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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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Abstract 23 

Global warming is assumed to accelerate the global water cycle. However, 24 

quantification of the acceleration and regional analyses remain open. Accordingly, in 25 

this study we address the fundamental hydrological question: Is the water cycle 26 

regionally accelerating/decelerating under global warming? For our investigation we 27 

have implemented the age-weighted regional water tagging approach into the Weather 28 

Research and Forecasting WRF model, namely WRF-age, to follow the atmospheric 29 

water pathways and to derive atmospheric water residence times accordingly. 30 

Moreover, we have implemented the three-dimensional online budget analysis of the 31 

total, tagged, and aged atmospheric water into WRF-age to provide a prognostic 32 

equation of the atmospheric water residence times. The newly developed, physics-33 

based WRF-age model is used to regionally downscale the reanalysis of ERA-Interim 34 

and the MPI-ESM Representative Concentration Pathway 8.5 scenario (RCP8.5) 35 

simulation exemplarily for an East Asian monsoon region, i.e., the Poyang Lake basin 36 

(the tagged moisture source area), for two 10-year slices of historical (1980-1989) and 37 

future (2040-2049) times. In comparison to the historical simulation, the future 2-meter 38 

temperature rises by +1.4 °C, evaporation increases by +6%, and precipitation 39 

decreases by -38% under RCP8.5 on average. In this context, global warming leads to 40 

regionally decreased residence times for the tagged water vapor by 8 hours and the 41 

tagged condensed moisture by 12 hours in the atmosphere, but increased transit times 42 

for the tagged precipitation by 4 hours over the land surface that is partly attributed to a 43 

slower fallout of precipitating moisture components in the atmosphere under global 44 

warming. 45 
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Key Points 49 

• Age-weighted water tagging approach is implemented into WRF to derive the 50 

atmospheric water residence time. 51 

• 3-D online moisture budget analysis is extended in WRF for age-weighted 52 

atmospheric water to provide a prognostic equation of the atmospheric residence 53 

time. 54 

• Global warming reduces the age of tagged water vapor and condensed moisture but 55 

increases the age of tagged precipitation over the Poyang Lake basin.  56 
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1. Introduction 57 

It is well-accepted that global warming has been accelerating the global 58 

hydrological cycle (Held & Soden, 2006; Huntington, 2006; Olmedo et al., 2022; Yu et 59 

al., 2020), as concluded from observational findings (Huntington, 2006), theoretical 60 

expectations (Held & Soden, 2006), and modeling studies (Allen & Ingram, 2002). 61 

Accordingly, at the regional scale, such acceleration modifies weather regimes and 62 

increases the number of hydrometeorological extremes (Ficklin et al., 2019; Giorgi et 63 

al., 2011; Gu et al., 2023), thereby increasing the complexity of water resources 64 

management (Ficklin et al., 2022; Vahmani et al., 2022). Furthermore, continuous global 65 

warming in the future could also trigger multiple climate tipping points, which makes the 66 

changes (here, acceleration/deceleration) of the hydrological cycle at the regional scale 67 

and their associated impacts more complex (McKay et al., 2022; Blöschl et al., 2019; 68 

Lenton et al., 2008; Olschewski et al., 2023). Therefore, the understanding of regional 69 

hydrological cycle responses to global warming is fundamental to risk mitigation. 70 

To quantify the acceleration/deceleration of the hydrological cycle, two types of 71 

approaches are often used: analytical methods with multiple datasets and numerical 72 

models with water-tracking techniques. For analytical methods, multiple indices are 73 

proposed to investigate the changes in the intensity of water fluxes in the hydrological 74 

cycle under global warming. For example, Giorgi et al. (2011) introduced the 75 

hydroclimatic intensity (HY-INT) index that synthesizes two metrics of precipitation 76 

intensity and dry spell length, with applications at regional and global scales (Giorgi et 77 

al., 2014; Mohan & Rajeevan, 2017). Huntington et al. (2018) presented the Water 78 

Cycle Intensity (WCI), which takes precipitation and actual evapotranspiration into 79 
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account, for quantifying the intensity of the hydrological cycle from a landscape point of 80 

view across multiple temporal scales. Recently, Ficklin et al. (2019) integrated 81 

precipitation surplus and evaporative demand, namely, the Surplus Deficit Intensity 82 

Index (SDI), to quantify hydrologic intensification by additionally accounting for changed 83 

atmospheric water demand under global warming. However, these indices can focus 84 

solely on changes in fluxes of water between terrestrial and atmosphere, which neglects 85 

atmospheric moisture transport, and in this case the acceleration/deceleration of the 86 

hydrological cycle can only be inferred. 87 

A numerical model with water tracking techniques is an additional and more 88 

straightforward way to derive residence times of water in the atmosphere, i.e., a 89 

measure of the speed of the atmospheric hydrological cycle, and thereby evaluate 90 

changes in the speed and potential acceleration/deceleration of the hydrological cycle 91 

(van der Ent & Tuinenburg, 2017; Gimeno et al., 2021; Läderach & Sodemann, 2016; 92 

Trenberth, 1998; Tuinenburg & van der Ent, 2019; Wang et al., 2018; Wei et al., 2016). 93 

Here, the atmospheric water residence time is defined as the time between the original 94 

evaporation and the return of its respective water masses to the land surface as 95 

precipitation. Technically, moisture/particle tracking in numerical atmospheric models 96 

allows to characterize the pathways of evaporated and/or precipitating water with the 97 

consideration of atmospheric moisture transport and to diagnose the residence times of 98 

water vapor in the atmosphere (Bosilovich, 2002; Bosilovich et al., 2005; van der Ent et 99 

al., 2014; Läderach & Sodemann, 2016; Numaguti, 1999; Stohl & James, 2004; Wei et 100 

al., 2016). For example, Stohl & James (2004) implemented a Lagrangian analog to the 101 

Eulerian water budget analysis into the Lagrangian particle dispersion FLEXPART 102 
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model to derive the residence times in the total atmospheric column out of the 103 

meteorological analysis. Läderach & Sodemann (2016) further refined Lagrangian 104 

moisture source diagnostics and highlighted that simplified representations of moisture 105 

transport and precipitation processes in the tracking models lead to an overestimation of 106 

atmospheric moisture residence time globally. However, in FLEXPART, only the rate of 107 

change for the difference between evaporation and precipitation is diagnosed along 108 

trajectories, so that the respective impacts of evaporation and precipitation changes on 109 

the atmospheric moisture residence time cannot be disentangled (van der Ent & 110 

Tuinenburg, 2017). Recently, Tuinenburg & van der Ent (2019) extended the quasi-111 

isentropic back-trajectory method of Dirmeyer & Brubaker (2007) to derive the 112 

probability density function of residence time of land evaporation on a global scale. Still, 113 

their model does not account for the vertical wind fields and neglects the vertical 114 

redistribution of the tracked parcel of water, which might introduce uncertainties in the 115 

derived patterns of the atmospheric residence time of water (Bosilovich, 2002; 116 

Goessling & Reick, 2013). 117 

In addition to the Lagrangian framework, several Eulerian modeling frameworks 118 

have been proposed to estimate the residence time of atmospheric water in an offline 119 

calculation mode (van der Ent et al., 2014; Wang et al., 2018; Yoshimura et al., 2004). 120 

For example, the dynamic recycling model DRM (Wang et al., 2018) and the water 121 

account model WAM-2 Layers (Benedict et al., 2021; van der Ent et al., 2014; van der 122 

Ent et al., 2010; Wang-Erlandsson et al., 2018) take atmospheric analyses or model 123 

outputs, such as horizontal wind fields, specific humidity, surface pressure, precipitation, 124 

and evaporation, as their model inputs for forward-tracking of evaporation and 125 
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backward-tracking of precipitation. Accordingly, the atmospheric moisture residence 126 

time increases linearly with time and is weighted by the updated tracked moisture during 127 

model iteration at each time step. However, the two-dimensional field assumption does 128 

not allow to account for three-dimensional effects such as wind shear and moist 129 

convection (Goessling and Reick, 2013; van der Ent et al., 2013), and simple averaging 130 

of estimates for different length scales and timescales may overlook the heterogeneity 131 

of the land surface and the temporal variability (Bosilovich & Schubert, 2001; Trenberth, 132 

