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CAPSULE 13 

The greenhouse gas forcing has increased the likelihood of events like the 2021 wettest 14 

September in northern China by ~2-fold, while the anthropogenic aerosols play a relatively 15 

minor suppressing role. 16 

1. Introduction 17 

The autumn of 2021 was very unusual in northern China (NC). Continuous heavy rainfall hit 18 

the region in the September of the year. September is generally dry in in the region with mean 19 

total precipitation amount about 64 mm over 1951-2021. The 158.2 mm of total precipitation in 20 

September 2021 exceeded normal years by about 4 standard deviations (26 mm). The record 21 

rainfall led to high water levels and large water flows along the middle and lower reaches of the 22 

Yellow River Basin, resulting in serious flooding and landslides. Some ancient buildings were 23 

permanently damaged because of severe flooding (NCHA, 2021). About 6.668 million people 24 

and 498,600 hectares of agricultural land were affected, leading to a direct economic loss of 25 

about 15.34 billion CNY (MEM, 2021; NCC, 2021). It is thus necessary to explore what caused 26 

such an anomalous autumn in NC. 27 

Previous studies have found anthropogenic influence on intensification of heavy precipitation 28 

at global scale and in continents like Asia (Zhang et al., 2013; Paik et al., 2020; Dong et al., 29 

2021). In China, several event attribution studies provide evidence of human influence on 30 

increased probability or magnitude of heavy precipitation at smaller regional scale such as 31 

southeastern China in summer (Burke et al., 2016; Sun et al., 2019) and Beijing City in northern 32 

China in winter (Pei et al., 2022). However, a few studies found no clear evidence for the 33 

anthropogenic influence in NC (Zhou et al., 2013) or a negative contribution in central western 34 

China (Zhang et al., 2020) and southern China (Li et al., 2021). Many factors may have 35 

contributed to the different conclusions among the studies, including the event definition (Leach 36 

et al., 2020), the framing (Christidis et al., 2018), spatial and temporal contexts of the event 37 

(Kirchmeier-Young et al., 2019; Leach et al., 2020), as well as the use of different indicators 38 

(Sippel and Otto, 2014; Wehner et al., 2016). Besides the effect of greenhouse gases on heavy 39 

precipitation, the anthropogenic aerosols have also been found to possibly reduce the probability 40 

of extreme precipitation in the Yangtze River Valley (Zhou et al., 2021). Most previous studies 41 
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have focused on the summer precipitation analysis, while few have looked at autumn 42 

precipitation. Here we employ a probability-based approach (Stott et al., 2016) to explore the 43 

influence of anthropologic forcing as a whole and of the individual forcing such as greenhouse 44 

gases and anthropologic aerosols on the 2021-like autumn event in NC. 45 

2. Data and methods 46 

We used homogenized station data during 1951–2021 (http://data.cma.cn/) provided by 47 

China National Meteorological Information Center (NMIC) to characterize the rainfall in 48 

northern China (Red box in Figs. 1a–c, 32.5–42.5°N,110–120°E). Daily precipitation data from 49 

618 stations were selected and averaged onto the grid boxes at 2.5°×2.5°. The regional 50 

observation is extracted at the regional means of the area-weighted gridded data first and then 51 

normalized (relative to 1961–1990) as percentage anomalies of monthly mean precipitation 52 

(MPPA), maxima of 1-day (Rx1day%) and consecutive 5-day (Rx5day%) precipitation. We used 53 

simulations by climate models participated in the Coupled Model Intercomparison Project Phase 54 

6 (CMIP6, Eyring et al., 2016) under all anthropogenic and natural forcings combined (ALL), 55 

well-mixed greenhouse gas forcing (GHG), anthropogenic aerosol forcing (AA) and natural 56 

forcing (NAT), as well as the pre-industrial control simulations(CTL). To avoid giving too much 57 

weight to any individual model, we chose the models providing 3 ensemble members under each 58 

forcing and we also took the relevant CTL simulations of the same length (more details listed in 59 

Tables ES1 and ES2 in the online supplemental material). As 2015–2020 segments of GHG, AA 60 

and NAT simulations were driven by the SSP2-4.5 emission scenario (Gillett et al., 2016), the 61 

ALL historical simulations (1850–2014) were extended to 2021 with results from the SSP2-4.5 62 

scenario. The simulations were interpolated onto the same grid boxes as the observation using 63 

bilinear interpolation. The area-weighted averages of these regridded data were then used to 64 

obtain simulated MPPA, Rx1day% and Rx5day% of each ensemble member of the models. Note 65 

that for each model, the baseline period of 1961–1990 was constructed from its ensemble mean 66 

response to ALL forcing and used for all the simulations in order to keep impacts from the 67 

external forcing.  68 

We used risk ratio (RR) to quantify anthropogenic contribution to changes in event 69 

probabilities (Stott et al., 2016). For MPPA, the probability of events was calculated using the 70 
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method described in Sun et al. (2019) based on the empirical probability formula (Bonsal et al., 71 

