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Abstract 21 

The mean states and future projections of precipitation over the monsoon transitional zone (MTZ) in 22 

China are examined based on the historical and climate change projection simulations from phase 5 and phase 23 

6 of the Coupled Model Intercomparison Project (CMIP5 and CMIP6, respectively). Ensemble means of 24 

CMIP6 models exhibit a clear improvement in capturing the annual mean and seasonal cycle of the 25 

precipitation over the MTZ, both in its spatial pattern and magnitude, compared to the counterparts of CMIP5 26 

models. In addition, both CMIP5&6 models project a significant increase in the annual total precipitation 27 

amount and annual precipitation range, but with slightly stronger changes in CMIP6. For the climatological 28 

mean precipitation amount, the two versions’ model ensembles show high consistency in the substantial role 29 

played by local evaporation in the supply of moisture in both the present-day and future-projection scenarios, 30 

with little contribution from the horizontal and vertical advection of moisture. The precipitation amount is 31 

projected to increase in all seasons, but with the strongest signals in summer. An analysis of the moisture 32 

budget indicates that the increase in summer precipitation is mainly due to evaporation and vertical moisture 33 

advection changes in both CMIP5&6 models. However, the change in vertical moisture advection in CMIP5 34 

is primarily attributable to the thermodynamic effects associated with the humidity changes. By contrast, the 35 

dynamic effects induced by the atmospheric circulation changes play a dominant role for CMIP6, which is 36 

likely related to the stronger warming gradient between the mid–high latitudes and the tropics.  37 

Keywords: Monsoon transitional zone · Precipitation projection · CMIP5 · CMIP6 · Moisture budget 38 

analysis  39 
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1 Introduction 40 

The monsoon transitional zone in China (MTZ) is a southwest–northeast-oriented belt between arid and 41 

humid climate zones, with the monsoon area to its southeast and non-monsoon area to its northwest (Qian et 42 

al. 2007; Qian et al. 2012; Wang et al. 2017; Zhao et al. 2019; Zhao et al. 2020). This region is especially 43 

sensitive and vulnerable to climate change, frequently suffering from severe natural disasters (Piao et al. 2017; 44 

Wang et al. 2017). Far from oceanic water vapor sources, the annual total precipitation amount here is rather 45 

low, ranging from approximately 200 to 800 mm year-1, but presents a large interannual variation owing to the 46 

combined impacts of the East Asian summer monsoon (EASM) and mid-latitude westerly winds (Wu et al. 47 

2003; Qian et al. 2009; Gao et al. 2014; Piao et al. 2018). Precipitation changes are of crucial importance 48 

because of the profound impacts they have on various aspects, such as vegetation cover (Lee et al. 2002; Mu 49 

et al. 2013), dust-storm occurrence (Liu et al. 2004; Lee and Sohn 2011), and drought frequency (Sato et al. 50 

2007; Wang and He 2015), thereby posing a substantial threat to the ecological stability and sustainable 51 

development of the region. Huang et al. (2016) suggested that, by the end of this century, dryland areas will 52 

occupy half of the global land surface, resulting from enhanced regional warming via the reduced carbon 53 

sequestration. Considering the particular sensitivity of the MTZ region to climate change, understanding to 54 

what extent and how the precipitation here will respond to global warming is fundamentally important for 55 

projecting regional climate trends in the future. 56 

Previous studies have suggested that the climatological mean precipitation amount over the MTZ region 57 

relies mainly on the water vapor supplied by local evaporation (Simmonds et al. 1999; Piao et al. 2018; Piao 58 

et al. 2020b), while interannual and interdecadal variations of precipitation are mainly due to changes in the 59 

water vapor transported by the large-scale atmospheric circulations (Zhou and Yu 2005; Hu et al. 2018; Piao 60 

et al. 2020a). For the climatological mean, local evaporation is regarded as the essential factor of influence for 61 

the input of moisture, as determined through analysis of the atmospheric water vapor budget, thus highlighting 62 
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the prominent bearing that land processes have on the regional hydrological cycle (Simmonds et al. 1999; Piao 63 

et al. 2018; Piao et al. 2020b). In terms of interannual and interdecadal variations, large-scale water vapor 64 

transport plays the most important role, which is controlled by the dynamic effects associated with circulation 65 

changes, rather than the thermodynamic effects related to the humidity changes (Hu et al. 2018; Piao et al. 66 

2020a). Given the particular location over the northern marginal area of the EASM system, the circulation 67 

changes here are subject not only to the EASM (Sun et al. 2007; Qian et al. 2012; Wang and He 2015), but 68 

also the mid-latitude westerly winds (Fukutomi et al. 2003; Fujinami et al. 2016; Piao et al. 2017). 69 

In terms of the possible future changes in dry–wet conditions under global warming, a widely mentioned 70 

concept is the “wet gets wetter and dry gets drier” trend (Allen and Ingram 2002; Neelin et al. 2006; Allan and 71 

Soden 2007; Wentz et al. 2007; Chou and Lan 2012). Some studies have attributed this trend to thermodynamic 72 

effects, which, put simply, is that with the increased water vapor induced by global warming, the upward 73 

(downward) motion favors a precipitation increase (decrease) via the inducement of anomalous moisture 74 

convergence (divergence) over the wet (dry) regions, where ascending (descending) motions play the 75 

dominant role for the climatological mean (Chou and Neelin 2004; Held and Soden 2006; Chou et al. 2009; 76 

Zhang et al. 2019b). By comparison, dynamic effects are relatively less robust and more complicated, and 77 

exhibit large spread among different climate models in terms of their impacts on the precipitation changes 78 

(Chou et al. 2009). For instance, Jiang et al. (2020) indicated that the summer precipitation over Central Asia 79 

presents a drying trend in the coming century, which is closely associated with the decreased vertical moisture 80 

advection attributed to thermodynamic effects. 81 

Several studies have been carried out to investigate projections of future climate over the MTZ region 82 

(Wentz et al. 2007; Wang and Chen 2014). Zhang et al. (2019a) pointed out that the climate types influence 83 

the response of surface evapotranspiration to global warming, and the type with annual total precipitation in 84 

the range of 250–300 mm shows the most significant sensitivity. Owing to the increased evaporation under 85 
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global warming, it is assumed that drought conditions over the MTZ region will be more severe compared to 86 

the present day, in spite of the remarkable increase in precipitation (Wang and Chen 2014; Wang et al. 2017). 87 