1999).  133 

To explicitly resolve the thermodynamical and precipitating processes and thus to 134 

more realistically estimate the atmospheric moisture residence time, atmospheric online 135 

models with the implementation of three-dimensional numerical water tagging 136 

approaches have been used (Bosilovich et al., 2005; Bosilovich & Schubert, 2002; Wei 137 

et al., 2016). In the last years, the numerical water tagging approaches have been 138 

elaborated within regional climate models to investigate the moisture sources for 139 

precipitation extremes and monsoon systems (Arnault et al., 2016; Dominguez et al., 140 

2016; Knoche & Kunstmann, 2013; Sodemann et al., 2009; Winschall et al., 2014). 141 

Moreover, an “age-weighted” regional water tagging approach has been developed and 142 

successfully implemented in one regional climate model (Wei et al., 2016). This 143 

implementation allows for calculating residence times of atmospheric water states of 144 

matter (i.e., different types of hydrometeors) and for diagnosing the speed of the 145 

atmospheric branch of the hydrological cycle, which can be used to quantitatively 146 

assess the regional effects of global warming-induced acceleration of the hydrological 147 

cycle (Held & Soden, 2006; Huntington, 2006; Olmedo et al., 2022; Yu et al., 2020) in 148 
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more detail. Because of these advanced features, the RCM-derived highly accurate 149 

three-dimensional magnitude, location, and residence time of tagged atmospheric water 150 

states of matter have been often used to guide the future improvements of analytical 151 

methods for precipitation recycling studies, such as DRM (Dominguez et al., 2016) and 152 

WAM-2 Layer (van der Ent et al., 2013). 153 

The land surface is characterized as highly heterogeneous concerning land cover, 154 

terrain height, and soil texture (Yates et al., 2003), and thereby interactions between the 155 

land surface and atmosphere are highly non-linear across scales (Betts et al., 1996; 156 

Wulfmeyer et al., 2018; Zhang et al., 2021). Over the last two decades, one of the 157 

Global Land Atmosphere System Study (GLASS) working groups (Hurk et al., 2011), 158 

namely, local coupling (LoCo) of land-atmosphere, promotes to develop processes-level, 159 

quantifiable metrics to diagnose the coupling among the land, planetary boundary layer, 160 

and precipitation (Santanello et al., 2018). However, the existing LoCo metrics listed in 161 

Santanello et al. (2018) have limited applicability in terms of investigated processes and 162 

temporal scales. Specifically, the process-based LoCo metrics summarized by 163 

Santanello et al. (2018), e.g., the concept of vector representation of heat and moisture 164 

budgets in the form of mixing diagrams (Milovac et al., 2016), do not apply to account 165 

for cloud formation and precipitating effect, and are not able to distinguish the local 166 

coupling of one specific region from other regions. To tackle the limitations of the 167 

existing LoCo metrics, the RCM-based regional water tagging approach is capable to 168 

quantify local land-atmosphere interactions by explicitly following atmospheric pathways 169 

of the water evaporated from a pre-defined region until it precipitates. 170 
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Using a RCM-based regional water tagging approach, the present study aims to 171 

address our hydrologically fundamental research question “Is the hydrological cycle 172 

regionally accelerating/decelerating under climate change?”, which has been ranked as 173 

the first out of the twenty-three unsolved problems in hydrology identified by the 174 

community process in 2018 (Blöschl et al., 2019). In particular, we present the newly 175 

developed WRF-age modeling system, that is the state-of-the-art Weather Research 176 

and Forecasting WRF model enhanced with the implementation of the age-weighted 177 

regional water tagging approach. For the case-study application, we choose to simulate 178 

and compare future and historical periods for the southeastern region of China, a region 179 

characterized by a monsoonal precipitation regime with a dry season during the winter 180 

months and a wet season during the summer months. It is reported that global warming 181 

may shift the position of this East Asian monsoonal circulation (Li et al., 2010; Li et al., 182 

2023), which potentially generates droughts or floods in areas where this usually does 183 

not happen, thus affecting local economy (Hu et al., 2016). Recent studies also highlight 184 

that economic losses in China caused by warming-induced weather and climate 185 

extremes such as droughts, floods, and compound events might double between the 186 

1.5 °C and 2.0 °C warming (Hao, 2022; Liu et al., 2022; Su et al., 2018). 187 

The objectives of the present study are (1) to implement the age-weighted 188 

regional water tagging approach of Wei et al. (2016) and the three-dimensional online 189 

atmospheric water budget analysis of Arnault et al. (2016) into the Weather Research 190 

and Forecasting WRF modeling system, namely, the WRF-age, (2) to apply the WRF-191 

age model to the Poyang Lake basin in the East Asian monsoon region for two 10-year 192 

slices of historical and future-warming times, and (3) to quantify to what extent the 193 
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regional atmospheric hydrological cycle is accelerated/decelerated under global 194 

warming. 195 

2. Model and methodology 196 

2.1. WRF with the age-weighted regional water tagging approach 197 

The Weather Research and Forecast WRF model version 3.6.1 (Skamarock et 198 

al., 2008) is extended and employed for our accelerated/decelerated atmospheric 199 

hydrological cycle modeling study. WRF is a limited-area mesoscale model that 200 

simulates a coupled, nonlinear system of the soil, the vegetation, and the atmosphere. 201 

The WRF model has been employed for applications of, short-term weather forecasting 202 

(Gao et al., 2022; Yang et al., 2021), seasonal forecasts (Mori et al., 2020; Siegmund et 203 

al., 2015), historical climate simulations (Fersch & Kunstmann, 2014; Shang et al., 204 

2022), and future climate projections (Wagner et al., 2013; Warrach-Sagi et al., 2013). 205 

An evaporation tagging algorithm has been implemented in the WRF model 206 

version 3.5.1 by Arnault et al. (2016), with numerous applications for regions in Europe 207 

(Arnault et al., 2019), Africa (Arnault et al., 2021), and China (Shang et al., 2022; Zhang 208 

et al., 2019, 2022). This evaporation tagging algorithm is adapted to the WRF model 209 

version 3.6.1 used in this study, and further enhanced with the age-weighted 210 

evaporation tagging approach for regional climate models given by Wei et al. (2016). 211 

For the implementation of the age-weighted regional water tagging approach into the 212 

so-called WRF-age model, we closely follow our previous study in Wei et al. (2016). The 213 

age-weighted regional water tagging approach and the implementation strategy into 214 

regional climate models from Wei et al. (2016) has originally been developed with the 215 
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Fifth-Generation Pennsylvania State University/National Center for Atmospheric 216 

Research Mesoscale Model (MM5) version 3.5 (Dudhia, 1993; Grell et al., 1994). 217 

The implementation of the age-weighted water tagging approach in WRF-age is 218 

summarized in three steps:  219 

(1) Tagged evaporated water Etag is calculated from a pre-defined moisture 220 

source area of the land surface by implementing a mask MASKtag in the lower boundary 221 

condition of WRF; 222 𝐸௧௔௚  = 𝐸 × MASK௧௔௚ (1) 

MASK௧௔௚  = ቄ1 for moisture source area0 otherwise  (2) 

(2) The tagged water (Equation 3) and the age-weighted tagged water (Equation 223 

4) are tracked until it returns to the land surface as precipitation by following the 224 

atmospheric water pathways. For this implementation, two additional equation sets for 225 

the tagged water states of matter 𝑞௞,௧௔௚ (kg kg-1) and the age-weighted water states of 226 

matter 𝑞෤௞,௧௔௚(kg kg-1 s), describing three-dimensional grid-scale transport, horizontal H 227 

and vertical V subgrid-scale transport due to turbulence and diffusion F, phase change 228 