2001). For Rx1day% and Rx5day%, a generalized extreme value (GEV) distribution was fitted 72 

to the observed and simulated data. The probability of events with equivalent or heavier 73 

precipitation than the September 2021 event in the 11-year simulations (2010–2020) under ALL, 74 

NAT, GHG, and AA forcings were defined as PALL, PNAT, PGHG, and PAA, respectively. PCTL 75 

denoted the occurrence probability of the events that are equal to or exceed the observed 76 

magnitude of the 2021-event in all the CTL simulations. The change in probability of a 2021-like 77 

event in the factual and counterfactual climates can thus be expressed as RRALL = PALL/PNAT. 78 

Similarly, we used RRGHG = PGHG/PCTL and RRAA = PAA/PCTL to denote the ratio of the 79 

probability under only GHG or AA forcing to that without human interference (i.e., at CMIP6-80 

specified pre-industrial level). The 90% confidence interval (90% CI) was obtained by using 81 

1000 bootstrap resampling. 82 

(a) MPPA in Sep. 2021              (b) Rx1day% in Sep. 2021     (c) Rx5day% in Sep. 2021 83 

 84 
(d) MPPA in Sep.                     (e) Rx1day% in Sep.               (f) Rx5day% in Sep. 85 

 86 
(g) Z500 in Sep. 2021              (h) UV850 in Sep. 2021          (i) Moisture in Sep. 2021 87 

        88 
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Fig. 1. (a)–(c) Observed MPPA, Rx1day% and Rx5day% in September 2021 over China. 89 
Red box marks the study region of northern China. (d)–(f) Regional averaged September MPPA, 90 
Rx1day% and Rx5day% in NC during 1951–2021 for observation (black) and model simulations 91 
under ALL (red) forcing. The pink and yellow hatchings show the 5–95% and minimum-92 
maximum spreads of ALL simulations, respectively. (g) Geopotential height (contour, gpm) and 93 
anomalies (shading, gpm) at 500 hPa. (h) Wind anomalies (m·s–1) at 850 hPa. (i) Moisture flux 94 
(arrow, kg·s-1·m-1) vertically integrated from 1000 hPa to 300 hPa and its divergence (shading, 95 
10-5 kg·s-1·m-2). All anomalies are relative to 1961–1990. 96 

3. Results 97 

In September 2021, two thirds of the stations (416 stations) in Northern China experienced 98 

more than twice the 1961–1990 averaged MPPA and nearly 40% (235 stations) of the stations 99 

reached a new record since 1951 (Fig. 1a). Three stations even received 6 times more 100 

precipitation than the 1961–1990 average. The observed MPPA (MPPAOBS) of 140.5% in 101 

September 2021 is the highest since 1951 (Fig. 1d), expected to recur once every 103 (90% CI: 102 

61–1401) years (Fig. ES1a). Observed Rx1day% and Rx5day% in 2021 show spatial 103 

distributions similar to that of the MPPA (Figs. 1b, c), with the highest amount of 83.87% and 104 

88.82% averaged in NC relative to 1961–1990 during 1951–2021, respectively (Figs. 1e, f). Such 105 

high values corresponded to a 1-in-334-yr event and a 1-in-167-yr event (Figs. ES1 b, d). All 106 

these indicated a record-breaking wet event marked by abnormal mean and extreme rainfall.  107 

The atmospheric circulation and water vapor transport provided favorable background for the 108 

persistent rainfall. During September 2021, a stable mid-latitude circulation with two troughs and 109 

one ridge (Fig. 1g) was conducive to the formation and maintenance of precipitation systems in 110 

northern China. The subtropical high extended westward and southwestly airflow prevailed at 111 

the western edge of its lower level, which brought water vapor continuously to the study region, 112 

providing abundant water vapor for precipitation (Figs. 1h, i). The similar circulation pattern was 113 

also found in autumn of NC in some La Niña years (Yuan and Wang, 2019), which reflects the 114 

possible influence from a La Niña event. 115 

The CMIP6 models have comparable standard deviations with the observation and 116 

reasonably reproduce the observed distributions of the three variables as their probability 117 

distributions were not considered to be statistically different from those of observations’ 118 

according to the two-sided Kolmogorov-Smirnoff test (Fig. ES1). Note, however, that 119 

differences in the far tails of the distribution between the simulation and the observation is 120 



 

