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Abstract. 
In this study, the effect of anthropogenic heat release (AHR) on meteorological variables and atmospheric diffusion capability and implication for haze pollution in the Beijing-Tianjin-Hebei region in January 2013 were investigated by using Weather Research and Forecasting (WRF) model with an urban canopy model (UCM) and an AHR scheme. The comparison with observation demonstrated the WRF/UCM model taking AHR into account apparently improved meteorological prediction, especially for surface air temperature at 2 m (T2). The model also exhibited a better performance for planetary boundary layer (PBL) height. This study revealed that AHR from cities exerted a significant impact on meteorology by generally increasing surface air temperature and wind speed, decreasing relative humidity, and elevating PBL height and near surface turbulent kinetic energy (TKE), which could consequently reduce surface pollutant concentration and mitigate haze pollution by enhancing atmospheric instability and turbulent mixing and reducing aerosol hygroscopic growth. 



1. Introduction
In recent decades, large scale urbanization has developed rapidly, resulting in significant changes in local/regional environment and climate. Urbanization brings about changes in underlying surface and releases of anthropogenic heat and anthropogenic pollutants into the atmosphere, consequently altering urban air quality and boundary layer meteorology. Urban heat island (UHI) can be generated due to changes in land use (including land types and characteristics) and land surface processes during urbanization [1–3].
Anthropogenic heat release (AHR) is produced by human activities and spreads to surrounding atmosphere. AHR is generated from many kinds of sources, with major sources from human metabolism, vehicle, and energy consumption in buildings including electricity and heating fuels [4]. A large amount of anthropogenic heat flux provides additional energy in urban area and further alters urban thermal environment. Oke [5] indicated that AHR was one of contributors to UHI. Feng et al. [6] found the influence of AHR on surface air temperature was greater than the influence of underlying surface change in winter across China. Chen et al. [7] suggested that AHR was an important factor in global climate change that should not be ignored on a global scale.
The anthropogenic heat flux depends on climate, population density, and intensity of industrial and commercial activities [8]. Recently, some studies have used energy statistics data to estimate more realistic AHR values. Sailor and Lu [4] explored the diurnal and seasonal variation of AHR in six large US cities, indicating a larger value in winter (maximum 75 W m−2) than that in summer (maximum 60 W m−2) and a typical diurnal variation with a daytime peak slightly larger than that during nighttime. Offerle et al. [9] reported an average of 32 W m−2 from October to March in a downtown area of Lodz, Poland. Ferreira et al. [10] found a typical diurnal variation of AHR in Sao Paulo due to traffic waste heat release, with three peaks in early morning (19.9 W m−2), at noontime (19.6 W m−2), and in late afternoon (20.3 W m−2), respectively. AHR has been incorporated into numerical models to estimate its impacts. Taha [11] found that AHR may create a heat island of up to 2~3°C in urban center during both daytime and nighttime. Fan and Sailor [8] performed numerical experiments with MM5 (Mesoscale Model Version 5) to study the impacts of AHR on urban climate in Philadelphia. Their results showed a large air temperature increase during nighttime (2~3°C) and changes in nocturnal PBL structure. Urano et al. [12] took into account vertical distribution of AHR in a mesoscale climate model and found its impact occurred mainly at nighttime. Best and Grimmond [13] found that the inclusion of AHR in surface energy balance was important for urban meteorological modeling. Recently, some studies also simulated long-term AHR impact on a global scale. Allen et al. [14] estimated a diurnal range of 0.7~3.6 W m−2 for global mean urban AHR using a large scale urban consumption of energy (LUCY) model. Flanner [15] incorporated AHR into global climate models and simulated significant increases in annual mean temperature and PBL height over grid cells of AHR exceeding 3.0 W m−2.