C, and the downward transport (namely, fallout) of precipitating water components P, 229 

are added to WRF-age. The subscript k denotes different types of hydrometeors. 230 𝜕𝜕𝑡 ൫𝜇 ∙ 𝑞௞,௧௔௚൯  
= − ቈ𝜕൫𝜇 ∙ 𝑢 ∙ 𝑞௞,௧௔௚൯𝜕𝑥 + 𝜕൫𝜇 ∙ 𝑣 ∙ 𝑞௞,௧௔௚൯𝜕𝑦 + 𝜕൫𝜇 ∙ (𝑔 ∙ 𝑤 − 𝛷௫ ∙ 𝑢 − 𝛷௬ ∙ 𝑣) ∙ 𝑞௞,௧௔௚൯𝜕𝜂 ቉ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥୋ୰୧ୢିୱୡୟ୪ୣ ୲୰ୟ୬ୱ୮୭୰୲  

+ 𝜇 ∙ ቀ𝐹௤ೖ,೟ೌ೒ு + 𝐹௤ೖ,೟ೌ೒௏ ቁᇣᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇥୗ୳ୠ୥୰୧ୢିୱୡୟ୪ୣ ୲୰ୟ୬ୱ୮୭୰୲  +  𝜇 ∙ 𝐶௤ೖ,೟ೌ೒ᇣᇧᇧᇤᇧᇧᇥ୔୦ୟୱୣ ୡ୦ୟ୬୥ୣ +  𝜇 ∙ 𝑃௤ೖ,೟ೌ೒ᇣᇧᇧᇤᇧᇧᇥ୊ୟ୪୪୭୳୲  

(3) 
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  𝜕𝜕𝑡 ൫𝜇 ∙ 𝑞෤௞,௧௔௚൯  
= − ቈ𝜕൫𝜇 ∙ 𝑢 ∙ 𝑞෤௞,௧௔௚൯𝜕𝑥 + 𝜕൫𝜇 ∙ 𝑣 ∙ 𝑞෤௞,௧௔௚൯𝜕𝑦 + 𝜕൫𝜇 ∙ (𝑔 ∙ 𝑤 − 𝛷௫ ∙ 𝑢 − 𝛷௬ ∙ 𝑣) ∙ 𝑞෤௞,௧௔௚൯𝜕𝜂 ቉ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥୋ୰୧ୢିୱୡୟ୪ୣ ୲୰ୟ୬ୱ୮୭୰୲  

+ 𝜇 ∙ ቀ𝐹௤෤ೖ,೟ೌ೒ு + 𝐹௤෤ೖ,೟ೌ೒௏ ቁᇣᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇥୗ୳ୠ୥୰୧ୢିୱୡୟ୪ୣ ୲୰ୟ୬ୱ୮୭୰୲  +  𝜇 ∙ 𝐶௤෤ೖ,೟ೌ೒ᇣᇧᇧᇤᇧᇧᇥ୔୦ୟୱୣ ୡ୦ୟ୬୥ୣ +  𝜇 ∙ 𝑃௤෤ೖ,೟ೌ೒ᇣᇧᇧᇤᇧᇧᇥ୊ୟ୪୪୭୳୲ + 𝑆௤෤ೖ,೟ೌ೒ᇣᇤᇥ୅ୢ୴ୟ୬ୡ୧୬୥ ୲୧୫ୣ 

 

 

 

(4) 

Here 𝜇 =  𝑃௛௦ − 𝑃௛௧ (Pa) represents the difference between the hydrostatic pressures at 231 

the top 𝑃௛௧ and surface 𝑃௛௦ of the model, which represents the mass of the dry air per 232 

unite area within the modeled atmospheric column. x (m) and y (m) denote the two 233 

horizontal coordinates. η (-) is the terrain-following hydrostatic pressure (mass) vertical 234 

coordinate. u (m s-1), v (m s-1), and w (m s-1) are the two horizontal and vertical wind 235 

components. 𝛷 (m2 s-2) is the geopotential and g (m s-2) is the acceleration of gravity. 236 

(3) Time weight information is included to the age-weighted tagged water due to 237 

atmospheric transport and phase change processes, in order to advance time for the 238 

age-weighted tagged water 𝑞෤௞,௧௔௚௧ାଵ  at each model iteration as  239 𝑞෤௞,௧௔௚௧ାଵ  =  𝑞෤௞,௧௔௚௧ + ൫ 𝑞௞,௧௔௚௧ାଵ − 𝑞௞,௧௔௚௧ ൯ × 𝛥𝑇, (5) 

where 𝛥𝑇 (s) denotes the model time step length and 𝑞෤௞,௧௔௚௧  denotes the preliminary 240 

age-weighed tagged moisture components from the previous model time step t due to 241 

time-weighted atmospheric transport and phase change. 242 

2.2. Extension of the online budget analysis for age-weighted tagged water 243 

In this study, we further extend the three-dimensional online atmospheric water 244 

budget analysis of Arnault et al. (2016) for age-weighted tagged water, thereby 245 
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providing a prognostic equation of the residence time of state variables in the 246 

atmospheric hydrological cycle. 247 

The concept of the online budget analysis of atmospheric water states of matter 248 

is to compute the physical and dynamical tendencies of the model time step during 249 

model integration (Langhans, Fuhrer, et al., 2012). Such online budget analysis has 250 

been implemented into different regional climate models, such as the non-hydrostatic 251 

Consortium for Small-Scale Modeling (COSMO) model (Langhans, Schmidli, et al., 252 

2012), the MM5 model (Braun, 2006), and the WRF model (Fita et al., 2019), for 253 

disentangling the precipitation generation mechanisms. In addition to the original 254 

atmospheric water states of matter, this approach has been extended by Arnault et al. 255 

(2016) for tagged atmospheric water states of matter (Equation 6) to understand the 256 

scale-dependency of regional precipitation recycling. 257 

൫𝑑𝑧 ∙ 𝜌ௗ ∙ 𝑞௞,௧௔௚൯௧  = 𝑑𝑧 ∙ 𝜌ௗ ∙ 𝜇ିଵ ∙ ቈ− 𝜕൫𝜇 ∙ 𝑢 ∙ 𝑞௞,௧௔௚൯𝜕𝑥 − 𝜕൫𝜇 ∙ 𝑣 ∙ 𝑞௞,௧௔௚൯𝜕𝑦 + 𝜇 ∙ 𝐹௤ೖ,೟ೌ೒ு ቉ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥୌ୭୰୧୸୭୬୲ୟ୪ ୲୰ୟ୬ୱ୮୭୰୲  

         + 𝑑𝑧 ∙ 𝜌ௗ ∙ 𝜇ିଵ ∙ ൤− డ൫ఓ∙(௚∙௪ିఃೣ∙௨ିః೤∙௩)∙௤෤ೖ,೟ೌ೒൯డఎ + 𝜇 ∙ 𝐹௤ೖ,೟ೌ೒௏ ൨ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ୚ୣ୰୲୧ୡୟ୪ ୲୰ୟ୬ୱ୮୭୰୲                 (6) 

                         + 𝑑𝑧 ∙ 𝜌ௗ ∙ 𝐶௤ೖ,೟ೌ೒ᇣᇧᇧᇧᇤᇧᇧᇧᇥ୔୦ୟୱୣ ୡ୦ୟ୬୥ୣ + 𝑑𝑧 ∙ 𝜌ௗ ∙ 𝑃௤ೖ,೟ೌ೒ᇣᇧᇧᇧᇤᇧᇧᇧᇥ୊ୟ୪୪୭୳୲  

where 𝑑𝑧 (m) is the height step for a given model layer and 𝜌ௗ is the density of dry air.  258 

In our WRF-age modeling environment, we use the online budget analysis of 259 

Equation 6 for tagged water and further extend this online budget analysis for age-260 

weighted water. For this new extension, analogously to the implementation of the online 261 

budget analysis for tagged water in regional climate models described in Arnault et al. 262 

