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ABSTRACT

Winter hazes in East Asia have attracted much attention from researchers. The
extremely high concentration of particle matter not only affects people’s health, but also
has a strong impact on weather and climate. The NASA Unified-Weather Research and
Forecasting model (NU-WRF) is a modeling system that can represent aerosol, cloud,
precipitation and land processes, and is a great tool to evaluate the aerosol-weather-
climate interactions.

To better understand the uncertainties within the model, two applications with
different resolutions (45km and 15km) are used for simulations during a haze event in
Beijing-Tianjin-Hebei (BTH) area in January 2010. The daily-averaged results of both
simulations can estimate the meteorological variables well, with an overestimation in
wind speed at 10m. Application with coarser resolution performs better in predicting the
temperature at 2m. Hourly-averaged results show that simulation with a coarser
resolution does not present obvious diurnal change of meteorology. The rapid change in
the simulations for meteorological variables during the “cleaning” stage after the severe
haze pollution show a delay in the finer resolution simulation. The simulations of various
air pollutants of both resolutions at urban and suburban sites are evaluated. The model
performance is not very sensitive to the type of areas, but there are some differences
shown between air pollutant species. Simulations of both resolutions can capture the
overall trend of PM2 s concentration, but fail to capture the daily peak of PM2.5 in
urban/suburban sites, and the PM2 s concentration in the mountain site is overestimated.

During the same haze event, simulations with options related to aerosol

direct/indirect feedbacks are compared in this thesis as well. Aerosols have a negative
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impact in temperature, water vapor mixing ratio and AOD. The direct feedbacks play the
dominant part in decreasing these variables. Both direct and indirect feedbacks have
positive forcing at the top of atmosphere. The effect of total feedbacks on the ground is
negative, with direct feedbacks having a great negative forcing and indirect feedbacks
having a small positive forcing. The meteorological conditions become more stable
because of the aerosol radiative feedback. This situation makes it harder for pollutants to
disperse, so the PM2 s concentration increase by over 16 pg/m3 in the southern part of
BTH area. The aerosol radiative forcing also causes a smaller diurnal variation of PM2s

concentration.
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PUBLIC ABSTRACT

Winter hazes in East Asia has attracted much attention from researchers. The
extremely high concentration of particle matters not only affects people’s health, but also
has a strong impact on weather and climate. Aerosol particles in hazes can change
meteorology by absorbing and scatter radiation, as well as changing the properties of
clouds. It is of much importance to better predict haze and analyze its climate impact.

Chemical transport models are important tools to simulate the meteorology and
chemistry in the atmosphere, and the model used in this research is the NU-WRF (NASA
Unified-Weather Research and Forecasting) model.

This thesis first discusses the impact of horizontal model resolutions on
meteorology and air quality simulations. Results of model applications with two
resolutions in urban and suburban sites were compared. The impact of resolutions on
predictions can be more obviously shown in diurnal changes than daily changes, whether
for meteorological variables or fine particles. Overall the model is not very sensitive to
the type of area (urban/suburban), but in the end of the haze event, the time and speed of
particle concentration dropping differ between urban and suburban site.

The key characteristic of aerosol in the aerosol-weather-climate interactions,
aerosol radiative effect, is also evaluated in the thesis. The aerosol radiative feedbacks
tend to cause a more stable meteorological condition during polluted days, and also

weakens the diurnal variation of fine particle matter concentration.
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CHAPTER 1 GENERAL INTRODUCTION

1.1 Motivation and Importance of Work

The severe health and climate impacts of air pollution in Asia have attracted much
attention from researchers. Associated with many cardiovascular and respiratory diseases,
outdoor air pollution was estimated to cause 3.3 million premature death per year
worldwide, Asia being the primary contributor of premature mortality (Lelieveld et al.,
2015). Additionally, the globally spreading air pollution changes global climate through
direct and indirect radiative forcing effects of aerosols.

Haze, defined as an air pollution phenomenon in which low visibility is caused by
particulate matter (Chinese National Meteorological Center, 2010), has occurred
frequently in recent years in China. During a typical haze period, the concentration of
particle matter increases from normal days, the dominant portion of which is fine
particles (Cheng et al., 2011; Zhao et al., 2013; Quan et al., 2011). Some researchers
evaluated the global distribution of fine particles (PM2s, particles with the diameter less
than or equal to 2.5 micrometers) and showed that China, especially eastern China, has a
higher PM2 s concentration than most countries and regions (Van Donkelaar et al., 2010).

The winter haze events in the North China Plain (NCP), especially the BTH
(Beijing-Tianjin-Hebei) area, have attracted much concern from researchers because of
the extremely high aerosol particle concentration. For instance, the BTH area was under a
severe haze during 16-21 January 2010. According to the observations conducted by the

Chinese Academy of Sciences (CAS) at a downtown Beijing site, the highest daily mean
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PM2 5 concentration was 260pug/m3, while the 24-hour PM_ s standard in United States is
35ug/m3.