This remarkable increase in precipitation has been widely mentioned in previous studies (Liu et al. 2010; Chen 88 

and Frauenfeld 2014; Bao et al. 2015; Liu et al. 2017), accompanied by a more frequent occurrence and 89 

intensification of extreme events (Zhang et al. 2006; Zou and Zhou 2013; Zhou et al. 2014; Wang et al. 2017).  90 

Despite the considerable progress and achievements in this research field, few studies have thus far 91 

focused on the physical mechanisms responsible for the increase in precipitation over the MTZ region. Key 92 

questions remain unanswered, such as: What are the changes in the corresponding hydrological components, 93 

such as local evaporation and water vapor transport? And what are the relative roles played by dynamic and 94 

thermodynamic effects? Besides, most of the above-mentioned studies on precipitation change were based on 95 

CMIP5 (phase 5 of the Coupled Model Intercomparison Project) simulation results (Taylor et al. 2012), and 96 

we now have at our disposal the outputs from the improved climate models participating in phase 6 of CMIP 97 

(i.e., CMIP6), which are expected to provide more reliable climate projections under different emission 98 

scenarios (Eyring et al. 2016). Accordingly, in this study, based on the model outputs of both CMIP5 and 99 

CMIP6, we attempt to elucidate the future changes in the components of the hydrological cycle over the MTZ 100 

region, especially the precipitation, and the underlying physical mechanisms involved. The data and methods 101 

employed in the study are introduced in section 2. In section 3, we evaluate the performances of the CMIP5 102 

and CMIP6 models in simulating the hydrological cycle. Future projections of precipitation over the MTZ and 103 

the responsible physical mechanisms are examined in section 4. Finally, conclusions and some further 104 

discussion are presented in section 5.  105 

 106 

2 Data and methods 107 

2.1 Data 108 
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In this study, 30 CMIP5 and 16 CMIP6 models (Table 1) are used with respect to the variables involved 109 

in calculating the hydrological components of interest. The first run of each model is used. The CMIP5 and 110 

CMIP6 future climate projection simulations are driven by a set of future climate scenarios based on the 111 

Representative Concentration Pathways (RCPs) (Van Vuuren et al. 2011) after 2005 in CMIP5 and the Shared 112 

Socioeconomic Pathways (SSPs) (Riahi et al. 2017) after 2014 in CMIP6. The RCP-based and SSP-based 113 

scenarios contain slight differences in their emission trajectories and land-use changes, while nominal forcing 114 

levels in the two scenarios reach approximately the same radiative forcing in 2100 (O'Neill et al. 2016). Hence, 115 

the climate projections based on the two scenarios following a similar forcing pathway are considered to be 116 

comparable, though not totally identical. The historical simulations in CMIP5 and CMIP6 are employed to 117 

represent the current climate, and the future projections based on the RCP8.5 and SSP5-8.5 forcing scenarios 118 

are employed to represent the future climate. To define the MTZ region, two monthly precipitation datasets 119 

are adopted: the Global Precipitation Climatology Project (GPCP), with a horizontal resolution of 2.5° × 2.5° 120 

(Adler et al. 2003); and NOAA’s Precipitation Reconstruction over Land (PRECL), with a horizontal 121 

resolution of 1° × 1° (Chen et al. 2002). For the purpose of evaluating the effects of model performance on 122 

the hydrological cycle, we further use the evaporation dataset provided by the land surface model estimates 123 

from GLDAS/NOAH at a horizontal resolution of 0.25° × 0.25° (Sheffield et al. 2006), and the specific 124 

humidity, surface pressure, and horizontal and vertical velocity derived from the European Centre for Medium-125 

Range Weather Forecasts (ECMWF) Interim Re-Analysis (ERA-Interim), with a horizontal resolution of 126 

1.5° × 1.5° (Dee et al. 2011). All the datasets employed are interpolated onto the same horizontal resolution 127 

of 1° × 1° using the bilinear interpolation method to calculate the multi-model ensemble mean, pattern 128 

correlation, and pattern standard deviation. Four main research periods are chosen: ‘present-day’ (1979–2005), 129 

‘near-term’ (2021–2040), ‘mid-term’ (2041–2060), and ‘long-term’ (2081–2100). 130 

2.2 Methods 131 
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2.2.1 Definition of the MTZ region 132 

The MTZ region is selected based on the method in Zhao et al. (2019), which refers to the range of the 133 

monsoon domain boundaries over China. The monsoon domains are where the climatological mean 134 

precipitation differences between boreal summer [i.e., May–September (MJJJAS)-averaged] and winter [i.e., 135 

November–March (NDJFM)-averaged] exceed 2 mm day−1, and the summer precipitation amount accounts 136 

for more than 50% of the annual total (Liu et al. 2009). Precipitation differences are obtained using both the 137 

PRECL and GPCP datasets, and their 7-year running mean is further calculated to achieve the monsoon 138 

domain borders during 1979–2005 (Fig. 1). Then, as pointed out by Qian et al. (2007), the MTZ region over 139 

China is represented as the range of the monsoon domain borders. The GPCP and PRECL data are similar in 140 

terms of the resulting selection of the monsoon domain borders, albeit with a relatively broader scope produced 141 

by the latter (Fig. 1b). For convenience, their overlapping part is defined as the MTZ domain in this study, 142 

which is characterized by a southwest–northeast belt that includes parts of North and Northeast China (red 143 

box in Fig. 1). This chosen domain is closely consistent with that presented in previous studies using different 144 

criteria (Qian et al. 2007; Qian et al. 2009; Wang et al. 2017), indicating that our selection of the MTZ region 145 

is reasonable and reliable.  146 

2.2.2 Water vapor budget 147 

Following Schmitz and Mullen (1996), the balance equation for atmospheric water vapor can be 148 

expressed as  149 

 

,
 (1) 150 

where E and P denote evaporation and precipitation, respectively. W represents total precipitable water, which 151 

can be calculated by  152 

 

,
 (2) 153 
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where ptop and psurf are the pressure at the top of the troposphere and the surface, respectively; q represents the 154 

specific humidity; and g is the gravitational acceleration.  and  stand for the vertically integrated 155 

water vapor flux and its convergence, which can be obtained by  156 

 