(2016), new variables representing budgets of the age-weighted tagged atmospheric 263 
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water states of matter are defined, and new diagnostic equations of Equation 7 264 

integrating instantaneous values of the defined variables over space, height, and time 265 

are formulated in the source code of WRF. Terms of Equations 6 and 7 are integrated 266 

online at the time step of the model to provide a budget of tagged and age-weighted 267 

tagged atmospheric water states of matter, thereby allowing to calculate the 268 

atmospheric transit times of water. 269 

൫𝑑𝑧 ∙ 𝜌ௗ ∙ 𝑞෤௞,௧௔௚൯௧  = 𝑑𝑧 ∙ 𝜌ௗ ∙ 𝜇ିଵ ∙ ቈ− 𝜕൫𝜇 ∙ 𝑢 ∙ 𝑞෤௞,௧௔௚൯𝜕𝑥 − 𝜕൫𝜇 ∙ 𝑣 ∙ 𝑞෤௞,௧௔௚൯𝜕𝑦 + 𝜇 ∙ 𝐹௤෤ೖ,೟ೌ೒ு ቉ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥୌ୭୰୧୸୭୬୲ୟ୪ ୲୰ୟ୬ୱ୮୭୰୲  

         + 𝑑𝑧 ∙ 𝜌ௗ ∙ 𝜇ିଵ ∙ ൤− డ൫ఓ∙(௚∙௪ିఃೣ∙௨ିః೤∙௩)∙௤෤ೖ,೟ೌ೒൯డఎ + 𝜇 ∙ 𝐹௤෤ೖ,೟ೌ೒௏ ൨ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ୚ୣ୰୲୧ୡୟ୪ ୲୰ୟ୬ୱ୮୭୰୲                 (7) 

                              + 𝑑𝑧 ∙ 𝜌ௗ ∙ 𝐶௤෤ೖ,೟ೌ೒ᇣᇧᇧᇧᇤᇧᇧᇧᇥ୔୦ୟୱୣ ୡ୦ୟ୬୥ୣ + 𝑑𝑧 ∙ 𝜌ௗ ∙ 𝑃௤෤ೖ,೟ೌ೒ᇣᇧᇧᇧᇤᇧᇧᇧᇥ୊ୟ୪୪୭୳୲  + 𝑆௤෤ೖ,೟ೌ೒ᇣᇤᇥ୅ୢ୴ୟ୬ୡ୧୬୥ ୲୧୫ୣ 

2.3. Quantification of the atmospheric water pathways 270 

The model extensions of section 2.1 and section 2.2 allow us to derive two 271 

categories of metrics to quantitatively understand the atmospheric water pathways, 272 

which are then employed to assess to what extent the regional atmospheric water cycle 273 

is accelerated/decelerated under global warming. 274 

The contribution ratio ρௐ (%) is used to evaluate the strength of the land-275 

atmosphere interaction. It quantifies to what extent the tagged water states of matter 276 𝑊୲ୟ୥ originating from a pre-defined moisture source region contributes to the total 277 

(original) water states of matter 𝑊 in the atmospheric hydrological cycle: 278 ρௐ = 𝑊୲ୟ୥ 𝑊୲୭୲ୟ୪⁄ × 100 (8) 
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𝑊 denotes arbitrary column-integrated variables, such as, water vapor 𝑞௩, condensed 279 

atmospheric moisture 𝑞ௗ. 280 

The atmospheric residence time 𝜏ௐ (h) is defined as the age of tagged water 281 

since its source (hereafter referred to as the age of water), evaluated with the ratio 282 

between an age-weighted tagged variable and the corresponding tagged variable as 283 𝜏ௐ,௧௔௚ = 𝑊෩௧௔௚ 𝑊௧௔௚ൗ  (9) 

where 𝑊෩௧௔௚ denotes arbitrary column-integrated age-weighted tagged variables. 284 

 We further define the atmospheric transit time 𝑇ௐ,௧௔௚ (h) as the age of tagged 285 

water since its source originating from a particular physical or dynamical process pro 286 

(hereafter referred to as the age of water in flux), such as fallout and precipitation. 287 𝑇ௐ_௣௥௢,௧௔௚ = 𝑊෩௣௥௢,௧௔௚ 𝑊௣௥௢,௧௔௚ൗ  (10) 

 288 

3. The experimental design  289 

3.1. Study area 290 

This WRF-age modeling study focuses on the Poyang Lake basin (Figure 1a) 291 

with a spatial coverage of the basin of around 162,000 km2 (Wei et al., 2021). The 292 

topography of the basin varies from around 2000 m in the south to 50 m around the lake 293 

area (Figure 1b). Poyang Lake, located in the northern part of the basin (29°N, 116°E), 294 

is the largest freshwater lake in China. In a hydrological normal year, the area of the 295 

lake is approximately 3,500 km2 and the average depth of the lake is approximately 8.4 296 

m (Feng et al., 2011). The land use in the Poyang Lake basin consists of forest (46%), 297 

shrubland (25%), cropland (25%), and small areas of pasture, urban, and open water 298 
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(4%) (Ye et al., 2011; Zhang et al., 2014). The climate of the basin is categorized as a 299 

humid subtropical climate and has a strong seasonality of hot humid summers and cool 300 

dry winters (Wagner et al., 2016), which is mainly controlled by the East Asian monsoon 301 

(Ding & Chan, 2005; Xing et al., 2022; Zhang et al., 2011). The rainy season of the 302 

basin ranges from April to June and the summer is from June to August (Zhang et al., 303 

2016). The mean annual basin-averaged 2-meter air temperature is around 17.5 °C, 304 

evaporation and precipitation are around 900 mm year-1 and 1680 mm year-1, 305 

respectively (Li & Zhang, 2011; Wei et al., 2015; Xing et al., 2022). 306 

3.2. Domain setup and model configuration 307 

For the domain setup and general model configuration of the newly developed 308 

WRF-age model, we closely follow the selection as chosen by Wei et al. (2015) and 309 

Wagner et al. (2016). A nested two-domain setup (Figure 1a) is used in this study. The 310 

first domain (D1) has a horizontal resolution of 30 km and an uneven vertical 311 

discretization of 38 layers up to 50 hPa for the atmosphere. The second domain (D2), 312 

centered over the Poyang Lake basin (Figure 1b), has a horizontal resolution of 5 km 313 

and 38 vertical layers of the atmosphere. 314 

Table 1 lists the physical schemes of the WRF-age model applied in this study 315 

for both D1 and D2. They consist of the Dudhia scheme (Dudhia, 1989) for calculating 316 

shortwave radiation, the Rapid Radiation Transfer Model (RRTM) (Mlawer et al., 1997) 317 

for calculating longwave radiation, the WRF Single-Moment five-class scheme (WSM5) 318 

microphysics scheme (Hong et al., 2004), the Yonsei University (YSU) planetary 319 

boundary layer scheme (Hong et al., 2006), the Revised MM5 Monin-Obukhov surface 320 

layer scheme (Jiménez et al., 2012), the NOAH land surface model (Chen & Dudhia, 321 
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2001). For parameterizing cumulus, the Betts-Miller-Janjic (BMJ) scheme (Betts, 1986; 322 

Betts & Miller, 1986; Janjić, 2002) is applied only for the outer domain D1. The model 323 

setup and the physical schemes selected in this study have been intensively evaluated 324 

and widely used in our previous studies of regional climate modeling for the Poyang 325 

Lake basin (Wagner et al., 2013; Wagner et al., 2016; Wei et al., 2015, 2016). 326 

For the WRF-age setup, the moisture source area of the Earth’s land surface 327 

focused on in this study is the Poyang Lake basin (light blue shaded area in Figure 1a), 328 

from which the evaporated water is “tagged, tracked, and aged” when entering the 329 

atmosphere. To separate the moisture source of the Poyang Lake basin from the 330 

surrounding, a pre-defined mask (with values of 1 for the Poyang Lake basin and of 0 331 

for otherwise, Equations 1 and 2) is added into the static boundary condition of WRF-332 

age for D2. Then, the tagged and age-weighted water undergo the same dynamic and 333 

physical processes of the atmosphere as the original atmospheric water states of matter, 334 

until they return to the land surface of D2 as tagged and age-weighted tagged 335 

precipitation or leave the D2 model domain. 336 

3.3. Simulation protocol 337 

In this study, two regional dynamical downscaling simulations using the newly 338 

developed WRF-age model are conducted: (1) a control simulation for historical periods 339 

