference datasets selected in this study have been widely used for validating regional climate simulations (e.g., Shang et al., 2022) and for studying climate changes (e.g., Shang et al., 2021) in East Asian monsoon regions. 
For comparison of the simulations to the reference data, the bilinear interpolation method is employed to remap the simulated variables of the WRF grids to the respective reference data grids. Three statistical metrics, namely, mean error ME, mean relative error MRE (%), and Pearson’s correlation coefficient r (-) with a calculated p-value (here the significance level of 99% is employed), are used to quantify the performance of the WRF model in terms of reproducing spatial patterns and temporal variations of T2, E, and P of the reference:
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where  and  denote the simulated and reference variable at the tth time step of evaluation, respectively. N is the total number of time steps of evaluation.  and  denote the spatial (temporal) mean of the simulated and reference variables for the evaluation of spatial pattern (temporal variation), respectively.
4. Results and discussion
In this section, we investigate the warming-altered regional water cycle by comparing the WRF-age downscaled RCP8.5 simulation with CTRL simulation, concerning land surface process, atmospheric water pathways, land-atmosphere interactions, and atmospheric water residence times.
4.1. Evaluation of simulated T2, E, and P
Figure 2 shows the spatial distributions of T2, E, and P derived from the reference datasets (left column) and the WRF simulation (middle column) for the Poyang Lake basin averaged for 1980-1989, and the corresponding differences in the spatial patterns (right column). Figure 3 compares the monthly variations of the basin-averaged, simulated T2, E, and P to the reference data from 1980 to 1989. 
For T2, the observed pattern of higher temperatures over the central and southern parts of the basin (Figure 2a) is well reproduced by the simulation (Figure 2b), with very minor cold biases (ME = -0.4 °C, in Figure 2c). The monthly variation in the simulated basin-averaged T2 matches well with the variation of the observation (r = 0.99; p-value < 0.01), although slightly cold biases over the basin are found in summer (Figure 3a).
For E, the higher evaporation rates (> 1.8 mm day-1) over the lake area and in the western (southern) from the reference data are well reproduced by the WRF model with slight overestimations (underestimations), except for the low-land region where the observed lower evaporation rates are much overestimated (RME = +20%, Figure 2d-2f). Temporally, the WRF model can reproduce the observed monthly variation in the basin-averaged E (r = 0.95; p-value < 0.01), particularly for the months from August to April (Figure 3b). Moreover, it is found that overestimated E during the rainy season (May-July) is coherent with the overestimated P during the same period (compare Figure 3b and Figure 3c).
For P, the WRF model can reproduce higher (relatively smaller) precipitation rates over the eastern (mid-western) part of the basin, despite observed high precipitation rates (> 5 mm day-1) being much overestimated (ME = +43%, Figure 2g-2i). Figure 3c depicts that the basin-averaged monthly variation in P has a good agreement with that derived from the reference data (r = 0.88; p-value < 0.01), especially the periodic characteristics in P associated with the development of the East Asian summer monsoon. Considerable overestimation of the observed precipitation is found only for the months when maximum rainfall occurs. Such overestimation of P is also found in WRF-based convection-permitting simulations of warm-season P over East China (Yun et al., 2020), although comparatively higher spatial resolution and different physical schemes have been applied. Yun et al. (2020) attributed the WRF overestimated heavy precipitation over mountainous South China to the inappropriate treatment of sub-grid cloud fraction and the lack of representation of aerosol effects. On a short temporal scale, Zhu et al. (2018) focused on evaluating 48-hour WRF forecasts of precipitation over China during the 2013-2014 summer season. They reported that the WRF model overpredicts afternoon convections near Southeast China, which is likely due to deficiencies in the representation of certain physical processes related to precipitation in WRF (e.g., Surcel et al., 2010).
Nevertheless, it is argued that our WRF model setup provides state-of-the-art results and can realistically reproduce the climatological characteristics of the East-Asian monsoon-controlled Poyang Lake basin, which encourages us to investigate the alterations of land surface processes and atmospheric water pathways due to global warming with the WRF-age model using this setup.
4.2. Warming-altered land-surface processes
In this section, we investigate the warming-altered land-surface processes for our study region by spatially and temporally comparing the WRF-downscaled future RCP8.5 simulation with the WRF-downscaled historical CTRL simulation for T2, E, and P, as shown in Figure 4.
Figure 4a shows the spatial pattern of the simulated 10-year averaged T2 in CTRL, displaying that the values of T2 in the southern part of the basin are higher than those in the northern part. In comparison to CTRL, the projected 10-year averaged T2 in RCP8.5 increases by around +0.5 °C in the southern part of the basin and by around +1.5 °C in the northern part (Figure 4b). Such increases in basin-averaged T2 are found throughout the entire year, especially for March, April, and December (> 3 °C), and the highest monthly T2 shifts from July in CTRL to August in RCP8.5 (Figure 4c).