,

 (3) 157 

in which V and ω are the horizontal and vertical wind velocity, respectively; and  and  are 158 

representative of the horizontal and vertical water vapor advection, respectively. Considering that the W 159 

tendency term always presents rather small changes ( ) compared to other terms, the atmospheric water 160 

vapor budget changes can be expressed as  161 

 

,

 (4) 162 

where ‘′’ denotes the monthly deviation from the climatology.   and   can be further 163 

decomposed as  164 

 

,

 (5) 165 

in both of which the overbar denotes the climatology for the present day. The first and second terms on the 166 

right-hand side represent the thermodynamic effects associated with changes in the water vapor caused by the 167 

temperature changes, and dynamic effects related to the circulation changes, respectively. The last term 168 

represents the contribution from nonlinear processes.  169 

2.2.3 Model skill score 170 
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To evaluate the performance of CMIP5 and CMIP6 models in simulating the climatological mean 171 

precipitation field, we employ the model skill score proposed by Taylor (2001), which is expressed as 172 

 

,

 (6) 173 

where R indicates the pattern correlation between the simulations and observations, and SDR denotes the ratio 174 

of the spatial standard deviation of model results to that of the observations.  175 

 176 

3 Evaluation of model performance in simulating the climatological mean precipitation 177 

3.1 Climatological mean annual total precipitation field 178 

In the observation, the annual total precipitation over the MTZ region ranges from 200 to 600 mm, 179 

exhibiting a southeast–northwest-oriented structure (Fig. 2a). The multimodel ensemble (MME) means of the 180 

CMIP5 and CMIP6 models can simulate well the observed spatial distribution of climatological mean 181 

precipitation over the MTZ, but overestimate the precipitation amount (Figs. 2b, c). The overestimated amount 182 

for CMIP6 is approximately 193.9 and 104.7 mm over the southern and northern parts of the MTZ, 183 

respectively (Fig. 2e), which are much smaller than the corresponding values of 290.3 and 152.5 for CMIP5 184 

(Fig. 2d). This suggests that the CMIP6 models offer an improvement in reproducing the climatological mean 185 

precipitation over the MTZ as compared to the CMIP5 models (Fig. 2f). 186 

The Taylor diagram is further utilized to give an intuitive perspective of model performance with respect 187 

to climatological mean precipitation over the MTZ region. Consistent with that seen in Fig. 2, the CMIP6 188 

models show much weaker intermodel diversity compared to their CMIP5 counterparts. Both CMIP5 and 189 

CMIP6 generally have larger standard deviations of the precipitation pattern, with half of the models showing 190 

values twice that of the observation for the former, but only a few for the latter (Figs. 3a, c). The pattern 191 

correlations are larger than 0.8 in nearly 50% of the CMIP6 models. However, only 23% (7 models) of the 192 
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CMIP5 models show a pattern correlation larger than 0.8. It is clear that the CMIP6 MME performs better 193 

both in terms of the pattern correlation and pattern standard deviation compared to that of CMIP5 (Figs. 3a, 194 

c). In addition, all the CMIP6 models except CanESM5, CESM2-WACCM and NorESM2-LM have skill 195 

scores that exceed 0.5, and four of them hold relatively high scores of beyond 0.8. As for the CMIP5 models, 196 

only half (14 models) of the models show skill scores larger than 0.5, and three models present relatively high 197 

skill scores (Figs. 3b, d). In terms of the MME, the skill score for CMIP6 is 0.74, which is higher than that in 198 

CMIP5 (0.6). The above results collectively suggest that CMIP6 models are relatively more skillful at 199 

simulating the climatological mean annual total precipitation over the MTZ region compared to the CMIP5 200 

models.  201 

3.2 Climatological mean annual cycle of the precipitation 202 

Over the MTZ region, summertime rainfall accounts for nearly 50% of the annual total precipitation (Piao 203 

et al. 2017). In contrast, there is only a small amount of rainfall in the winter season. Considering the striking 204 

contrast in the precipitation amount between the wet and dry seasons, it is worth investigating the possible 205 

future precipitation changes for each season. Hence, we further evaluate the model skill in simulating the 206 

climatological mean annual cycle of precipitation, along with other hydrological components (evaporation 207 

and moisture convergence) in the atmospheric water vapor balance equation, over the MTZ region. Both the 208 

CMIP5 and CMIP6 models are able to capture the general characteristics of the annual cycle of precipitation 209 

and evaporation, with maximum values in July and August and minimum values in the winter season (Fig. 4). 210 

Their simulated evaporation varies reasonably in-phase with that of the precipitation and acts as the main 211 

supply of moisture for precipitation throughout the year, which is consistent with observational evidence 212 

presented in previous studies (Piao et al. 2018). The MMEs of the CMIP5 and CMIP6 models can simulate 213 

the annual cycles of precipitation and evaporation well, but with slightly better performance for the latter, 214 

especially in the wet seasons (Fig. 4). Significant deviations exist in the simulated moisture convergence for 215 
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both model ensembles, with a large intermodel spread, in stark contrast to the precipitation and evaporation 216 

results. The residuals obtained from the CMIP5 and CMIP6 results account for approximately 10% of the 217 

precipitation amount in the summertime but 30% for the annual mean, indicating that the atmospheric water 218 

vapor budget is better closed in the summertime. In general, CMIP6 is more skillful at simulating the annual 219 

cycles of precipitation and evaporation compared to CMIP5, but fails to show clear improvement in 220 

reproducing the moisture convergence related to the large-scale water vapor transport.  221 

 222 

4 Future precipitation changes and the related physical mechanism 223 

The CMIP5 and CMIP6 models present quite similar features in their representation of the changes in 224 

annual total precipitation and annual precipitation range over the MTZ region throughout the 20th and 21st 225 

centuries, manifesting in a flat decreasing trend before the 1980s that turns into a sharp increasing trend 226 

thereafter (Figs. 5a, c). For the present-day simulations, the two MMEs exhibit reasonably in-phase evolutions. 227 