(CTRL) and (2) a warming scenario simulation under Representative Concentration 340 

Pathway 8.5 for future periods (RCP8.5), which corresponds to the atmospheric carbon 341 

dioxide concentration being in the range of 851-1379 ppm by 2100. All two simulations 342 

are carried out for the East Asian monsoon region for an 11-year slice. The first year of 343 
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two simulations is selected as the model spin-up time and the remaining 10 years of the 344 

simulations are used for the warming-induced acceleration/deceleration analysis. 345 

For the CTRL simulation, the initial and lateral boundary conditions to drive the 346 

WRF-age model are taken from the European Centre for Medium Range Weather 347 

Forecasts Interim reanalysis (Dee et al., 2011). The CTRL simulation is initialized on 348 

January 1st, 1979 at 0000 UTC and covers the historical period 1979-1989. For the 349 

RCP8.5 simulation, the Max-Planck-Institute Earth System Model (MPI-ESM) RCP8.5 350 

scenario (Giorgetta et al., 2013) is dynamically downscaled using WRF-age for the 351 

future period 2039-2049. 352 

Regarding the selection of the emission scenario RCP8.5, this is because that, 353 

for our investigation future period 2040-2049, the changes in the projected temperature 354 

and precipitation over South China under RCP4.5 follows those under RCP8.5, with 355 

relatively fewer deviations in comparison with these during far future periods, e.g., 2090-356 

2100 (Gu et al., 2015). On the other hand, our selection of the high-emission RCP8.5 357 

warming scenario referred to as “business-as-usual” facilitates the elaboration of the 358 

accelerated atmospheric hydrological cycle under global warming. 359 

MPI-ESM is selected because the changes in the projected precipitation and 360 

temperature over South China by the MPI models are most similar to those derived from 361 

the multiple model ensemble of CMIP5 (Gu et al., 2015), and latest CMIP6 models (You 362 

et al., 2021; Zhang et al., 2022). Therefore, it is expected that our WRF-age downscaled 363 

MIP-ESM future projection over the Poyang Lake basin is in agreement with the robust 364 

regional climate change signals derived from the multiple model ensemble. 365 
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To quantitively assess the warming-induced alternations of the regional 366 

atmospheric water cycle, we denote 367 ∆(∙) = (∙)ୖେ୔଼.ହ − (∙)େ୘ୖ୐ (11) 

where subscripts “RCP8.5” and “CTRL” indicate the values of an arbitrary quantity in 368 

parentheses during the future warming period and the historical period.  369 

3.4. Reference data and evaluation strategy 370 

To evaluate the performance of the basic WRF model in reproducing the 371 

historical climate of the study region, the simulated 2-meter air temperature T2, 372 

evaporation E, and precipitation P from the CTRL simulation are compared to gridded 373 

reference datasets. For T2 and P, the CN05.1 product released by China 374 

Meteorological Administration is used. It provides daily gridded temperature and 375 

precipitation estimates over China since 1961 at a horizontal resolution of 0.25° (Wu & 376 

Gao, 2013). CN05.1 is derived by spatially interpolating records collected from around 377 

2416 meteorological stations in China. For E, the satellite- and reanalysis-based Global 378 

Land Evaporation Amsterdam Methodology (GLEAM) version 3.6a product is chosen. 379 

GLEAM provides daily gridded global evaporation estimates for the period 1980-2021 at 380 

a 0.25° × 0.25° spatial resolution (Martens et al., 2017). Relative to the previous version 381 

3.3, the upgraded version 3.6a is derived by additionally merging the latest reanalysis 382 

ERA5 and by updating to the latest version of input data sets (e.g., precipitation, soil 383 

moisture) using the revised approaches for calculating evaporative stress, optimizing 384 

drainage, and assimilating soil moisture (Martens et al., 2017). The reference datasets 385 

selected in this study have been widely used for validating regional climate simulations 386 
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(e.g., Shang et al., 2022) and for studying climate changes (e.g., Shang et al., 2021) in 387 

East Asian monsoon regions.  388 

For comparison of the simulations to the reference data, the bilinear interpolation 389 

method is employed to remap the simulated variables of the WRF grids to the 390 

respective reference data grids. Three statistical metrics, namely, mean error ME, mean 391 

relative error MRE (%), and Pearson’s correlation coefficient r (-) with a calculated p-392 

value (here the significance level of 99% is employed), are used to quantify the 393 

performance of the WRF model in terms of reproducing spatial patterns and temporal 394 

variations of T2, E, and P of the reference: 395 

𝑀𝐸 = ෍(𝑆𝐼𝑀௧ − 𝑅𝐸𝐹௧)௧ୀே
௧ୀଵ  (12) 

𝑀𝑅𝐸 = ∑ (𝑆𝐼𝑀௧ − 𝑅𝐸𝐹௧)௧ୀே௧ୀଵ∑ 𝑅𝐸𝐹௧௧ୀே௧ୀଵ × 100% (13) 

𝑟 = ∑ (𝑆𝐼𝑀௧ − 𝑆𝐼𝑀തതതതത)(𝑅𝐸𝐹௧ − 𝑅𝐸𝐹തതതതതത)௧ୀே௧ୀଵඥ∑ (𝑆𝐼𝑀௧ − 𝑆𝐼𝑀തതതതത)ଶ௧ୀே௧ୀଵ ඥ∑ (𝑅𝐸𝐹௧ − 𝑅𝐸𝐹തതതതതത)ଶ௧ୀே௧ୀଵ  (14) 

where 𝑆𝐼𝑀𝑡 and 𝑅𝐸𝐹𝑡 denote the simulated and reference variable at the tth time step of 396 

evaluation, respectively. N is the total number of time steps of evaluation. 𝑆𝐼𝑀തതതതത and 𝑅𝐸𝐹തതതതതത 397 

denote the spatial (temporal) mean of the simulated and reference variables for the 398 

evaluation of spatial pattern (temporal variation), respectively. 399 

4. Results and discussion 400 

In this section, we investigate the warming-altered regional water cycle by comparing 401 

the WRF-age downscaled RCP8.5 simulation with CTRL simulation, concerning land 402 
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surface process, atmospheric water pathways, land-atmosphere interactions, and 403 

atmospheric water residence times. 404 

4.1. Evaluation of simulated T2, E, and P 405 

Figure 2 shows the spatial distributions of T2, E, and P derived from the 406 

reference datasets (left column) and the WRF simulation (middle column) for the 407 

Poyang Lake basin averaged for 1980-1989, and the corresponding differences in the 408 

spatial patterns (right column). Figure 3 compares the monthly variations of the basin-409 

averaged, simulated T2, E, and P to the reference data from 1980 to 1989.  410 

For T2, the observed pattern of higher temperatures over the central and 411 

southern parts of the basin (Figure 2a) is well reproduced by the simulation (Figure 2b), 412 

with very minor cold biases (ME = -0.4 °C, in Figure 2c). The monthly variation in the 413 

simulated basin-averaged T2 matches well with the variation of the observation (r = 414 

0.99; p-value < 0.01), although slightly cold biases over the basin are found in summer 415 

(Figure 3a). 416 

For E, the higher evaporation rates (> 1.8 mm day-1) over the lake area and in 417 

the western (southern) from the reference data are well reproduced by the WRF model 418 

with slight overestimations (underestimations), except for the low-land region where the 419 

observed lower evaporation rates are much overestimated (RME = +20%, Figure 2d-2f). 420 

Temporally, the WRF model can reproduce the observed monthly variation in the basin-421 

averaged E (r = 0.95; p-value < 0.01), particularly for the months from August to April 422 

(Figure 3b). Moreover, it is found that overestimated E during the rainy season (May-423 

July) is coherent with the overestimated P during the same period (compare Figure 3b 424 

and Figure 3c). 425 
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For P, the WRF model can reproduce higher (relatively smaller) precipitation 426 

rates over the eastern (mid-western) part of the basin, despite observed high 427 

precipitation rates (> 5 mm day-1) being much overestimated (ME = +43%, Figure 2g-428 