The spatial pattern of the simulated 10-year averaged E in CTRL shows that the maximum E is found over the lake area (Figure 4d). In comparison to CTRL, the warming enhances the evaporation processes noticeably over the lake area and slightly over the southern part of the basin, whereas the decreased E is pronounced in the areas surrounding the lake (Figure 4e). On the monthly scale, the warming-induced enhancement in E becomes larger from November to August, with a decreased E in May, September, and October (Figure 4f). The largest monthly E shifts from July in CTRL to June in RCP8.5.
The comparison of the simulated P in RCP8.5 with that in CTRL demonstrates that decreases in P are projected for the whole Poyang Lake basin (Figure 4h) and all months except for December when minimal rainfall happens (Figure 4i). Moreover, the monthly variation in the basin-averaged P in RCP8.5 is projected to be lower.
Averaged over the basin and over the 10-year time slices, the comparison of RCP8.5 to CTRL shows that global warming leads to increased T2 by +1.4 °C, slightly enhanced E by +6%, and noticeably decreased P by -38% for the Poyang Lake basin. Such warmer and drier changes for the Poyang Lake basin have been reported in studies about assessment of regional climate change by evaluating products of multiple global climate models (Lu et al., 2021; Zhang et al., 2022) and multiple regional climate models (Gu et al., 2018). For example, Gu et al. (2018) compared the five RCMs downscaled regional climate over China during 2030-2049 under RCP4.5 to those during the reference historical period 1980-1999. They found that, under RCP4.5, the WRF-projected future changes in temperature and precipitation over Southern China including our study region is +0.5 °C and -15%, which agrees with the sign of changes found in this study. Recent research activities about the assessment of climate change over China under the Coupled Models Intercomparison Project Phase 6 (CMIP6) multiple scenarios confirm that the future climate for the Poyang Lake basin will continuously warm up and become drier in the future (Tian et al., 2021; You et al., 2021; Zhang et al., 2022). As for land evaporation, Lu et al. (2021) evaluated and assessed 16 CMIP6 model simulations under three scenarios for China. They found that the land evaporation over the humid region including the Poyang Lake basin during the projection period 2020-2099 shows significant positive trends in comparison to that during the baseline period 1995-2014, which is in line with our finding of the enhanced land evaporation for the Poyang Lake basin under RCP8.5.
4.3. Warming-altered atmospheric water pathways
To quantitively understand the warming-altered regional atmospheric cycle, the analysis of the atmospheric water pathways with the age-weighted regional water tagging approach (Equation 6) is performed. The RCP8.5 and CTRL WRF-age derived quantities of column-integrated tagged water vapor Wqv,tag, column-integrated tagged condensed atmospheric moisture Wqd,tag, and tagged precipitation Ptag, that are originating from the evaporated water from the Poyang Lake basin, in RCP8.5 are compared spatially and temporally, as shown in Figure 5.
Figure 5a shows the spatial pattern of the 10-year averaged column-integrated tagged water vapor Wqv,tag over the Poyang Lake basin in CTRL, displaying that larger amounts of the evaporated water (> 0.7 mm) exist over the southeastern part of the basin. In comparison to CTRL, the atmosphere over the Poyang Lake basin in RCP8.5 holds more tagged water vapor Wqv,tag (Figure 5b), in accordance with the increased T2 (Figures 4a-4c) and the warming enhanced E (Figures 4d-4f). On the monthly scale, the increases in Wqv,tag in RCP8.5 are larger during the warmer and rainy months (March-August) and become negligible during October-December (Figure 5c). 
The spatial pattern of the 10-year averaged column-integrated tagged condensed atmospheric moisture Wqd,tag shown in Figure 5d provides information about clouds and precipitation formation. In comparison to CTRL, warming in RCP8.5 leads to more Wqd,tag over the northern part of the basin (Figure 5e), and during the rainy period from April to August (Figure 5f). On the contrary, warming in RCP8.5 leads to less Wqd,tag in the atmosphere from September to January (Figure 5f).
The comparison of the 10-year averaged tagged precipitation Ptag shows that warming in RCP8.5 results in decreased Ptag over the basin (Figure 5h). Such decreased Ptag in RCP8.5 is projected in nearly every month of the investigated years (Figure 5i).
Averaged over the basin and over the 10-year time slices, the atmosphere over the Poyang Lake basin in RCP8.5 will hold more tagged water vapor Wqv,tag by +66%, form more tagged clouds Wqd,tag by 41%, but generate less tagged precipitation by -83% in comparison to CTRL.