Because of the rapid economic and industrial development in China, urbanization has been accelerating over the past 30 years which draws increasing attentions of scientific community. Feng et al. [16] estimated the values of annual mean AHR to be 23.6 W m−2, 44.5 W m−2, and 33.1 W m−2 in urban areas of the Pearl River Delta, the Yangtze River Delta, and the Beijing-Tianjin-Hebei region, respectively. Through sensitivity simulations, Lin et al. [17] suggested that AHR played an important role in boundary layer development and UHI intensity in Taipei, especially during nighttime and early morning. Chen et al. [18] estimated the daily mean contribution ratios of AHR to UHI intensity were 54.5% and 43.6% in winter and summer, respectively. Zhang et al. [19] found that AHR contributed to nearly 75% of UHI intensity and its impact on near surface relative humidity and wind speed was evident in the Pearl River Delta. However, relevant studies on AHR in China were still limited and the above studies mainly focused on AHR’s impact on urban meteorology.
Anthropogenic heat release in China reaches maximum in winter due to increasing energy consumption; meanwhile, haze pollution occurs most frequently in winter due to the combined effects of larger emission amount and stronger atmospheric stability. So, it is valuable to explore the impact of urban AHR on meteorology and turbulent diffusion, which plays an important role in haze formation and evolution. This study aims to investigate the effect of AHR on meteorology in the Beijing-Tianjin-Hebei region in January 2013 by using the WRF/UCM together with AHR parameterization. The new aspect in this study is to further explore the changes induced by AHR in atmospheric diffusion and mixing capacity during haze event and its implication for haze pollution.
2. Data and Methods
The meteorological model used in this study is the Weather Research and Forecasting (WRF) model version 3.5 with the ARW dynamic core [20]. Two nested domains are selected (Figure 1(a)), with a center at (35°N, 115°E) and horizontal resolutions of 27 km (d01: 160 × 140) and 9 km (d02: 76 × 91), respectively. D02 (Figure 1(b)) covers the Beijing-Tianjin-Hebei region, one of the biggest urban agglomerations in China, which contains a population of 104 million. Figure 1(c) shows the spatial distribution of all land use types in d02. The land use dataset used in WRF model is retrieved from MODerate resolution Imaging Spectroradiometer (MODIS). There are 30 eta levels from the surface to 50 hpa. Initial and boundary conditions are provided by the 6 hourly and 1° × 1° Global Final Analysis (FNL) data from the National Centers for Environmental Prediction (NCEP). Simulation period is from 0000 UTC 27 December 2012 to 1800 UTC 31 January 2013, with the first five days as spin-up period. The physical options used in model simulation include the Mellor-Yamada-Janjic (MYJ) planetary boundary layer (PBL) scheme [21], Kessler microphysical scheme, new Kain-Fritsch cumulus scheme, CAM shortwave and longwave radiation [22], and the Noah land surface model (LSM) coupled with a single layer urban canopy model (UCM) [23]. The UCM takes urban geometry into account to describe more realistically the exchanges of energy, momentum, and vapor between urban surface and atmosphere. It divides the urban surface into three types (roof, wall, and road) and considers the influence of shadowing from buildings and the reflection of radiation. The urban parameters in this study are updated based on recent observational studies in China megacities. The mean building height is updated from 7.5 m to 18 m following Miao et al. [24], which is derived from field measurement around a 325 m meteorological tower in downtown Beijing. The fraction of nonnatural vegetation and surface albedo is set to 0.9 and 0.2, respectively, based on previous observations in Beijing [25, 26].