2i). Figure 3c depicts that the basin-averaged monthly variation in P has a good 429 

agreement with that derived from the reference data (r = 0.88; p-value < 0.01), 430 

especially the periodic characteristics in P associated with the development of the East 431 

Asian summer monsoon. Considerable overestimation of the observed precipitation is 432 

found only for the months when maximum rainfall occurs. Such overestimation of P is 433 

also found in WRF-based convection-permitting simulations of warm-season P over 434 

East China (Yun et al., 2020), although comparatively higher spatial resolution and 435 

different physical schemes have been applied. Yun et al. (2020) attributed the WRF 436 

overestimated heavy precipitation over mountainous South China to the inappropriate 437 

treatment of sub-grid cloud fraction and the lack of representation of aerosol effects. On 438 

a short temporal scale, Zhu et al. (2018) focused on evaluating 48-hour WRF forecasts 439 

of precipitation over China during the 2013-2014 summer season. They reported that 440 

the WRF model overpredicts afternoon convections near Southeast China, which is 441 

likely due to deficiencies in the representation of certain physical processes related to 442 

precipitation in WRF (e.g., Surcel et al., 2010). 443 

Nevertheless, it is argued that our WRF model setup provides state-of-the-art 444 

results and can realistically reproduce the climatological characteristics of the East-445 

Asian monsoon-controlled Poyang Lake basin, which encourages us to investigate the 446 

alterations of land surface processes and atmospheric water pathways due to global 447 

warming with the WRF-age model using this setup. 448 
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4.2. Warming-altered land-surface processes 449 

In this section, we investigate the warming-altered land-surface processes for our 450 

study region by spatially and temporally comparing the WRF-downscaled future RCP8.5 451 

simulation with the WRF-downscaled historical CTRL simulation for T2, E, and P, as 452 

shown in Figure 4. 453 

Figure 4a shows the spatial pattern of the simulated 10-year averaged T2 in 454 

CTRL, displaying that the values of T2 in the southern part of the basin are higher than 455 

those in the northern part. In comparison to CTRL, the projected 10-year averaged T2 in 456 

RCP8.5 increases by around +0.5 °C in the southern part of the basin and by around 457 

+1.5 °C in the northern part (Figure 4b). Such increases in basin-averaged T2 are found 458 

throughout the entire year, especially for March, April, and December (> 3 °C), and the 459 

highest monthly T2 shifts from July in CTRL to August in RCP8.5 (Figure 4c). 460 

The spatial pattern of the simulated 10-year averaged E in CTRL shows that the 461 

maximum E is found over the lake area (Figure 4d). In comparison to CTRL, the 462 

warming enhances the evaporation processes noticeably over the lake area and slightly 463 

over the southern part of the basin, whereas the decreased E is pronounced in the 464 

areas surrounding the lake (Figure 4e). On the monthly scale, the warming-induced 465 

enhancement in E becomes larger from November to August, with a decreased E in 466 

May, September, and October (Figure 4f). The largest monthly E shifts from July in 467 

CTRL to June in RCP8.5. 468 

The comparison of the simulated P in RCP8.5 with that in CTRL demonstrates 469 

that decreases in P are projected for the whole Poyang Lake basin (Figure 4h) and all 470 
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months except for December when minimal rainfall happens (Figure 4i). Moreover, the 471 

monthly variation in the basin-averaged P in RCP8.5 is projected to be lower. 472 

Averaged over the basin and over the 10-year time slices, the comparison of 473 

RCP8.5 to CTRL shows that global warming leads to increased T2 by +1.4 °C, slightly 474 

enhanced E by +6%, and noticeably decreased P by -38% for the Poyang Lake basin. 475 

Such warmer and drier changes for the Poyang Lake basin have been reported in 476 

studies about assessment of regional climate change by evaluating products of multiple 477 

global climate models (Lu et al., 2021; Zhang et al., 2022) and multiple regional climate 478 

models (Gu et al., 2018). For example, Gu et al. (2018) compared the five RCMs 479 

downscaled regional climate over China during 2030-2049 under RCP4.5 to those 480 

during the reference historical period 1980-1999. They found that, under RCP4.5, the 481 

WRF-projected future changes in temperature and precipitation over Southern China 482 

including our study region is +0.5 °C and -15%, which agrees with the sign of changes 483 

found in this study. Recent research activities about the assessment of climate change 484 

over China under the Coupled Models Intercomparison Project Phase 6 (CMIP6) 485 

multiple scenarios confirm that the future climate for the Poyang Lake basin will 486 

continuously warm up and become drier in the future (Tian et al., 2021; You et al., 2021; 487 

Zhang et al., 2022). As for land evaporation, Lu et al. (2021) evaluated and assessed 16 488 

CMIP6 model simulations under three scenarios for China. They found that the land 489 

evaporation over the humid region including the Poyang Lake basin during the 490 

projection period 2020-2099 shows significant positive trends in comparison to that 491 

during the baseline period 1995-2014, which is in line with our finding of the enhanced 492 

land evaporation for the Poyang Lake basin under RCP8.5. 493 
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4.3. Warming-altered atmospheric water pathways 494 

To quantitively understand the warming-altered regional atmospheric cycle, the 495 

analysis of the atmospheric water pathways with the age-weighted regional water 496 

tagging approach (Equation 6) is performed. The RCP8.5 and CTRL WRF-age derived 497 

quantities of column-integrated tagged water vapor Wqv,tag, column-integrated tagged 498 

condensed atmospheric moisture Wqd,tag, and tagged precipitation Ptag, that are 499 

originating from the evaporated water from the Poyang Lake basin, in RCP8.5 are 500 

compared spatially and temporally, as shown in Figure 5. 501 

Figure 5a shows the spatial pattern of the 10-year averaged column-integrated 502 

tagged water vapor Wqv,tag over the Poyang Lake basin in CTRL, displaying that larger 503 

amounts of the evaporated water (> 0.7 mm) exist over the southeastern part of the 504 

basin. In comparison to CTRL, the atmosphere over the Poyang Lake basin in RCP8.5 505 

holds more tagged water vapor Wqv,tag (Figure 5b), in accordance with the increased T2 506 

(Figures 4a-4c) and the warming enhanced E (Figures 4d-4f). On the monthly scale, the 507 

increases in Wqv,tag in RCP8.5 are larger during the warmer and rainy months (March-508 

August) and become negligible during October-December (Figure 5c).  509 

The spatial pattern of the 10-year averaged column-integrated tagged condensed 510 

atmospheric moisture Wqd,tag shown in Figure 5d provides information about clouds and 511 

precipitation formation. In comparison to CTRL, warming in RCP8.5 leads to more 512 

Wqd,tag over the northern part of the basin (Figure 5e), and during the rainy period from 513 

April to August (Figure 5f). On the contrary, warming in RCP8.5 leads to less Wqd,tag in 514 

the atmosphere from September to January (Figure 5f). 515 
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The comparison of the 10-year averaged tagged precipitation Ptag shows that 516 

warming in RCP8.5 results in decreased Ptag over the basin (Figure 5h). Such 517 

decreased Ptag in RCP8.5 is projected in nearly every month of the investigated years 518 

(Figure 5i). 519 

Averaged over the basin and over the 10-year time slices, the atmosphere over 520 

the Poyang Lake basin in RCP8.5 will hold more tagged water vapor Wqv,tag by +66%, 521 

form more tagged clouds Wqd,tag by 41%, but generate less tagged precipitation by -83% 522 

in comparison to CTRL. 523 

4.4. Warming-altered land-atmosphere interactions 524 

The impact of global warming on the land-atmosphere interactions is quantitively 525 

assessed by spatially and temporally comparing the multiple-year averaged contribution 526 

ratios 𝜌௤௩,௧௔௚, 𝜌௤ௗ,௧௔௚, and 𝜌௉,௧௔௚ (Equation 8) in RCP8.5 with ones in CTRL, as shown in 527 

Figure 6. 528 

Figure 6a depicts the spatial pattern of the 10-year averaged contribution ratio 529 𝜌௤௩,௧௔௚ for the column-integrated tagged water vapor Wqv,tag in CTRL, revealing that the 530 

evaporated water from the Poyang Lake basin has higher contribution (> 3%) to the 531 

total water vapor over the western part of the basin and relatively lower contribution (< 532 