4.4. Warming-altered land-atmosphere interactions
The impact of global warming on the land-atmosphere interactions is quantitively assessed by spatially and temporally comparing the multiple-year averaged contribution ratios , , and  (Equation 8) in RCP8.5 with ones in CTRL, as shown in Figure 6.
Figure 6a depicts the spatial pattern of the 10-year averaged contribution ratio  for the column-integrated tagged water vapor Wqv,tag in CTRL, revealing that the evaporated water from the Poyang Lake basin has higher contribution (> 3%) to the total water vapor over the western part of the basin and relatively lower contribution (< 1%) over the eastern part. In comparison to CTRL, the contribution ratio  in RCP8.5 is increased by around +3% over the middle-western part of the basin and has no changes over the eastern border of the basin (Figure 6b). Temporally, warming leads to higher increases (+2%) in the contribution ratio  from February to June, and such increases become less from July to November (Figure 6c)
The spatial pattern of  in Figure 6d shows that in CTRL the contribution ratio of the tagged condensed atmospheric moisture Wqd,tag to the total condensed moisture Wqd reaches the highest values (> 3%) over the southwestern part of the basin. In comparison to CTRL (Figure 6e), warming leads to increased contribution ratios with the highest increases over the area of the lake (+3%). Temporally, the contribution ratios  in RCP8.5 are higher than those in CTRL from February to August but lower from September to January (Figure 6f).
	Figure 6g reveals that the contribution  of the evaporated water to the precipitation over the same basin in CTRL is around 3.5%, with the highest values (5%) over the eastern part adjacent to the lake area and the southern part where the mountainous regions are. In comparison to CTRL, the contribution ratio  in RCP8.5 decreases over the entire basin (Figure 6h), and throughout the whole year (Figure 6i).
Averaged over the basin and over the 10-year time slices, the comparison of RCP8.5 to CTRL suggests that global warming will slightly strengthen the land-atmosphere interactions with respect to water vapor (by +2%) and clouds (by +1%), but will weaken the interactions with respect to precipitation (by -1%).
4.5. Warming-altered speed of the atmospheric water cycle
The impact of global warming on the speed of the atmospheric water cycle is quantitively assessed by spatially and temporally comparing the multiple-year averaged atmospheric residence time ,  (Equation 9) and atmospheric transit time  (Equation 10) in RCP8.5 with these in CTRL, as shown in Figure 7.
Figure 7a shows the spatial pattern of the 10-year averaged atmospheric residence times  in CTRL, displaying that the evaporated water from the Poyang Lake basin stays short (~15 hours) in the atmosphere particularly over the lowland lake and its southwestern surroundings (see Figure 1b), and stays longer (> 22 hours) over relatively high-elevation mountainous region (see Figure 1b). In comparison to CTRL, the atmospheric residence times  in RCP8.5 are projected to be shorter (Figure 7b). The monthly variation in  in RCP8.5 becomes larger than that in CTRL (Figure 7c), and the shortest atmospheric residence times  are found in October-December in RCP8.5 (around 10 hours), but in July in CTRL (around 15 hours).
The spatial pattern of the 10-year averaged atmospheric residence times  in CTRL (Figure 7d) shows that in general the larger amount of the column-integrated tagged condensed moisture Wqd,tag (> 0.003 mm shown in Figure 5d) has shorter atmospheric residence time (< 24 hours), whereas the smaller amount of Wqd,tag (< 0.002 mm in Figure 5d) has longer atmospheric residence time (> 28 hours). In comparison to CTRL, warming in RCP8.5 leads to shorter atmospheric residence times  over the entire basin and also changed spatial distributions of , i.e., shorter (longer)  over the eastern (western) part of the basin (Figure 7e). Temporally, warming in RCP8.5 increases the monthly variation in , and the atmospheric residence times  in RCP8.5 becomes shorter (longer) during the period September-April (May-August) than these in CTRL (Figure 7f).
Regarding the spatial patterns of , the tagged precipitation in CTRL has shorter (longer) atmospheric transit times over the southern (northwestern) part of the basin (Figure 7g). In comparison to CTRL, the similar pattern of  in RCP8.5 is found, but with an increased magnitude of  and increased corresponding spatial variation (Figure 7h). Temporally, warming in RCP8.5 increases the atmospheric transit times  and decreases the temporal variation in  than these in CTRL (Figure 7i). The periodic characteristic of  in CTRL, that is lower values of  from early summer to early autumn and higher values of  from late autumn to early spring, still exist in RCP8.5, except for two additional months (October and November) with lower values of  in RCP8.5.
Averaged over the basin and over the 10-year time slices, the comparison of RCP8.5 to CTRL suggests that global warming will shorten the residence times of the tagged water vapor by 8 hours and the tagged condensed moisture by 12 hours in the atmosphere, but will prolong the transit times of the tagged precipitation by 4 hours over the land surface, for the Poyang Lake basin. 