	
	
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
			
		
		
		
			
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
		
		
		
			
		
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
		
		
			
		
		
		
		
		
			
		
		
		
			
		
		
		
		
		
		
		
			
		
		
		
			
		
		
		
		
		
			
		
		
		
		
		
		
			
		
		
		
			
		
		
		
		
			
		
		
		
			
		
		
		
		
		
			
		
		
		
		
		
			
		
		
		
			
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
		
		
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
		
		
			
		
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
			
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
			
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 1: (a) The two nested domains (d01, d02) used for this study, (b) terrain height and cross section location denoted by red line AB in d02, (c) land use types and locations of observation sites in d02 (1: Beijing, 2: Baodi, 3: Tangshan, 4: Tanggu, and 5: Tianjin).


As to AHR emission in China, Feng et al. [6] estimated a daily mean value of 28 W m−2 for high intensity residential based on an annual mean AHR estimate of cities in China and urban classification method. For annual mean AHR, it was calculated with energy data, including energy consumption, utility efficiency, and calorific values. Meanwhile, the diurnal variation of urban AHR is taken into account in the WRF/UCM based on observational data in Beijing [27], with higher value during daytime and two peaks at 08:00 and 17:00 LST (Figure 2(a)). The AHR diurnal variation in Beijing is found to be similar to the default one in the WRF/UCM. The hourly value of AHR during a day is derived through multiplying daily maximum 50 W m−2 (daily mean 28 W m−2 divided by daily mean scaling factor) by hourly scaling factor (the ratio of hourly AHR to daily maximum AHR). Figure 2(b) shows the spatial distributions of AHR at 12:00 LST in the domain. Large values (about 37 W m−2) occurred in the centers of Beijing and Tianjin, with decreasing magnitude toward suburban and rural areas. AHR is added to the surface energy balance equation of the model in a form of sensible heat.
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(b)
Figure 2: (a) Diurnal hourly scaling factors of AHR in Beijing. (b) Spatial distributions of AHR at 12:00 LST (units: W m−2 for AHR).


To investigate the effect of AHR on meteorological variables, two sensitivity model simulations are conducted. One is the base case without AHR; the other is case 1 by considering AHR in urban areas. The difference between the two cases reflects the AHR-induced meteorological changes. The observed meteorological data in January 2013 is derived from China Meteorological Administration (http://data.cma.cn/site/index.html), and the observed PM2.5 concentration is converted from air quality index (AQI) in Beijing (http://www.bjepb.gov.cn/).
3. Results and Discussion
3.1. Model Validation
The day to day variations of the observed and simulated meteorological variables in the two cases for January 2013 in Beijing are presented in Figures 3(a)–3(d). High and low pressure occurred alternatively in the study period, which were well reproduced by both the base case and case 1. Surface air temperature exhibited an increasing trend up to 0°C at the end of January. It was noticed that T2 in case 1 was higher than that in base case due to the AHR effect and was closer to observation. It is impressive that WS10 was mostly less than 2 m s−1 during the study period, implying an unfavorable condition for pollutant diffusion. The model was able to simulate WS10 variation reasonably well and AHR tended to generally increase WS10 with a relatively smaller magnitude compared with T2. There was a large variation in RH2, ranging from 20% during a cold front passage to above 90% under a weak low pressure system, implying a potentially large effect on haze and visibility. AHR generally led to a decrease of RH2 in case 1, but the agreement with observation between base case and case 1 was not discernible.
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(e)
Figure 3: Comparisons of simulated and observed daily mean surface meteorological variables in Beijing in January 2013. (a) Air pressure, (b) 2 m air temperature (T2), (c) 10 m wind speed (WS10), (d) 2 m relative humidity (RH2), and (e) PM2.5 (base case: black dotted line, case 1: red dotted line, and observation: black solid line).


The statistical comparison for T2, WS10, and RH2 at the 5 sites (Figure 1(c)) is shown in Table 1. In general, WRF was able to reproduce the variation of ground meteorological variables reasonably well, with correlation coefficients (COR) being 0.85 for T2, about 0.70 for WS10 and RH2 for all sites. However, it was apparent that T2 in Beijing was predicted to be much lower than the observation in base case, with mean bias (MB) and normalized mean bias (NMB) of −2.5°C and 59%, respectively. By taking AHR into account, T2 prediction was closer to observation in case 1, with MB and NMB reduced to −0.7°C and 19%. Such improvement occurred at all sites, resulting in an overall MB and NMB of −0.1°C and 3%, demonstrating the significant influence of AHR and the necessity to include AHR in prediction of urban meteorology. It is also noteworthy that AHR tended to increase wind speed in urban areas and slightly improve WS10 prediction regarding the reduced MB (from −0.1 to −0.02 m s−1) and NMB (−3% to −1%). WRF generally predicted a larger RH2 in base case, but a lower RH2 in case 1 due to increasing T2 by AHR; the overall performances for RH2 were comparable between the two cases.
Table 1: Statistics for the observed and simulated daily mean wind speed at 10 m (WS10), temperature at 2 m (T2), and relative humidity at 2 m (RH2) in Beijing (BJ), Tianjin (TJ), Tangshan (TS), Tanggu (TG), and Baodi (BD) during January 2013. COR: correlation coefficient; MB: mean bias; NMB: normalized mean bias; bc: base case; c1: case 1.
	