However, after the 2010s, their discrepancies become apparent, with the rate of increase shown by CMIP6 228 

seeming to be persistently larger than that of CMIP5 (Figs. 5a, c). Relative to the present-day climatology, the 229 

annual total precipitation amount in the CMIP5 MME median increases by about 2.8% (interquartile range: 230 

1.3%–6.1%) for the near-term, and up to 9.5% (5.4%–11.2%) and 18.3% (10.4–22.8%) for the mid-term and 231 

long-term, respectively (Fig. 5b). Considerable model spread still exists in CMIP6, and the MME median 232 

shows corresponding precipitation increases of 8.1%, 12.5% and 23.4%, all of which exceed those in CMIP5 233 

(Fig. 5b). The annual precipitation range also increases significantly, from 3.2%, 9.2% and 17.1% for the near-234 

term, mid-term and long-term in CMIP5, to 8.0%, 14.2% and 21.5% in CMIP6 (Fig. 5d). The increase in the 235 

annual precipitation range in CMIP5 and CMIP6 can further lead to a strengthening of the seasonality from 236 

the perspective of the dry and wet conditions, exerting prominent impacts on the regional water cycle over the 237 

MTZ region. What, then, are the precipitation changes in each season and how much do they contribute to the 238 
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changes in the annual precipitation range? And what is the underlying physical mechanism for the precipitation 239 

changes?  240 

Based on the balance equation for the atmospheric water vapor, the precipitation amount relies on the 241 

evaporation and the horizontal and vertical moisture advection. From the perspective of the climatological 242 

mean for the present-day and future periods, considerable model spread exists in the projections of all the 243 

hydrological components of interest in different seasons for both the CMIP5 and CMIP6 models (Fig. 6). The 244 

CMIP5 and CMIP6 models share several common features in their mean states of the atmospheric water vapor 245 

budget over the MTZ region: The precipitation amount is mostly accounted for by the summertime rainfall, 246 

and local evaporation appears to be the main source for the available water vapor during different future 247 

periods, consistent with the present-day climatology (Piao et al. 2018); plus, both the horizontal and vertical 248 

moisture advection are much smaller than the evaporation, exerting a limited or even a negative contribution 249 

to the climatological mean precipitation amount. 250 

In terms of the future precipitation changes, the contributions of the related hydrological components 251 

differ greatly from those for the climatological mean. In both the CMIP5 and CMIP6 MMEs, the increase in 252 

evaporation and horizontal moisture advection together dominate the precipitation changes in winter and 253 

autumn, while the vertical moisture advection exerts negative impacts (Figs. 7a, b, g, h); in spring, the wetting 254 

trend is balanced by the increase in evaporation and decrease in horizontal and vertical moisture advection 255 

(Figs. 7c, d). For the summertime changes, quite different features can be identified (Figs. 7e, f). In sharp 256 

contrast to the decreasing trend shown in other seasons, the vertical moisture advection exhibits a prominent 257 

increase in all three future periods, with the increment amount close to that for local evaporation. The changes 258 

in horizontal moisture advection are relatively small and show distinctive differences between CMIP5 and 259 

CMIP6, with a weak increase (decrease) for the former (latter). In spite of the opposite changes in horizontal 260 

moisture advection between CMIP5 and CMIP6, the vertical moisture advection and local evaporation 261 
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together dominate the increase in precipitation for both MMEs. Besides, the increase in precipitation shows 262 

its most significant signals in summer, with the increment amount being 0.11 (0.25) mm day-1, 0.25 (0.44) mm 263 

day-1 and 0.48 (0.56) mm day-1 in the near-term, mid-term and long-term for the MME medians of CMIP5 264 

(CMIP6). Considering these distinctive features shown in summer, in the following we mainly focus on the 265 

future precipitation changes in the summer season, and discuss the related physical mechanism. It should be 266 

noted that all the hydrological components of interest present stronger changes in CMIP6 than those in CMIP5, 267 

which might be attributable to the more sensitive climate, as shown in previous studies (Fan et al. 2020; Flynn 268 

and Mauritsen 2020; Zelinka et al. 2020). 269 

The corresponding spatial distributions are further displayed to examine if differences exist in the 270 

dominant factors of influence for the summertime increase in precipitation over different parts of the MTZ 271 

region. In the CMIP5 model simulations, the increase in precipitation is weak in the near-term, with significant 272 

signals limited to just a small area (Fig. 8a), which might be due to the large impacts of the internal variability. 273 

Alongside this, a significant increase in evaporation is noticeable over the northern and southern parts (Fig. 274 

8d). Both the horizontal and vertical moisture advection show weak changes (Figs. 8g, j). In the mid-term, 275 

both the precipitation and vertical moisture advection exhibit significant increases that are concentrated over 276 

the middle part (Figs. 8b, k), with a significant increase in evaporation but weak horizontal moisture advection 277 

over the whole domain (Figs. 8e, h). The changes in the long-term show quite similar features, but with the 278 

significant increase for both the precipitation and vertical moisture advection extending over a large part of 279 

the MTZ (Figs. 8c, l). This indicates that, for CMIP5, changes in the evaporation and vertical moisture 280 

advection are the dominant factors for the future increase in precipitation over most parts of the MTZ region, 281 

with little contribution from the horizontal moisture advection. In comparison, CMIP6 shows enhanced 282 

changes for all the hydrological components involved. Significant increases in precipitation occupy a large 283 

domain of the MTZ region for all three future periods (Figs. 9a, b, c), with the most significant changes situated 284 
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over the coastal area of East China. The future changes in evaporation are similar to those shown in CMIP5, 285 

with a significant increase covering most of the domain for all three future periods (Figs. 9d, e, f). Different 286 

from the domain-wide weak increase shown in CMIP5 (Figs. 8g, h, i), the CMIP6-simulated horizontal 287 

moisture advection presents a weak increase and decrease over the northern and southern parts, respectively. 288 