To understand the contrasting results of the acceleration of the tagged clouds in the atmosphere (Figure 7d-f) and the deceleration of the tagged precipitation over the land surface (Figure 7g-i), we further derive the atmosphere transit time of the column-integrated tagged condensed atmospheric moisture due to fallout  (see Equations 6 and 7), as shown in Figure 8. It is worth noting that, as the WSM5 microphysics scheme is used in this study, the tagged condensed atmospheric moisture (Figure 5d) consists of the non-precipitating tagged liquid water substance (cloud droplets), non-precipitating solid water substance (cloud ice particles), precipitating liquid water substance (rain droplets), and precipitating solid water substance (snowflakes and other solid forms). The tagged condensed atmospheric moisture due to fallout provides information about the precipitating moisture components only. It is found that the spatial pattern of the atmospheric transit time  in CTRL (Figure 8a) is similar to that of the tagged precipitation (Figure 7g). In comparison to CTRL, warming leads to increased  in the eastern part of the basin and decreased in the western part (Figure 8b). Temporally, warming results in increased  from March to September and decreased  from October to January (Figure 8c), which is consistent with the warming-included changes in  (Figure 7i). Such consistent temporal variations of  and  reveal that global warming will modify the precipitating regime over the Poyang Lake basin: Under global warming, the fallout of precipitating moisture components in the atmosphere will take more time, thereby resulting in increased  over the land surface.
6. Summary and Conclusions
This study presents the newly developed WRF-age model, that is the Weather Research and Forecasting WRF model of Skamarock et al. (2008) with the implementations of the age-weighed regional water tagging approach from Wei et al. (2016) and the online moisture budget analysis of Arnault et al. (2016) extended for the aged-weighted water. The new model allows us to follow the atmospheric water pathways, to derive atmospheric water residence times, i.e., a measure of the speed of the atmospheric water cycle, and to provide a prognostic equation of the atmospheric water residence times. The WRF-age model has been used to dynamically downscale the reanalysis of ERA-Interim and the MPI-ESM RCP8.5 scenario simulation for the Poyang Lake basin, for two 10-year time slices of past (1980-1989) and future (2040-2049) climate. In these WRF-age simulations, the Poyang Lake basin is chosen as the source of tagged moisture for the age tracing algorithm. The contribution ratio, the residence time of atmospheric water states of matter, and the corresponding atmospheric transit time have been employed to quantitatively assess the regionally accelerated/decelerated atmospheric hydrological cycle under global warming.
In comparison to the historical WRF-age simulation, the 2-meter air temperature rises on average by +1.4 °C, evaporation increases by +6%, and precipitation decreases by -38% in the future under RCP8.5. In this context, global warming will shorten the residence times of the tagged water vapor by 8 hours and the tagged condensed moisture by 12 hours in the atmosphere, but will prolong the transit times of the tagged precipitation by 4 hours over the land surface that is in agreement with the reduced land precipitation amounts. Such prolonged atmospheric transit time of land precipitation under global warming is partly attributed to a slower fallout of precipitating moisture components in the atmosphere under global warming. We also found that global warming will lead to slightly increased contributions of the evaporation to the water vapor and the condensed atmospheric moisture over the Poyang Lake basin, but slightly decreased contributions of the evaporation to the precipitation. These distinct, warming-induced changes in the contribution ratios suggest that global warming will alter the local land-atmosphere interactions over the Poyang Lake basin.
This first study with WRF-age demonstrates the potential of this model for deriving the residence times of atmospheric water states of matter, with the considerations of three-dimensional physical and thermodynamical processes in the atmosphere and the interactions of land-atmosphere. Moreover, our warming-induced acceleration findings demonstrate that global warming increases the complexity of the regional atmospheric hydrological cycle, especially the associated changes in the speed of atmospheric water states of matter. Overall, it is concluded that our modeling study confirms the acceleration of the regional atmospheric water cycle under global warming, except for the precipitation-related processes. Our findings enhance the understanding of the warming-induced acceleration/deceleration of the atmospheric hydrological cycle at regional scales.
Despite the above-mentioned advanced features of our newly developed WRF-age model, one potential limitation of our RCM-based age-weighted regional water tagging approach is that the model-derived results of tracked evaporated water and respective atmospheric residence times depend on how realistically an RCM can simulate all the relevant processes of terrestrial hydrology, vegetation, and atmosphere (Gimeno et al., 2012). Direct validation of our model-derived results would be possible by tracking the water isotopologues as done in, e.g., Arnault, Jung, et al. (2021) and Arnault et al. (2022).
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