6 

File generated with AMS Word template 2.0 

visible. The 2021 observation is very unusual as it is close to or ever higher than 95% of the 121 

simulations (Figs. 1d-f).  122 

Using the Bonsal method (2001), the probability of exceeding the 2021 threshold in 123 

MPPAOBS is 0.97% (POBS=0.0097). The corresponding probability of a 2021-like event defined 124 

by MPPAOBS is 2.1% (0.6%–3.2%) under ALL forcing and 1.7% (0.1–3%) under NAT forcing, 125 

which is associated with a 1-in-48-yr (31–167 yr) event and a 1-in-60-yr (33–100 yr) event, 126 

respectively (Figs. 2 a, b). Thus, such events are estimated to be more common because of 127 

human influence as RRALL =1.3 (0.1–2.0). Following this process and the same MPPAOBS, we 128 

estimate the corresponding RRGHG and RRAA to be 2.3 (1.3–3.2) and 0.5 (0.1–1.0), respectively 129 

(Figs. 2 c -e). 130 

 131 

Fig. 2. Attribution results. Fitted distributions, return periods, risk ratios and exceedance 132 
probabilities of domain-averaged MPPA by the empirical probability formula (Figs. a–e), and 133 
Rx1day% (Figs. f-j) and Rx5day% (Figs. k-o) by GEV distribution in September 2021 over 134 
northern China based on ALL (red), NAT (blue), GHG(purple), AA(Orange) and CTL (green) 135 
ensembles. Black lines indicate the observed threshold values of the September 2021 event, that 136 
is 140.5%, 83.87% and 88.82% for MPPA, Rx1day% and Rx5day%, respectively. Figs. (e)- (o) 137 
are best estimates and 90% confidence intervals of risk ratios (left, gray boxes) and exceedance 138 
probabilities (right, color bars). The error bars and boxes mark 5–95% uncertainty ranges 139 
estimated via the bootstrapping method (N = 1000). 140 

 141 
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Figs. 2f-o shows the GEV-fitted probability distributions, return periods and risk ratios of 142 

Rx1day% and Rx5day% for the 2021-like event under different external forcings. For both 143 

indices, the ALL distributions show a relatively lower and wider shape, and a shift to higher 144 

amounts as compared to the NAT climate. This indicates an increase in the probability of a 2021-145 

like event in response to anthropogenic forcing. For Rx1day%, the probability higher than the 146 

observed threshold (83.87%) is 6.7% (4.1%–8.8%) in ALL and 3.1% (1.4%–4.8%) in NAT. 147 

Then RRALL is estimated as 2.1 (1.2–4.9). Further comparison between forced and unforced 148 

experiments shows the influence of different anthropogenic forcings. As compared to the CTL, 149 

the GHG is marked by a flatter distribution, shifting rightward to a wetter climate in most cases, 150 

while the AA distribution has a narrower shape shifting to a drier world. The estimated PGHG, 151 

PAA and PCTL indicate that a 1-in-21-yr (17–27) event in CTL becomes a 1-in-13-yr (10–21 yr) 152 

event with RRGHG=1.7(0.9–2.3) in GHG and a 1-in-100-yr (51–597 yr) event in AA with 153 

RRAA=0.2 (0.03–0.4). Similarly for Rx5day% (Figs. 2 k-o), we estimate RRALL =1.6 (0.8–3.4), 154 

RRGHG =1.3 (0.6–1.8) and RRAA=0.2 (0.04–0.5). 155 

4. Conclusions 156 

We estimated the anthropogenic influence on the wettest September in 2021 in northern 157 

China. Compared to a climate without human influence, the GHG forcing is estimated to induce 158 

about 2-fold increases in the probability of both the monthly mean rainfall and heavy rains for 159 

one day and five consecutive days for such events. The anthropogenic aerosol forcing shows 160 

decreased contribution, which varies among different aspects of the event. It indicates the 161 

dominant role of greenhouse gases and a relatively slight suppressing contribution of the 162 

anthropogenic aerosols to the occurrence of a 2021-like event in northern China. The possible 163 

physical explanation may include the increasing atmospheric water-holding capacity due to 164 

increasing GHGs following the Clausius-Clapeyron relationship, which favors the occurrence of 165 

heavy rainfall. The impact of anthropogenic aerosols may be more complex. It has masked the 166 

GHG-induced warming by its cooling effect and also affected circulation patterns. The aerosols 167 

also can exert negative impacts on the heavy rainfall in northern China by weakening the 168 

summer monsoon circulation (Jiang, et al., 2015). Results show that the anthropogenic forcing as 169 

a whole has increased the likelihood of a 2021-like event, though evidence for the effect on total 170 

precipitation is less robust.  171 
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