	City	T2	WS10	RH2
	Obs (°C)	COR	MB (°C)	NMB (%)	Obs (m s−1)	COR	MB (m s−1)	NMB (%)	Obs (%)	COR	MB (%)	NMB (%)
	bc	c1	bc	c1	bc	c1	bc	c1	bc	c1	bc	c1	bc	c1	bc	c1	bc	c1
	

	BJ	−4.7	0.84	0.84	−2.5	−0.7	59	19	1.8	0.71	0.68	−0.1	−0.04	−7	−2	60.4	0.82	0.83	4.3	−4.0	11	−3
	TJ	−4.7	0.90	0.90	−1.7	0.1	36	−1	2.2	0.74	0.72	−0.5	−0.5	−23	−22	67.1	0.64	0.66	4.5	−3.8	7	−6
	TS	−6.9	0.94	0.92	−0.4	0.9	6	−12	2.1	0.70	0.69	−0.2	−0.1	−8	−6	74.6	0.74	0.73	−8.6	−14.6	−12	−20
	TG	−4.0	0.87	0.87	−1.7	−0.3	42	7	2.3	0.74	0.70	0.2	0.3	9	13	65.9	0.86	0.87	4.4	−2.4	7	−4
	BD	−5.8	0.90	0.88	−1.8	−0.6	32	10	1.6	0.80	0.77	0.3	0.2	20	14	66.6	0.65	0.66	3.1	−3.5	5	−5
	All	−5.2	0.84	0.85	−1.6	−0.1	32	3	2.0	0.69	0.68	−0.1	−0.02	−3	−1	66.9	0.72	0.73	1.5	−5.7	3	−8
	



The above comparison and statistics indicate that the meteorological prediction can be significantly improved by considering AHR in urban areas of north China, especially for near surface air temperature, suggesting the importance to incorporate AHR in weather/climate models to represent meteorology and human activity more realistically.
3.2. The Effect of AHR on Meteorological Variables
Figure 4(a) shows the monthly mean differences (case 1 minus base case) in T2 and wind vector. It is impressive that AHR caused an apparent T2 increase in Beijing, Tianjin, and other cities in the domain; T2 increased to some extent in suburbs as well. The maximum increase of T2 over Beijing was about 2.1°C, with larger increase (2.4°C) during nighttime than that during daytime (1.6°C). Meanwhile, AHR induced slight convergence of wind, blowing from suburb to urban areas.
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(f)
Figure 4: AHR-induced differences in monthly mean meteorological variables. (a) 2 m air temperature (T2) with wind vector, (b) 10 m wind speed (WS10), (c) 2 m relative humidity (RH2), (d) planetary boundary layer (PBL) height, (e) sensible heat flux, and (f) latent heat flux (units: °C for T2, m s−1 for wind speed, % for RH2, m for PBL height, and W m−2 for sensible and latent heat flux).


AHR led to an increase of wind speed (Figure 4(b)) in urban areas, with a maximum up to 0.25 m s−1 in the downtowns of Beijing and Tianjin. RH2 (Figure 4(c)) decreased while considering AHR mainly due to increased saturated vapor pressure with T2 increase given little change in specific humidity, with a maximum decrease of 9.0% in Beijing and Tianjin, and the decrease at night (12.0%) was larger than that during daytime (5.6%). PBL height increased considerably in urban areas due to AHR, with a maximum increment up to 180 m (percent change of 45%) in downtown Beijing. The increase in PBL height was larger during daytime than nighttime. The sensible heat flux increased by about 22.0 W m−2 in most cities, with larger increment (36.0 W m−2) during the daytime than that at nighttime (12.0 W m−2), consistent with the diurnal variation of AHR emission. AHR induced a little increase of latent heat flux in urban areas, with a much smaller magnitude (0.3 W m−2) than that of sensible heat flux.
The above analysis demonstrates that AHR significantly modifies surface energy balance and results in considerable changes in the distribution and magnitude of meteorological variables, which could consequently affect atmospheric diffusion and haze pollution.
3.3. The Impact of AHR on Meteorology during Haze Episode and Implication for Haze Pollution
Given the large impact of AHR on monthly mean meteorology discussed above, it is interesting to explore the effect of AHR on meteorology during haze episode and a severe haze episode was selected. Figure 3(e) shows that the Beijing-Tianjin-Hebei region experienced several haze episodes in January 2013. The severest haze pollution occurred on 12 January, when daily mean concentration of PM2.5 was up to 404 μg m−3. It was noticed that the high PM2.5 concentration was closely associated with low pressure, small wind speed, and high relative humidity, suggesting the potentially significant effect of meteorology on haze pollution. The base case simulated daily mean surface wind field and relative humidity in the Beijing-Tianjin-Hebei region on 11 and 12 January are shown in Figure 5. On 11 January, northwest wind prevailed in Beijing, Tianjin, and northern Hebei province, with WS10 of 3 m s−1 and RH2 of 40~70% in Beijing. On 12 January, southerly wind dominated southern Hebei province and encountered northwesterly wind in Beijing, resulting in a small wind less than 2 m s−1. RH2 increased to about 80% simultaneously in portions of southeastern Beijing. The meteorological condition on 12 January was very favorable for haze occurrence compared with 11 January.
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(b)
Figure 5: The base case simulated daily mean surface wind field and relative humidity in the Beijing-Tianjin-Hebei region on (a) 11 and (b) 12 January 2013 (units: m s−1 for wind speed, % for relative humidity).