The haze pollution events in BTH area are firstly caused by large anthropogenic
emissions. A great amount of primary aerosols and precursors are emitted in this area
from industry, traffic and other sources (Zhang el al., 2014; Street et al. 2003), resulting
in a high concentration and various species of particulate matters. Moreover, the
topography of the BTH area is unfavorable for the pollutants to diffuse. With the
Yanshan Mountain in the north and Taihang Mountain in the east, the polluted air is
trapped under conditions without northerly winds. The emission factor and
meteorological factor combine and interact with each other, resulting in the frequent
occurrence of haze in this region.

Chemical transport models (CTMs) are critical tools in analyzing the transport
and evolution of various pollutants. To better understand and estimate air pollutions in
Asia, many CTMs have been developed and applied under various conditions for years.
Despite of the great amount of improvement achieved in air quality modeling, within the
models, uncertainties still exist, mainly related to information incompletion/inaccuracy of
emissions, initial and boundary conditions, physical and chemical processes and process
parameterization (Carmichael et al., 2008). Comparisons between various models, as well
as comparisons between different settings within one single model, are critical for the

better understanding and applications of CTMs.
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1.2 Objectives

This objective of the thesis is to evaluate the simulation of NU-WRF (NASA
Unified-Weather Research and Forecasting model) for the winter haze event in the BTH
area in January 2010. Two specific objectives are addressed:

1) Analyze the impact of horizontal resolution on meteorological, pollutant and
radiation variables and discuss the model performance in urban and suburban areas.

2) Evaluate the effect of direct, indirect and total radiative feedbacks of aerosols

in BTH area and better understand the aerosol impact on weather, air quality and climate.

1.3 MICS-Asia Study Overview

It is important to develop a common understanding of the performance and
uncertainties of models in Asia applications. A model inter-comparison study which
focuses on the long-range transport and deposition of sulfur, i.e., Model Inter-
Comparison Study Asia Phase | (MICS-Asia Phase 1) (Carmichael et al., 2008), was
initiated in 1998 at the international workshop on the transport air pollutants in Asia, and
was carried out during the period from 1998 to 2002. A primary aim of that study is to
better understand the performance of models source-receptor (S/R) relationships for
sulfur deposition. The results from earlier application of regional model for acid
deposition in Asia differ significantly between different groups, and MICS-Asia Phase |
was intended to help understand the differences and how to model long-range transport in
Asia. Eight models participated in this phase of study. The study found that the S/R
relationships were most sensitive to uncertainties in the sulfur emission inventory,

secondarily to the driving meteorology, and the uncertainties in the model parameters for

www.manaraa.com



wet removal and sulfate production were much less important. MICS-Asia Phase 11 was
initiated in 2003, which was expanded to include nitrogen compounds, O3, and aerosols.
Nine different regional modeling groups took part in simulating chemistry and transport
of O3, precursors, sulfur dioxide, and secondary aerosols. Four different periods were
examined, encompassing two different years and three different seasons. This phase
included the global inflow to the study domain, a region-wide database from EANET (the
Acid Deposition Monitoring Network in East Asia) observation. The significant
differences of predictions between groups were found to be associated with differences in
the details of model formulation, parameterizations and numerical methods included.

In 2010, MICS-Asia Phase 111 was initiated (Gao et al., 2017). This phase of study
keeps looking at the inter-comparison of models, and is further expanded. The first topic
is to evaluate current air quality models and find out techniques to reduce uncertainties in
prediction. The second topic is to develop a reliable emission inventory in Asia. The last
topic is to evaluate predictions of aerosol-weather-climate interactions. In the study of
Topic 3, the inclusion of online-coupled models to look at the interactions between air
quality and climate change makes an important advance of this phase.

MICS-Asia covers a wide range of studies of atmospheric models, including the
discussion and comparison within one model. The results in this thesis are part of MICS-
Asia Phase 11, Topic 3. The simulations with different resolution and aerosol radiative
feedback settings of the NU-WRF model will be discussed for a better understanding of

the model.
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1.4 NU-WREF Overview

The NASA Unified-Weather Research and Forecasting model (NU-WRF) is a

modeling system that can represent aerosol, cloud, precipitation and land processes at

satellite-resolved scales (roughly 1-25 km). NU-WREF is built upon the Advanced

Research WRF (ARW) dynamical core model, and assimilated the NASA earth science

observations into the model (C.D. Peters-Lidard et al., 2015).