The increase in vertical moisture advection is remarkably strengthened in all three future periods for CMIP6, 289 

as compared to those simulated by CMIP5. The significant signals occupy the central part in the near-term but 290 

extend over most parts of the MTZ region in the mid-term and long-term (Figs. 9j, k, l), with the amplitude 291 

and spatial pattern quite similar to those corresponding to the increase in precipitation. Hence, the changes in 292 

evaporation and vertical moisture advection are considered as the two dominant factors for the future increase 293 

in precipitation over most parts of the MTZ region in both CMIP5 and CMIP6.  294 

The above analysis indicates that vertical moisture advection plays an important role in the future increase 295 

in precipitation over the MTZ region. In the following, we further examine the factors contributing to the 296 

changes in vertical moisture advection, with a focus on the relative contributions of the dynamic and 297 

thermodynamic components. Accompanying the increase in vertical moisture advection in the three future 298 

periods in CMIP5, the thermodynamic component presents quite similar changes in terms of amplitude and 299 

spatial pattern, with relatively weak change in the near-term (Fig. 10d) but a strengthened and significant 300 

increase in the mid-term and long-term (Figs. 10e, f). From a quantitative perspective, the thermodynamic 301 

component can account for approximately 58%, 61% and 67% of the total vertical moisture advection changes 302 

for the MME median of CMIP5 in the near-term, mid-term and long-term, respectively (Fig. 11a). By contrast, 303 

the dynamic (Figs. 10a–c) and nonlinear (Figs. 10g–i) components exhibit weak and non-significant changes 304 

over the MTZ, exerting little impact compared to the thermodynamic component. This accords well with the 305 

‘wet-getting-wetter’ mechanism. Climatologically, ascending motions occupy most parts of the MTZ region. 306 

With the increased atmospheric water vapor due to global warming, the thermodynamic effect, which is 307 
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dominated by the humidity changes, exhibits a significant increase, contributing to the projected increase in 308 

precipitation. In sharp contrast, the thermodynamic component shows no significant changes over the whole 309 

MTZ region for CMIP6 (Figs. 12d–f). Instead, the dynamic component experiences increasing changes in the 310 

three future periods (Figs. 12a–c), corresponding well to the significant changes in total vertical moisture 311 

advection (Figs. 9j–l). Besides, the nonlinear component can also exert considerable impacts, with significant 312 

changes recognizable over a large domain (Figs. 12g–i). In this case, the dynamic component turns out to be 313 

the dominant factor influencing the increase in vertical moisture advection in CMIP6, explaining 70%, 46% 314 

and 36% in the near-term, mid-term and long-term, respectively (Fig. 11b).  315 

The intensities of the dynamic effects are determined by the changes in vertical motion. In CMIP5, 316 

significant changes in descending motion are noticeable over the southern and central parts of China, together 317 

with marked changes in ascending motion over small areas of Inner Mongolia. However, the changes in 318 

vertical motion over most parts of the MTZ are fairly weak (Figs. 13a–c), and this may contribute to the weak 319 

dynamic effects on the changes in vertical moisture advection (Figs. 10a–c). By contrast, pronounced changes 320 

in ascending motion are apparent over the MTZ, especially in its central part, in CMIP6 (Figs. 14a–c). This 321 

explains the important role played by the dynamic component in the vertical moisture advection changes (Figs. 322 

12a–c). The enhanced changes in ascending motion are assumed to be associated with the stronger warming 323 

gradient between the tropics and mid–high latitudes in CMIP6 (Figs. 14d–f), as compared to CMIP5 (Figs. 324 

13d–f). The significant warming in the mid–high latitudes has already been mentioned in previous studies 325 

(Feng et al. 2014; Fan et al. 2020), and the suggested reason for its increase in CMIP6 is the higher climate 326 

sensitivity (Fan et al. 2020; Flynn and Mauritsen 2020; Zelinka et al. 2020). The stronger warming gradient 327 

in CMIP6 induces a larger sea level pressure gradient between the tropics and mid–high latitudes, which favors 328 

a strengthening of the prevailing southerly winds over the eastern coast of East China and a weakening of the 329 

mid–high-latitude westerly winds (Figs. 14g–i). This further results in more significant changes in ascending 330 
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motion via intensified convergence over the MTZ in CMIP6 (Figs. 14g–i) than in CMIP5 (Figs. 13g–i). 331 

 332 

5 Conclusions 333 

This study begins by examining the performance of CMIP5 and CMIP6 models in capturing the 334 

climatological mean and seasonal cycle of the precipitation over the MTZ. Then, we examine future 335 

projections of precipitation over the MTZ based on future climate projection simulations of the CMIP5 and 336 

CMIP6 models. In terms of the climatological mean, the MMEs of CMIP5 and CMIP6 can successfully 337 

reproduce the southeast–northwest-oriented precipitation gradient, but overestimate the annual total 338 

precipitation amount over the whole domain. Compared to CMIP5, CMIP6 is more skillful at simulating the 339 

annual mean precipitation in terms of both amplitude and spatial pattern. From the perspective of the annual 340 

cycle, the CMIP5 and CMIP6 models are both able to reproduce the monthly evolution of precipitation and 341 

evaporation, but with slightly higher skill for the CMIP6 models, especially in summer.  342 

Compared to the present-day climatology, the annual total amount and annual range for the precipitation 343 

exhibit a sharp increase until the end of the 21st century based on the CMIP5 (RCP8.5) and CMIP6 (SSP5-344 

8.5) future-projection simulations. The two MMEs reveal that the increase in summertime precipitation 345 

dominates the intensified annual cycle, with limited contribution from the precipitation changes in the dry 346 

seasons. Considering that the annual total precipitation amount is mostly concentrated in summer, the 347 

enhanced annual cycle would strengthen the seasonality of wet and dry conditions, exerting substantial 348 

impacts on the regional water cycle. It should be noted that CMIP6 shows a larger amplitude of the increase 349 

in precipitation compared to CMIP5, indicating that the dry and wet conditions are more sensitive under the 350 

prescriptions of the CMIP6 model runs. From the perspective of the climatological mean, both CMIP5 and 351 

CMIP6 show that the future precipitation amount is mainly supplied by local evaporation, with little 352 
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contribution from horizontal and vertical moisture advection.  353 

As for the future precipitation changes, the dominant factors of influence differ greatly among different 354 

seasons in CMIP5 and CMIP6. For winter and autumn, the increase in precipitation operates under the 355 

combined impacts of evaporation and horizontal moisture advection; whereas, in spring, the change in 356 

precipitation is balanced by the increase in evaporation and decrease in moisture advection. As for summer, 357 

the vertical moisture advection exhibits a significant increase with the amplitude close to that of the increase 358 

in evaporation, which is in stark contrast to the decreasing trend in other seasons. The horizontal moisture 359 

advection presents relatively small changes and shows opposite signals between CMIP5 and CMIP6, with 360 

weak increases over the whole domain for the former but strong decreases covering the southern part of the 361 