In terms of daily mean (figure not shown), AHR consistently caused an increase in T2 and a decrease in RH2 in Beijing and Tianjin on 12 January, with maximums up to 2.5°C and 13.0%, respectively. Wind speed generally increased in most urban areas of Beijing and Tianjin but decrease also occurred in some areas south and west of Beijing city due to interaction between background wind and AHR-induced wind. AHR caused a maximum PBL height increase of 210 m in downtown Beijing and Tianjin, well corresponding to the areas of maximum temperature increase.
Figure 6 shows the AHR induced near surface meteorological changes during daytime (10:00–14:00 LST) and nighttime (22:00–02:00 LST). It was clearly seen that, in the urban areas of Beijing and Tianjin, the T2 increase at nighttime (~3.0°C) was larger than that during daytime (about 2.2°C). The RH2 decreased by about 21.0% at nighttime, larger than that during daytime (10.0%) (figure not shown). The hygroscopic growth of hydrophilic aerosols with increasing relative humidity (RH) may significantly reduce surface visibility [28]; in this regard, the decrease in RH2 induced by AHR should mitigate visibility reduction. During the daytime, in the urban areas of Beijing and Tianjin, wind speed consistently increased by ~0.7 m s−1, with larger increase in Tianjin than in Beijing, whereas during nighttime, the AHR induced increase was smaller (~0.3 m s−1). It was noticed that, at night, in some areas south of Beijing and southern Hebei province, wind speed decreased slightly by 0.1~0.3 m s−1, which was mainly due to the interaction between background wind and AHR induced wind. In southern Hebei, AHR induced a slight south wind of about 0.5 m s−1 (Figure 6(b)), which was opposite to the background north wind of 4~5 m s−1 (figure not shown), resulting in a reduced wind speed in these regions.
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(d)
Figure 6: AHR-induced differences in T2 and wind vector (a, b) and WS10 (c, d) during daytime (a, c) and nighttime (b, d) on 12 January 2013 (units: °C for T2, m s−1 for wind speed).


PBL height variation exerts a direct impact on distribution and level of surface air pollutant through mixing and dilution effect [29]. Previous study [30] indicated a strong negative correlation between surface PM2.5 concentration and mixing depth, decreasing PM2.5 concentration with increasing mixing height and vice versa. Hence it is useful to gain more insight into PBL height variation during the haze episode.
Figure 7 shows the model simulated hourly variation of PBL height on 11–13 January in downtown Beijing. The PBL height in the MYJ scheme is defined as the height at which turbulent kinetic energy (TKE) decreases to below 0.1 m2 s−2 [31]. It was striking that the PBL height reduced to about 400 m during the daytime on 12 January, which tended to restrict pollutants within a shallower surface layer and consequently caused accumulation and increase of PM2.5 concentration. The simulated daytime PBL heights averaged over 10:00–15:00 LST on 12 January were 260 m and 374 m in the base case and case 1, respectively. Sun et al. [32] reported a corresponding PBL height of about 450 m retrieved from backscattering coefficient by depolarization lidar during the same time period. It was noteworthy that, in base case, the model using MYJ scheme tended to underestimate PBL height (260 m) during the daytime, whereas PBL height increased (374 m) by considering AHR and was closer to observation, indicating the importance of AHR in prediction of urban PBL height. The AHR effect on PBL height at nighttime was small. The percent increase of PBL height due to AHR during the daytime on 12 January was about 44%, suggesting a significant impact of AHR on pollutant mixing and diffusion.