1%) over the eastern part. In comparison to CTRL, the contribution ratio 𝜌௤௩,௧௔௚ in 533 

RCP8.5 is increased by around +3% over the middle-western part of the basin and has 534 

no changes over the eastern border of the basin (Figure 6b). Temporally, warming leads 535 

to higher increases (+2%) in the contribution ratio 𝜌௤௩,௧௔௚ from February to June, and 536 

such increases become less from July to November (Figure 6c) 537 
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The spatial pattern of 𝜌௤ௗ,௧௔௚ in Figure 6d shows that in CTRL the contribution 538 

ratio of the tagged condensed atmospheric moisture Wqd,tag to the total condensed 539 

moisture Wqd reaches the highest values (> 3%) over the southwestern part of the 540 

basin. In comparison to CTRL (Figure 6e), warming leads to increased contribution 541 

ratios 𝜌௤ௗ,௧௔௚ with the highest increases over the area of the lake (+3%). Temporally, the 542 

contribution ratios 𝜌௤ௗ,௧௔௚ in RCP8.5 are higher than those in CTRL from February to 543 

August but lower from September to January (Figure 6f). 544 

 Figure 6g reveals that the contribution 𝜌௉,௧௔௚ of the evaporated water to the 545 

precipitation over the same basin in CTRL is around 3.5%, with the highest values (5%) 546 

over the eastern part adjacent to the lake area and the southern part where the 547 

mountainous regions are. In comparison to CTRL, the contribution ratio 𝜌௉,௧௔௚ in 548 

RCP8.5 decreases over the entire basin (Figure 6h), and throughout the whole year 549 

(Figure 6i). 550 

Averaged over the basin and over the 10-year time slices, the comparison of 551 

RCP8.5 to CTRL suggests that global warming will slightly strengthen the land-552 

atmosphere interactions with respect to water vapor (by +2%) and clouds (by +1%), but 553 

will weaken the interactions with respect to precipitation (by -1%). 554 

4.5. Warming-altered speed of the atmospheric water cycle 555 

The impact of global warming on the speed of the atmospheric water cycle is 556 

quantitively assessed by spatially and temporally comparing the multiple-year averaged 557 

atmospheric residence time 𝜏௤௩,௧௔௚, 𝜏௤ௗ,௧௔௚ (Equation 9) and atmospheric transit time 558 𝑇௉,௧௔௚ (Equation 10) in RCP8.5 with these in CTRL, as shown in Figure 7. 559 
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Figure 7a shows the spatial pattern of the 10-year averaged atmospheric 560 

residence times 𝜏௤௩,௧௔௚ in CTRL, displaying that the evaporated water from the Poyang 561 

Lake basin stays short (~15 hours) in the atmosphere particularly over the lowland lake 562 

and its southwestern surroundings (see Figure 1b), and stays longer (> 22 hours) over 563 

relatively high-elevation mountainous region (see Figure 1b). In comparison to CTRL, 564 

the atmospheric residence times 𝜏௤௩,௧௔௚ in RCP8.5 are projected to be shorter (Figure 565 

7b). The monthly variation in 𝜏௤௩,௧௔௚ in RCP8.5 becomes larger than that in CTRL 566 

(Figure 7c), and the shortest atmospheric residence times 𝜏௤௩,௧௔௚ are found in October-567 

December in RCP8.5 (around 10 hours), but in July in CTRL (around 15 hours). 568 

The spatial pattern of the 10-year averaged atmospheric residence times 𝜏௤ௗ,௧௔௚ 569 

in CTRL (Figure 7d) shows that in general the larger amount of the column-integrated 570 

tagged condensed moisture Wqd,tag (> 0.003 mm shown in Figure 5d) has shorter 571 

atmospheric residence time (< 24 hours), whereas the smaller amount of Wqd,tag (< 572 

0.002 mm in Figure 5d) has longer atmospheric residence time (> 28 hours). In 573 

comparison to CTRL, warming in RCP8.5 leads to shorter atmospheric residence times 574 𝜏௤ௗ,௧௔௚ over the entire basin and also changed spatial distributions of 𝜏௤ௗ,௧௔௚, i.e., shorter 575 

(longer) 𝜏௤ௗ,௧௔௚ over the eastern (western) part of the basin (Figure 7e). Temporally, 576 

warming in RCP8.5 increases the monthly variation in 𝜏௤ௗ,௧௔௚, and the atmospheric 577 

residence times 𝜏௤ௗ,௧௔௚ in RCP8.5 becomes shorter (longer) during the period 578 

September-April (May-August) than these in CTRL (Figure 7f). 579 

Regarding the spatial patterns of 𝑇௉,௧௔௚, the tagged precipitation in CTRL has 580 

shorter (longer) atmospheric transit times over the southern (northwestern) part of the 581 
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basin (Figure 7g). In comparison to CTRL, the similar pattern of 𝑇௉,௧௔௚ in RCP8.5 is 582 

found, but with an increased magnitude of 𝑇௉,௧௔௚ and increased corresponding spatial 583 

variation (Figure 7h). Temporally, warming in RCP8.5 increases the atmospheric transit 584 

times 𝑇௉,௧௔௚ and decreases the temporal variation in 𝑇௉,௧௔௚ than these in CTRL (Figure 585 

7i). The periodic characteristic of 𝑇௉,௧௔௚ in CTRL, that is lower values of 𝑇௉,௧௔௚ from early 586 

summer to early autumn and higher values of 𝑇௉,௧௔௚ from late autumn to early spring, 587 

still exist in RCP8.5, except for two additional months (October and November) with 588 

lower values of 𝑇௉,௧௔௚ in RCP8.5. 589 

Averaged over the basin and over the 10-year time slices, the comparison of 590 

RCP8.5 to CTRL suggests that global warming will shorten the residence times of the 591 

tagged water vapor by 8 hours and the tagged condensed moisture by 12 hours in the 592 

atmosphere, but will prolong the transit times of the tagged precipitation by 4 hours over 593 

the land surface, for the Poyang Lake basin.  594 

To understand the contrasting results of the acceleration of the tagged clouds in 595 

the atmosphere (Figure 7d-f) and the deceleration of the tagged precipitation over the 596 

land surface (Figure 7g-i), we further derive the atmosphere transit time of the column-597 

integrated tagged condensed atmospheric moisture due to fallout 𝑇௤ௗ_௙௔௟௟௢௨௧,௧௔௚ (see 598 

Equations 6 and 7), as shown in Figure 8. It is worth noting that, as the WSM5 599 

microphysics scheme is used in this study, the tagged condensed atmospheric moisture 600 

(Figure 5d) consists of the non-precipitating tagged liquid water substance (cloud 601 

droplets), non-precipitating solid water substance (cloud ice particles), precipitating 602 

liquid water substance (rain droplets), and precipitating solid water substance 603 

(snowflakes and other solid forms). The tagged condensed atmospheric moisture due to 604 
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fallout provides information about the precipitating moisture components only. It is found 605 

that the spatial pattern of the atmospheric transit time 𝑇௤ௗ_௙௔௟௟௢௨௧,௧௔௚ in CTRL (Figure 8a) 606 

is similar to that of the tagged precipitation (Figure 7g). In comparison to CTRL, 607 

warming leads to increased 𝑇௤ௗ_௙௔௟௟௢௨௧,௧௔௚ in the eastern part of the basin and decreased 608 

in the western part (Figure 8b). Temporally, warming results in increased 𝑇௤ௗ_௙௔௟௟௢௨௧,௧௔௚ 609 

from March to September and decreased 𝑇௤ௗ_௙௔௟௟௢௨௧,௧௔௚ from October to January (Figure 610 