MTZ region for the latter. In this case, the changes in vertical moisture advection and local evaporation 362 

together dominate the summertime increase in precipitation. Further analysis reveals that the increase in 363 

vertical moisture advection is dominated by the thermodynamic component associated with humidity changes 364 

for CMIP5, but is mainly attributable to the dynamic effects related to circulation changes for CMIP6. The 365 

strengthened dynamic effects in CMIP6 are related to stronger vertical ascending motions, which may be 366 

associated with the increased warming gradient between the mid–high latitudes and the tropics.  367 

 368 
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Figure Captions 526 

 527 

Fig. 1. The 7-year running-mean precipitation differences equal to 2 mm day−1 between boreal summer (i.e., 528 

MJJJAS-averaged) and winter (i.e., NDJFM-averaged) during 1979–2005 (blue lines). The red boxes in a and 529 

b represent the selected MTZ region. 530 

 531 

Fig. 2. Mean annual total precipitation in the a GPCP, and the MME of b CMIP5 and c CMIP6 models over 532 

1979–2005 (unit: mm year−1). Differences in the mean annual total precipitation between d the MME of 533 

CMIP5 and GPCP, e the MME of CMIP6 and GPCP, and f the MME of CMIP6 and CMIP5. 534 

 535 

Fig. 3. Taylor diagrams (left-hand panels) and skill scores (right-hand panels) of the simulated precipitation 536 

over the MTZ region for the (a, b) CMIP5 and (c, d) CMIP6 models against the observations. 537 

 538 

Fig. 4. The climatological mean annual cycle of precipitation (Pr), evaporation (Eva), vertically integrated 539 

moisture convergence (Moi_con) and tendency of atmospheric precipitable water (dpw/dt) over the MTZ 540 

region obtained from ERA-Interim (lines with asterisks), the MME means (lines), and the 25th–75th percentile 541 

model intervals (shading) for the a CMIP5 and b CMIP6 ensembles (lines) (units: mm month−1). 542 

 543 

Fig. 5. MME mean (lines) and the 25th–75th percentile model intervals (shading) for the 20-year running 544 

mean anomalies of the a annual total precipitation (unit: mm year−1) and c the annual precipitation range (unit: 545 

mm day−1) relative to the present-day climatology (1979–2005) over the MTZ region. Changes in the b annual 546 

total precipitation and d annual precipitation range (%) for the near-term (2021–2040), mid-term (2041–2060) 547 

and long-term (2081–2100) relative to the present-day (1979–2005) climatology for the CMIP5 (red) and 548 
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CMIP6 (blue) ensembles. Box-and-whisker plots present the 10th, 25th, 50th, 75th and 90th percentiles. 549 

 550 

Fig. 6. Climatological mean amount of precipitation, evaporation, horizontal moisture advection (-<vdqdh>) 551 

and vertical moisture advection (-<wdqdp>) in (a, b) winter, (c, d) spring, (e, f) summer and (g, h) autumn, 552 

for the present-day, near-term, mid-term and long-term derived from the CMIP5 (left-hand panels) and CMIP6 553 

(right-hand panels) model ensembles (units: mm day−1). Box-and-whisker plots present the 10th, 25th, 50th, 554 

75th and 90th percentiles. 555 

 556 

Fig. 7. Changes in precipitation, evaporation, horizontal moisture convergence (-<vdqdh>) and vertical 557 

moisture convergence (-<wdqdp>) in (a, b) winter, (c, d) spring, (e, f) summer and (g, h) autumn in the near-558 

term, mid-term and long-term relative to the present-day climatology derived from the CMIP5 (left-hand 559 

panels) and CMIP6 (right-hand panels) model ensembles (units: mm day−1). Box-and-whisker plots present 560 

the 10th, 25th, 50th, 75th and 90th percentiles. 561 

 562 

Fig. 8. Changes in precipitation, evaporation, horizontal moisture advection (-<vdqdh>′) and vertical moisture 563 

advection (-<wdqdp>′) for the MME of CMIP5 models in the near-term (left-hand panels), mid-term (middle 564 

panels) and long-term (right-hand panels) under the RCP8.5 scenario compared to the present-day climatology 565 

(unit: mm day−1). The dotted area denotes that at least three quarters of modes share the same-sign changes. 566 

 567 

Fig. 9. As in Fig. 8, but for the CMIP6 MME. 568 

 569 

Fig. 10. The dynamic (-<w′dqdp>), thermodynamic (-<w(dqdp)′>) and nonlinear (-<w′(dqdp)′>) components 570 

of the changes in vertical moisture advection for CMIP5 MME in the near-term (left-hand panels), mid-term 571 
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(middle panels) and long-term (right-hand panels) under the RCP8.5 scenario compared to the present-day 572 

climatology (unit: mm day−1). The dotted areas denote that at least three quarters of models share same-sign 573 

changes. 574 

 575 

Fig. 11. Changes in vertical moisture advection (-<wdqdp>′) and its dynamic (-<w′dqdp>), thermodynamic (-576 

<w(dqdp)′>) and nonlinear (-<w′(dqdp)′>) components in the near-term, mid-term and long-term relative to 577 

the present-day climatology derived from the a CMIP5 and b CMIP6 model ensembles (unit: mm day−1). Box-578 

and-whisker plots present the 10th, 25th, 50th, 75th and 90th percentiles. 579 

 580 

Fig. 12. As in Fig. 10, but for the CMIP6 MME. 581 

 582 

Fig. 13. Changes in vertical velocity at 500 hPa (unit: Pa s−1), surface air temperature (unit: ℃), sea level 583 

pressure (unit: Pa) and horizontal wind at 850 hPa (unit: m s−1) for the CMIP5 MME in the near-term (left-584 

hand panels), mid-term (middle panels) and long-term (right-hand panels) under the RCP8.5 scenario 585 

compared to the present-day climatology. The dotted areas denote that at least three quarters of models share 586 

same-sign changes. 587 

 588 

Fig. 14. As in Fig.13, but for the CMIP6 MME.589 
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Table 1. Descriptions of the CMIP5 and CMIP6 models used in this study. 590 