	
	
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 7: Model simulated hourly variation of planetary boundary layer (PBL) height in Beijing on 11–13 January 2013 (base case: black solid line, case 1: red solid line).


The vertical cross sections of the simulated TKE and air temperature along 39.9°N (Figure 1(b)) across downtown Beijing at 14:00 and 02:00 LST in the base case and case 1 are shown in Figure 8. Due to weaker turbulence, TKE in Beijing (116.2°E to 116.6°E) during nighttime was smaller than that during daytime in both the base case and case 1. Figure 8(a) shows, during the daytime, the near surface TKE in Beijing in the base case was in a range of  0.18 m2 s−2~0.24 m2 s−2 with air temperature of −1.0°C, while, considering AHR (Figure 8(c)), surface air temperature increased to above 0°C, with TKE increasing up to 0.32 m2 s−2. In the vertical, TKE > 0.20 m2 s−2 extended to 400 m, resulting in the corresponding PBL height increase, and at the same time, the near surface vertical velocity was increased by about 0.01 m s−1 over Beijing (not shown). It was also noticed that TKE about ~0.30 m2 s−2 occurred at altitude < 500 m in the eastern parts of the domain, which was caused by strong wind shear. At nighttime, the surface air temperature was −7.0°C, with lower TKE of 0.14 m2 s−2~0.20 m2 s−2 in the base case (Figure 8(b)), whereas AHR led to an increase of TKE up to 0.28 m2 s−2 in case 1 (Figure 8(d)). TKE is a direct indicator of atmospheric turbulence and mixing capability; the strengthened TKE due to AHR during both daytime and nighttime indicated a stronger turbulent diffusion, which should result in a decrease of surface pollutant concentration.
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(d)
Figure 8: Latitude-altitude cross section of air temperature (contours) and turbulent kinetic energy (TKE) (shaded) at 14:00 (a, c) and 02:00 (b, d) LST on 12 January 2013 along 39.9°N in base case (a, b) and case 1 (c, d) (units: °C for air temperature, m2 s−2 for TKE).


The above results suggest the AHR-induced changes in meteorology and turbulence activity are generally favorable for pollutant diffusion and mixing and for weakening of aerosol hygroscopic growth, which could mitigate haze pollution in the study domain.
4. Conclusions
In this paper, a scheme for anthropogenic heat release was incorporated into WRF/UCM and applied to investigate the effects of AHR on meteorological variables, diffusion, and mixing capability, which has important implication for haze pollution in the Beijing-Tianjin-Hebei region. By taking AHR into account, meteorological prediction, especially for surface air temperature, had been improved significantly, and the model performed better for PBL height, which was a key factor controlling pollutant diffusion. In terms of monthly mean, AHR tended to increase near surface air temperature and wind speed by 2.1°C and 0.25 m s−1, to decrease relative humidity by 9.0% in the cities of Beijing and Tianjin. For the severest haze episode on 12 January, AHR induced the increases in daily mean T2, WS10, and RH2 in Beijing city of 2.5°C, 0.2 m s−1, and −13.0%, respectively. It was noteworthy that, during haze episode, PBL height decreased to about 400 m, which was quite unfavorable for vertical diffusion. AHR tended to increase PBL height by about 44% during the daytime, suggesting an enhanced atmospheric instability and vertical mixing. Near the surface, TKE was much larger during the daytime than during the nighttime, with a maximum up to 0.32 m2 s−2. AHR led to TKE increase throughout the day, with percent change being about 50% and 33% during the daytime and nighttime, respectively. The results from this study demonstrated the significant effect of AHR on meteorological variables by increasing surface air temperature and wind speed, decreasing relative humidity, as well as enhancing PBL height and TKE, which were mainly favorable for pollutant diffusion and weakening of aerosol hygroscopic growth and could consequently lead to a decrease of surface pollutant level and an increase of visibility. We are aware that pollutants are released together with anthropogenic heat during energy consumption; this study demonstrated that the AHR induced changes in meteorology and turbulence were generally favorable for mitigation of haze pollution, which were rarely considered in previous air quality modeling. Besides, by considering AHR, the model represented urban meteorology and turbulent diffusion more realistically and accurately, suggesting the necessity to couple this process into weather/climate model.
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