
Conclusions
An effective index is developed to represent Beijing severe haze weather conditions

Future conducive weather conditions will be significantly more frequent, which is

consistent with large-scale circulation changes induced by greenhouse warming

Global efforts in reducing GHG emissions will contribute to decreasing the risks of

Beijing severe haze, as well as haze pollution over eastern China

Weather conditions conducive to Beijing severe haze more frequent under climate change
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weather conditions

Haze weather index and its observed 

change

Future changes in the frequency of severe 
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Future increased frequency linked to large-
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The frequency of Beijing winter severe haze has increased over past decades. In January 2013, for example, the maximum daily PM2.5 near Beijing reached 500 μg m-3. While the

underlying cause is increased pollutant emissions, local weather conditions play a part. Further, decadal climate variability and change may have contributed. However, no long-

term PM2.5 observations are available for attribution of the increased frequency. Here we show that circulation changes induced by global greenhouse gas emissions can

contribute to the increased Beijing severe haze frequency.
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To examine the weather linkage, we concatenated the seven years of winter daily PM2.5 (the

observed time series of PM2.5 in Beijing commence in 2009 from the US Embassy).

Correlation of available observed PM2.5 over 2009–2015 with a range of ambient daily

anomalies reinforces the link between PM2.5 and weather conditions. Strong correlations are

found in lower tropospheric meridional flows, midtropospheric zonal flows, and vertical

temperature profiles.

Defining a severe haze day as one when the concentration of PM2.5 > 150 μg m−3, we

constructed composites of daily meteorological anomalies associated with severe haze.

 The composite vertical temperature profile (ΔT) features warm anomalies in the near-

surface (around 850 hPa) preventing vertical dispersion of pollutants, accompanied by an

anomalous cooling in the upper atmosphere (Fig. 1a).

 The reduced seasonal prevailing near-surface cold northerlies (V850), or increased

occurrences of near-surface southerlies from the south of Beijing (Fig. 1b) are favourable

for haze formation and maintenance.

 In the midtroposphere, the East Asia trough shallows during severe haze, and the

associated northwesterlies extend to the north rather than south of Beijing (U500),

weakening the cold and dry northwesterly flows to Beijing and reducing the wind speed
(Fig. 1c).

Figure 1: Observed Beijing winter severe haze weather

conditions and their representation by a haze weather

index (HWI). a, Composites of days with observed PM2.5 >

150μgm−3 over the 7-year period (also see Fig.2), for

anomalous temperatures throughout the atmospheric column in

an east–west section. b, Anomalous wind vectors at 850hPa.

Shading indicates meridional flow. c, Anomalous wind vectors at

500hPa. Shading indicates zonal flow. Shown are anomalies

referenced to the mean over 1986–2015 and normalized by the

local standard deviation for the period using NCEP/NCAR

reanalysis. d–f, The same as in a–c, respectively, but using

HWI > 0. The green dot denotes the location of Beijing. Green

boxes/lines denote regions for averages in the calculation of
V850, ΔT and U500 .

Figure 2: Time series of 2009–2015 observed

boreal winter daily PM2.5 and normalized

daily weather conditions near Beijing.

Figure 3: Histograms of observed boreal

winter daily HWI near Beijing for 1948–1981

and 1982–2015. a, HWI for 1948–1981 (blue)

and 1982–2015 (red). b, c, d, The same as a,

but for V850, ∆T, and U500, respectively.

Figure 4: Future changes of Beijing winter

severe haze weather conditions based on

climate models. a, Histograms of historical

(blue bars, 1950–1999) and future (red bars,

2050–2099) HWI, aggregated from 15 climate

models under historical emissions and future

emission scenario RCP8.5.

Figure 5: Simulated winter severe haze weather conditions near Beijing.

a–c, Composites for days with HWI > 0 in terms of anomalous temperatures

throughout the atmospheric column in an east–west section (a), anomalous

flow vectors at 850 hPa for V850 (shading indicates meridional flow) (b), and

anomalous flows at 500 hPa for U500 (shading indicates zonal flow) (c), for

the historical climate. d–f, The same as a–c, respectively, but for future

climate.

Figure 6: Simulated multi-model ensemble

mean state changes in boreal winter mean

circulation. a,b, Changes in 850 hPa wind

vectors (m s−1) and sea level pressure (hPa) (a),

and 500 hPa wind vectors (m s−1) and 500 hPa

geopotential height (m) (b). These changes are

taken as the difference between the future and

the historical climate (2050–2099 minus 1950–

1999). c,d, The same as a,b, respectively, but

with a focus on the Beijing area. Green contours

in b and d are simulated mean 500 hPa

geopotential height (m) under the historical

climate (1950–1999). The green boxes denote

regions for focus in c and d.

We chose the three time series (ΔT, V850 and U500, averaged over the regions as defined

in Fig. 1a-c) that provide the highest correlation. These features form a basis for establishing

a relationship between Beijing winter daily PM2.5 (black curve, Fig. 2) and meteorological

anomalies. However, these three variables are not independent; DJF daily V850, ΔT and

U500 are correlated (red, blue, purple, Fig. 2) with correlation coefficients over the 1986–

2015 period in the range of 0.69–0.80, and are in turn correlated with the other daily

variables. Thus, favourable weather conditions co-occur to provide a conducive setting for

severe haze events.

From the first half (1948–1981) to the second (1982–2015)

half of the 1948–2015 period, there is an increase of 10%

in the mean frequency of HWI>0 occurrences, from 45.5

days to 50.2 days per season. The increased frequency is

statistically significant above the 99% confidence level, but

the role of climate change is not clear.

Because V850, ΔT and U500 are not independent, we

normalized each time series by its respective standard

deviation and summed the three normalized time series to

construct a single index, referred to as Haze Weather

Index (HWI; green, Fig. 2).

We tested the sensitivity of the HWI to the inclusion of

more weather parameters, for example, a local stratification

instability, and found little differences by including more

parameters. The correlation between PM2.5 and the HWI is

0.66, and the correlation between the HWI and a time

series of daily visibility over Beijing is −0.61 over the1982–

2014 period. And 89% (146/164) of all observed severe

haze events occurred with a HWI>0.

Composite patterns of future conducive anomalies, for

HWI>0 days show strong similarity between the historical

(Fig. 5a–c) and future climate (Fig. 5d–f). There is little

change in the average intensity, suggesting that the

conducive weather conditions simply occur more frequently

The increased frequency of conducive weather conditions is consistent with the mean state

changes affecting the Beijing region. Firstly, the near-surface atmosphere warms faster

leading to a more stable atmosphere. Secondly, land warms faster than the ocean, leading to

a weakened East Asian winter monsoon and reduced surface and midtropospheric

northwesterlies (Fig. 6a, b). This is supported by a shallowing in the East Asia trough (Fig. 6c,

d). Near the surface, mean sea level pressure decreases near the pole but increases in the

mid-latitudes, a pattern referred to as the positive phase of the Arctic Oscillation. This pattern

trends upward under climate change. These factors conspire to generate an increased

frequency of conducive weather conditions.
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Under climate change, the frequency of conducive

weather conditions increases markedly, manifested as a

systematic shift towards higher HWI values, contributed

by a similar shift towards a higher frequency of weaker

northerly winds, more stable lower atmosphere

conditions, and weaker East Asia troughs. Aggregated

over the 15 models, there is a 20% increase in days with

HWI>0; a more than 50% increase in days with HWI>1,

the conditions under which the January 2013 events

occurred.
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