 591 

Sl. No. CMIP5 Model Name Resolution (in °) Sl. No. CMIP6 Model Name Resolution 
(km) 1 ACCESS1-0 1.88×1.25 1 ACCESS-CM2 100 

2 ACCESS1-3 1.88×1.25 2 ACCESS-ESM1-5 250 

3 bcc-csm1-1 2.81×2.79 3 AWI-CM-1-1-MR 100 

4 BNU-ESM 2.81×2.79 4 BCC-CSM2-MR 250 

5 CanESM2 2.81×2.79 5 CanESM5 500 

6 CNRM-CM5 1.41×1.40 6 CESM2-WACCM 100 

7 CSIRO-Mk3-6-0 1.88×187 7 FGOALS-f3-L 100 

8 FGOALS-g2 2.81×2.79 8 GFDL-CM4 100 

9 FGOALS-s2 2.81×1.66 9 INM-CM4-8 100 

10 FIO-ESM 2.81×2.81 10 IPSL-CM6A-LR 250 

11 GFDL-CM3 2.50×2.00 11 MIROC6 250 

12 GFDL-ESM2G 2.00×2.02 12 MPI-ESM1-2-HR 100 

13 GFDL-ESM2M 2.50×2.02 13 MPI-ESM1-2-LR 250 

14 GISS-E2-H 2.50×2.00 14 MRI-ESM2-0 100 

15 GISS-E2-H-CC 2.50×2.00 15 NorESM2-LM 250 

16 GISS-E2-R 2.50×2.00 16 NorESM2-MM 100 

17 GISS-E2-R-CC 2.50×2.00    

18 Inmcm4 2.00×1.50    

19 IPSL-CM5A-LR 3.75×1.89    

20 IPSL-CM5A-MR 2.50×1.27    

21 IPSL-CM5B-LR 3.75×1.89    

22 MIROC-ESM 2.81×2.79    

23 MIROC-ESM-CHEM 2.81×2.79    

24 MIROC5 1.41×1.40    

25 MPI-ESM-LR 1.88×1.87    

26 MPI-ESM-MR 1.88×1.87    

27 MRI-CGCM3 1.13×1.12    

28 MRI-ESM1 1.13×1.12    

29 NorESM1-M 2.50×1.89    

30 NorESM1-ME 2.50×1.89    



29 

 

 592 

Fig. 1. The 7-year running-mean precipitation differences equal to 2 mm day−1 between boreal summer (i.e., 593 

MJJJAS-averaged) and winter (i.e., NDJFM-averaged) during 1979–2005 (blue lines). The red boxes in a and 594 

b represent the selected MTZ region.  595 
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 596 

Fig. 2. Mean annual total precipitation in the a GPCP, and the MME of b CMIP5 and c CMIP6 models over 597 

1979–2005 (unit: mm year−1). Differences in the mean annual total precipitation between d the MME of 598 

CMIP5 and GPCP, e the MME of CMIP6 and GPCP, and f the MME of CMIP6 and CMIP5.  599 
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 600 

Fig. 3. Taylor diagrams (left-hand panels) and skill scores (right-hand panels) of the simulated precipitation 601 

over the MTZ region for the (a, b) CMIP5 and (c, d) CMIP6 models against the observations.  602 
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 603 

Fig. 4. The climatological mean annual cycle of precipitation (Pr), evaporation (Eva), vertically integrated 604 

moisture convergence (Moi_con) and tendency of atmospheric precipitable water (dpw/dt) over the MTZ 605 

region obtained from ERA-Interim (lines with asterisks), the MME means (lines), and the 25th–75th percentile 606 

model intervals (shading) for the a CMIP5 and b CMIP6 ensembles (lines) (units: mm month−1).  607 
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 608 

Fig. 5. MME mean (lines) and the 25th–75th percentile model intervals (shading) for the 20-year running 609 

mean anomalies of the a annual total precipitation (unit: mm year−1) and c the annual precipitation range (unit: 610 

mm day−1) relative to the present-day climatology (1979–2005) over the MTZ region. Changes in the b annual 611 

total precipitation and d annual precipitation range (%) for the near-term (2021–2040), mid-term (2041–2060) 612 

and long-term (2081–2100) relative to the present-day (1979–2005) climatology for the CMIP5 (red) and 613 

CMIP6 (blue) ensembles. Box-and-whisker plots present the 10th, 25th, 50th, 75th and 90th percentiles.  614 
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 615 

Fig. 6. Climatological mean amount of precipitation, evaporation, horizontal moisture advection (-<vdqdh>) 616 

and vertical moisture advection (-<wdqdp>) in (a, b) winter, (c, d) spring, (e, f) summer and (g, h) autumn, 617 

for the present-day, near-term, mid-term and long-term derived from the CMIP5 (left-hand panels) and CMIP6 618 

(right-hand panels) model ensembles (units: mm day−1). Box-and-whisker plots present the 10th, 25th, 50th, 619 

75th and 90th percentiles. 620 
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 621 

Fig. 7. Changes in precipitation, evaporation, horizontal moisture convergence (-<vdqdh>) and vertical 622 

moisture convergence (-<wdqdp>) in (a, b) winter, (c, d) spring, (e, f) summer and (g, h) autumn in the near-623 

term, mid-term and long-term relative to the present-day climatology derived from the CMIP5 (left-hand 624 

panels) and CMIP6 (right-hand panels) model ensembles (units: mm day−1). Box-and-whisker plots present 625 

the 10th, 25th, 50th, 75th and 90th percentiles. 626 
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 627 

Fig. 8. Changes in precipitation, evaporation, horizontal moisture advection (-<vdqdh>′) and vertical moisture 628 

advection (-<wdqdp>′) for the MME of CMIP5 models in the near-term (left-hand panels), mid-term (middle 629 

panels) and long-term (right-hand panels) under the RCP8.5 scenario compared to the present-day climatology 630 

(unit: mm day−1). The dotted area denotes that at least three quarters of modes share the same-sign changes.  631 
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 632 

Fig. 9. As in Fig. 8, but for the CMIP6 MME.   633 
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 634 