8c), which is consistent with the warming-included changes in 𝑇௉,௧௔௚ (Figure 7i). Such 611 

consistent temporal variations of 𝑇௤ௗ_௙௔௟௟௢௨௧,௧௔௚ and 𝑇௉,௧௔௚ reveal that global warming will 612 

modify the precipitating regime over the Poyang Lake basin: Under global warming, the 613 

fallout of precipitating moisture components in the atmosphere will take more time, 614 

thereby resulting in increased 𝑇௉,௧௔௚ over the land surface. 615 

6. Summary and Conclusions 616 

This study presents the newly developed WRF-age model, that is the Weather 617 

Research and Forecasting WRF model of Skamarock et al. (2008) with the 618 

implementations of the age-weighed regional water tagging approach from Wei et al. 619 

(2016) and the online moisture budget analysis of Arnault et al. (2016) extended for the 620 

aged-weighted water. The new model allows us to follow the atmospheric water 621 

pathways, to derive atmospheric water residence times, i.e., a measure of the speed of 622 

the atmospheric water cycle, and to provide a prognostic equation of the atmospheric 623 

water residence times. The WRF-age model has been used to dynamically downscale 624 

the reanalysis of ERA-Interim and the MPI-ESM RCP8.5 scenario simulation for the 625 

Poyang Lake basin, for two 10-year time slices of past (1980-1989) and future (2040-626 
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2049) climate. In these WRF-age simulations, the Poyang Lake basin is chosen as the 627 

source of tagged moisture for the age tracing algorithm. The contribution ratio, the 628 

residence time of atmospheric water states of matter, and the corresponding 629 

atmospheric transit time have been employed to quantitatively assess the regionally 630 

accelerated/decelerated atmospheric hydrological cycle under global warming. 631 

In comparison to the historical WRF-age simulation, the 2-meter air temperature 632 

rises on average by +1.4 °C, evaporation increases by +6%, and precipitation 633 

decreases by -38% in the future under RCP8.5. In this context, global warming will 634 

shorten the residence times of the tagged water vapor by 8 hours and the tagged 635 

condensed moisture by 12 hours in the atmosphere, but will prolong the transit times of 636 

the tagged precipitation by 4 hours over the land surface that is in agreement with the 637 

reduced land precipitation amounts. Such prolonged atmospheric transit time of land 638 

precipitation under global warming is partly attributed to a slower fallout of precipitating 639 

moisture components in the atmosphere under global warming. We also found that 640 

global warming will lead to slightly increased contributions of the evaporation to the 641 

water vapor and the condensed atmospheric moisture over the Poyang Lake basin, but 642 

slightly decreased contributions of the evaporation to the precipitation. These distinct, 643 

warming-induced changes in the contribution ratios suggest that global warming will 644 

alter the local land-atmosphere interactions over the Poyang Lake basin. 645 

This first study with WRF-age demonstrates the potential of this model for 646 

deriving the residence times of atmospheric water states of matter, with the 647 

considerations of three-dimensional physical and thermodynamical processes in the 648 

atmosphere and the interactions of land-atmosphere. Moreover, our warming-induced 649 
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acceleration findings demonstrate that global warming increases the complexity of the 650 

regional atmospheric hydrological cycle, especially the associated changes in the speed 651 

of atmospheric water states of matter. Overall, it is concluded that our modeling study 652 

confirms the acceleration of the regional atmospheric water cycle under global warming, 653 

except for the precipitation-related processes. Our findings enhance the understanding 654 

of the warming-induced acceleration/deceleration of the atmospheric hydrological cycle 655 

at regional scales. 656 

Despite the above-mentioned advanced features of our newly developed WRF-657 

age model, one potential limitation of our RCM-based age-weighted regional water 658 

tagging approach is that the model-derived results of tracked evaporated water and 659 

respective atmospheric residence times depend on how realistically an RCM can 660 

simulate all the relevant processes of terrestrial hydrology, vegetation, and atmosphere 661 

(Gimeno et al., 2012). Direct validation of our model-derived results would be possible 662 

by tracking the water isotopologues as done in, e.g., Arnault, Jung, et al. (2021) and 663 

Arnault et al. (2022). 664 
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Figure captions    1 

Figure 1. (a) Model domain setup: the 30 km outer (D1) and 5 km inner (D2) WRF simulation 2 
domains. The terrain heights (meters above sea level; m a.s.l.) of D1 and D2 are shown in 3 
color. The light blue shaded area, i.e., the Poyang Lake basin, marks the source where 4 
evaporated water is tagged and tracked using the WRF-age model. (b) Terrain height (m a.s.l.) 5 
of the investigated Poyang Lake basin. 6 

Figure 2. Spatial distributions of the reference datasets (REF, left column) and the simulated 7 
(SIM, middle column) 2-meter air temperature T2 in °C (first row), evaporation E in mm day-1 8 
(second row), and precipitation P in mm day-1 (third row), averaged for the period 1980-1989. 9 
The right column shows the corresponding differences between the simulation and the 10 
reference datasets (SIM - REF). 11 

Figure 3. Temporal variations of the basin-averaged 2-meter air temperature T2 (°C), 12 
evaporation E (mm day-1), and precipitation P (mm day-1) from the reference datasets (REF, 13 
black solid line) and the simulation (SIM, blue dashed line) for the period from 1980 to 1989. 14 

Figure 4. Spatial distributions of (first row) the simulated 2-meter air temperature T2 in °C, 15 
(second row) evaporation E in mm day-1, and (third row) precipitation P in mm day-1 over the 16 
Poyang Lake basin, averaged for (left column) the historical period 1980-1989 derived from the 17 
CTRL simulation. Middle column shows the differences ΔT2 (°C), ΔE (%), and ΔP (%) between 18 
the future (2040-2049) RCP8.5 simulation and the historical CTRL simulation. The right 19 
column shows the boxplots of monthly variations of the basin-averaged T2 in °C, E in mm day-20 
1, and P in mm day-1 from the historical CTRL (in gray) and future RCP8.5 (in red) simulations. 21 
The horizonal black solid lines and the black circles indicate medium and mean, respectively. 22 
The upper and bottom bounds of the box denote the 75th and 25th percentiles, respectively. 23 
The upper and bottom whiskers stand for the 95th and 5th percentiles, respectively. 24 

Figure 5. As in Figure 4, but for (top row) the column-integrated tagged water vapor Wqv,tag 25 
(mm), (middle row) the column-integrated tagged condensed atmospheric moisture Wqd,tag 26 
(mm), and (bottom row) the tagged precipitation Ptag (mm day-1). 27 

Figure 6. As in Figure 4, but for the contribution ratios for (top row) the column-integrated 28 
tagged water vapor 𝝆𝒒𝒗,𝒕𝒂𝒈 (%), (middle row) the column-integrated tagged condensed 29 
atmospheric moisture 𝝆𝒒𝒅,𝒕𝒂𝒈 (%), and (bottom row) the tagged precipitation 𝝆𝑷,𝒕𝒂𝒈 (%). 30 

Figure 7. As in Figure 4, but for the atmospheric residence times of (top row) the column-31 
integrated tagged water vapor 𝝉𝒒𝒗,𝒕𝒂𝒈 (h) and (middle row) the column-integrated tagged 32 
condensed atmospheric moisture 𝝉𝒒𝒅,𝒕𝒂𝒈 (h), and (bottom row) the atmospheric transit time of 33 
the tagged precipitation 𝑻𝑷,𝒕𝒂𝒈 (h). 34 
 35 

Figure 8. As in Figure 4, but for the atmospheric transit time of the tagged precipitating water 36 
fallout 𝑇௤ௗ_௙௔௟௟௢௨௧,௧௔௚ (h). 37 
  38 
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 39 
Table 1. Model configuration and physical schemes of the WRF-age model used in this study. 40 

 41 

Domain name D1 D2 
 Model configuration 
Domain size (grid points) 141 × 141 247 × 247 
Horizontal resolution (km) 30 5 
Vertical discretization (levels) 38 38 
Time step (s) 60 20 
Boundary update 6-hour 3-hour 
 Physical scheme 
Cumulus BMJ - 
Shortwave radiation Dudhia 
Longwave radiation RRTM 
Microphysics WSM5 
Land surface NOAH 
Surface layer Revised MM5 Monin-Obukhov scheme 
Planetary boundary layer  YSU 
Shallow convection - 
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