Six main components are coupled in the NU-WRF system (C.D. Peters-Lidard et

al., 2015) as shown in Figure 1.1: the ARW model, the GSFC Land Information System

(LIS), the WRF/Chem enabled version of the Goddard Chemistry Aerosols Radiation

Transport (GOCART) model, GSFC radiation and microphysics schemes including

revised couplings to the aerosols, and the Goddard Satellite Data Simulator Unit

(GSDSU).

GEOSS5, MERRA Satellite Obs

d‘— S~

(" Goddard Satellite Goddard Satellite ) N
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: Dust emission ml’d Chemwy
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Figure 1.1 A schematic representation of NU-WRF components and their interfaces
(C.D. Peters-Lidard et al., 2015)
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CHAPTER 2 IMPACT OF SPATIAL RESOLUTION ON AIR POLLUTANT

SIMULATION

2.1 Introduction

Spatial resolution, associated with many uncertainties of the CTMs, has an
important impact on air quality predicting. The possible factors of the impact are: the
spatial resolution of meteorological features which affects transportation, the spatial
resolution of emissions, and the spatial resolution where the non-linear chemical reactions
occur (Tie et al., 2010).

The impact of resolution on predictions has been addressed and analyzed in many
studies. In a simulation of air pollution over a highly industrialized area in China, the
results for SOz, NO, NO2, CO and PMyo showed that the allocation of the emission
inventory is improved by applying finer resolution grids, which allows consideration of
detailed emission features (Tan et al., 2015). A study over Mexico City focused on ozone
and ozone precursors suggests that spatial resolutions, which result from different
meteorological condition and transport processes, have larger impacts than that of the
resolution associated with emission inventories (Tie et al., 2010). Crippa et al. (2017)
found that an enhancement resolution improves model performance for not only
meteorological and chemical variables, but also the radiative variables such as aerosol
optical depth.

Overall, the use of higher resolution improves the estimation to some extent, it

does not always make a better result though. Kuik et al. (2016) found that that a finer
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horizontal resolution does not improve the results compared to a coarser resolution with a
certain level of detail of the input data (land use classes, emissions).

In this chapter, model results of two resolutions are compared to evaluate if the
enhancement of resolution can lead to a better simulation during the northern China

winter haze event.

2.2 Methodology and Data

2.2.1 Model description and configuration

Eight models are compared in MICS-Asia Phase 111 (Gao et al., 2017), two of
which (M3 and M4, or D1 and D2 in this chapter) are applications of NU-WRF (two
domains with horizontal resolutions of 45km and 15km respectively). The domains of M3
and M4 are shown in Figure 2.1. The module settings for M3 and M4 are listed in Table

2.1.

_2910 60 80 100 120 140 160

Figure 2.1 The domains of MICS-Asia Ill (Gao et al., 2017).

7
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Table 2.1 Settings of M3 and M4 (Gao et al., 2017).

Models Ma3: NU- M4: NU-
WRF1 WRF2
Modelling USRA/NAS USRA/NASA
Group A
Grid 45km 15km
Resolution
Vertical 60 layers to 60 layers to
Layers 20mb 20mb
Gas phase RADM?2 RADM2
chemistry
Aerosols GOCART GOCART
Chemical MOZART MOZART
Boundary GOCART GOCART
Conditions

The gas phase and aerosol modules of NU-WRF in this research are the GOCART
aerosol model (Chin et al., 2002) coupled with Regional Acid Deposition Model
(RADM2) gas phase chemistry. With these modules, the NU-WRF system is capable in
simulating various species of aerosols, including sulfate, BC, OC, dust and sea salt.

The emission inventory for this research was developed for MICS-Asia Phase |11
with state-of the art national/regional inventories (MIX, Li et al., 2017). The boundary
conditions are global simulations of atmospheric chemistry (MOZART, Emmons et al.,
2010) for gases and GOCART for aerosols. Figure 2.2 shows the MI1X emission

inventories of January 2010 for various air pollutants.
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Figure 2.2 MIX emission inventory for January 2010 (Mg/month/grid) (Gao et al., 2017).

2.2.2 Observation data

The operational meteorological measurements (temperature and humidity near
surface, wind speed, and downward shortwave radiation), AOD (Aerosol Optical Depth)
from Aerosol Robotic Network (AERONET, https://aeronet.gsfc.nasa.gov/) are used. The

locations of the meteorological observation sites are plotted in Figure 2.3.
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Figure 2.3 Locations of the meteorological observation sites (Gao et al., 2017).

As for air pollutants, the measurement collected from the Campaign on
Atmospheric Aerosol Research network of China network (CARE-China) (Xin et al.,
2015) are used as well. CARE-China was initially launched by CAS in 2011. Summaries
of the CARE-China measurements are listed in Table 2.2. The air pollutant concentration

variables include PM25, PM1o, SO2, NO2, NO, CO, and O:s.