Fig. 10. The dynamic (-<w′dqdp>), thermodynamic (-<w(dqdp)′>) and nonlinear (-<w′(dqdp)′>) components 635 

of the changes in vertical moisture advection for CMIP5 MME in the near-term (left-hand panels), mid-term 636 

(middle panels) and long-term (right-hand panels) under the RCP8.5 scenario compared to the present-day 637 

climatology (unit: mm day−1). The dotted areas denote that at least three quarters of models share same-sign 638 

changes.   639 
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 640 

Fig. 11. Changes in vertical moisture advection (-<wdqdp>′) and its dynamic (-<w′dqdp>), thermodynamic (-641 

<w(dqdp)′>) and nonlinear (-<w′(dqdp)′>) components in the near-term, mid-term and long-term relative to 642 

the present-day climatology derived from the a CMIP5 and b CMIP6 model ensembles (unit: mm day−1). Box-643 

and-whisker plots present the 10th, 25th, 50th, 75th and 90th percentiles.  644 
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 645 

Fig. 12. As in Fig. 10, but for the CMIP6 MME.  646 
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 647 

Fig. 13. Changes in vertical velocity at 500 hPa (unit: Pa s−1), surface air temperature (unit: ℃), sea level 648 

pressure (unit: Pa) and horizontal wind at 850 hPa (unit: m s−1) for the CMIP5 MME in the near-term (left-649 

hand panels), mid-term (middle panels) and long-term (right-hand panels) under the RCP8.5 scenario 650 

compared to the present-day climatology. The dotted areas denote that at least three quarters of models share 651 

same-sign changes.  652 



42 

 

 653 

Fig. 14. As in Fig.13, but for the CMIP6 MME. 654 



Figures

Figure 1

The 7-year running-mean precipitation differences equal to 2 mm day−1 between boreal summer (i.e.,
MJJJAS-averaged) and winter (i.e., NDJFM-averaged) during 1979–2005 (blue lines). The red boxes in a
and b represent the selected MTZ region.



Figure 2

Mean annual total precipitation in the a GPCP, and the MME of b CMIP5 and c CMIP6 models over 1979–
2005 (unit: mm year−1). Differences in the mean annual total precipitation between d the MME of CMIP5
and GPCP, e the MME of CMIP6 and GPCP, and f the MME of CMIP6 and CMIP5.



Figure 3

Taylor diagrams (left-hand panels) and skill scores (right-hand panels) of the simulated precipitation over
the MTZ region for the (a, b) CMIP5 and (c, d) CMIP6 models against the observations.



Figure 4

The climatological mean annual cycle of precipitation (Pr), evaporation (Eva), vertically integrated
moisture convergence (Moi_con) and tendency of atmospheric precipitable water (dpw/dt) over the MTZ
region obtained from ERA-Interim (lines with asterisks), the MME means (lines), and the 25th–75th
percentile model intervals (shading) for the a CMIP5 and b CMIP6 ensembles (lines) (units: mm
month−1).



Figure 5

MME mean (lines) and the 25th–75th percentile model intervals (shading) for the 20-year running mean
anomalies of the a annual total precipitation (unit: mm year−1) and c the annual precipitation range (unit:
mm day−1) relative to the present-day climatology (1979–2005) over the MTZ region. Changes in the b
annual total precipitation and d annual precipitation range (%) for the near-term (2021–2040), mid-term
(2041–2060) and long-term (2081–2100) relative to the present-day (1979–2005) climatology for the
CMIP5 (red) and CMIP6 (blue) ensembles. Box-and-whisker plots present the 10th, 25th, 50th, 75th and
90th percentiles.



Figure 6

Climatological mean amount of precipitation, evaporation, horizontal moisture advection (-) and vertical
moisture advection (-) in (a, b) winter, (c, d) spring, (e, f) summer and (g, h) autumn, for the present-day,
near-term, mid-term and long-term derived from the CMIP5 (left-hand panels) and CMIP6 (right-hand
panels) model ensembles (units: mm day−1). Box-and-whisker plots present the 10th, 25th, 50th, 75th
and 90th percentiles.



Figure 7

Changes in precipitation, evaporation, horizontal moisture convergence (-) and vertical moisture
convergence (-) in (a, b) winter, (c, d) spring, (e, f) summer and (g, h) autumn in the near-term, mid-term
and long-term relative to the present-day climatology derived from the CMIP5 (left-hand panels) and
CMIP6 (right-hand panels) model ensembles (units: mm day−1). Box-and-whisker plots present the 10th,
25th, 50th, 75th and 90th percentiles.



Figure 8

Changes in precipitation, evaporation, horizontal moisture advection (-′) and vertical moisture advection (-
′) for the MME of CMIP5 models in the near-term (left-hand panels), mid-term (middle panels) and long-
term (right-hand panels) under the RCP8.5 scenario compared to the present-day climatology (unit: mm
day−1). The dotted area denotes that at least three quarters of modes share the same-sign changes.



Figure 9

As in Fig. 8, but for the CMIP6 MME.



Figure 10

The dynamic (-), thermodynamic (-) and nonlinear (-) components of the changes in vertical moisture
advection for CMIP5 MME in the near-term (left-hand panels), mid-term (middle panels) and long-term
(right-hand panels) under the RCP8.5 scenario compared to the present-day climatology (unit: mm
day−1). The dotted areas denote that at least three quarters of models share same-sign changes.



Figure 11

Changes in vertical moisture advection (-′) and its dynamic (-), thermodynamic (-) and nonlinear (-)
components in the near-term, mid-term and long-term relative to the present-day climatology derived from
the a CMIP5 and b CMIP6 model ensembles (unit: mm day−1). Box-and-whisker plots present the 10th,
25th, 50th, 75th and 90th percentiles.



Figure 12

As in Fig. 10, but for the CMIP6 MME.



Figure 13

Changes in vertical velocity at 500 hPa (unit: Pa s−1), surface air temperature (unit: ), sea level pressure
(unit: Pa) and horizontal wind at 850 hPa (unit: m s−1) for the CMIP5 MME in the near-term (left-hand
panels), mid-term (middle panels) and long-term (right-hand panels) under the RCP8.5 scenario compared
to the present-day climatology. The dotted areas denote that at least three quarters of models share
same-sign changes.



Figure 14

As in Fig.13, but for the CMIP6 MME.