Table 2.2 CARE-China network sites (Gao et al., 2017).

1D Site name Characteristics Longitude Latitude
1 Beijing AOD 116.37 39.97
2 Tianjin Air quality™® 117.21 39.08
3 Shijiazhuang Air quality 114.53 38.03
4 Xianghe Air quality 116.96 39.75
5 Xinglong Air quality 117.58 40.39
6 Beijing Forest AOD 115.43 39.97
7 Baoding AOD 115.51 38.87
8 Cangzhou AOD 116.80 38.28
9 Shenyang AOD 123.63 41.52
10 Jiaozhou Bay AOD 120.18 35.90

*Air quality: surface PM2s, PMio, SOz, NOy, CO, O3

10
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For the analysis of urban and suburba n sites in BTH area, the measurements from
Institute of Atmospheric Physics (IAP), CAS are used. Hourly averaged concentrations of
SO2, NO2, NO, and PM25 were recorded in a few sites around Beijing. The sites at which
measurements are used in this research include: Beijing (BJ, urban), Baoding (BD,
urban), Shijiazhuang (SJZ, urban), Hengshui (HS, urban), Xianghe (XH, suburban),
Cangzhou (CZ, suburban), Zhangjiakou (ZJK, suburban), Lingshan (LS, background).

The locations of these sites are shown in Figure 2.4.

40N —

T
120E

Figure 2.4 Location of the air pollutant observation sites (red dots: urban sites, green
dots: suburban sites, blue dot: background site).

2.2.3 Model verification

The performance of M3 and M4 in MICS-Asia Il was verified by Gao et al.
(2017). The root mean square error (RMSE), mean bias error (MBE), normalized mean
bias (NMB), correlation coefficient (r) and other metrics were calculated for the hourly
mean meteorological variables at meteorology sites and air pollutant concentrations at the

CARE-China sites, presented respectively in Table 2.3 and 2.4.
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Table 2.3 Performance statistics of meteorological variables (RMSE and MBE units:
degree for T2; g/kg for Q2; m/s for WS10; W/m? for SWDOWN (shortwave radiation
down)) (Gao et al., 2017).

Metrics  Models T2 Q2 WS10 SWDOWN SWDOWN
South North
] M3 2.34 0.16 1.16 60.34 59.56
RMSE g4 2.90 0.43 144 10034 74.89
A3 -2.18 -0.04 1.11 36.44 4774
MBE y A
N4 -2.09 0.11 1.40 26.78 33.59
NMB M3 -0.79% -0.34% 9.73% 8.00% 10.63%
(%) N4 -0.75% 0.95% 12.26% 5.88% 7.48%

Table 2.4 Performance statistics of air pollutants at the CARE-China sites (RMSE and
MBE units: ppbv for gases and um/m* for PM (Gao et al., 2017).

Metrics  Models S0: NO: O; PMa:: PMu S0: NO: O3 PM:s PNy
M1 076 0.60 046 0385 076 1714 553 -154 5569 3070
r M2 077 0.65 0.48 0.90 0385 210 3341 253 4844 1294
M3 0.69 0.66 0.39 0.85 0.68 1589 800 2393 813  -19.92
M4 0.67 0.61 0.42 0.88 073 MBE 595 g28 2449 2312 323
M5 0.72 0.73 0.39 0.91 0.84 969 6429 530 168 5249
M6 0.62 0.48 ; - ; 2753 2998 - - -
M7 0.57 0.58 0.48 0.82 0.77 2556 7.85 309 4359 2100
Ensemble  0.79 0.71 0.51 0.94 0.87 1481 890 684 3011 883
M1 2763 3351 5.40 7337 79.06 1405 541 737 6357 1893
M2 2100 6630 8.15 7244 80.72 1213 6958 3987 5407 638
RMSE M3 2950 36.87 24.76 4720 7821 1044 626 30633 967  -12.41
M4 2686  36.10 25.34 4913 7225 MB35 451 31699 2703  -1.78
M5 3217 8748 7.90 4532 8100 ® 683 12745 3840 05 3204
M6 3395 48.62 ; - ; 5128 4859 - - -
M7 3475 3588 6.89 6425  70.19 3787 1832 778 4892  -12.78
Ensemble 2410 29.12 8.86 4525 56.65 1348 2280 10404 3396 577

2.3 Results and Discussions

In this part, the different performances for the NU-WRF applications with two
resolutions are presented and discussed. In January 2010, severe haze occurred in the
BTH area. The daily-averaged observations of meteorological variables and fine particle
concentration are shown in Figure 2.5. In this research, the discussions focus on one

single haze event (16-21 January). On January 16, the concentration of fine particles
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increases fast, with a peak of nearly 700um/m?® on January 19, followed by a rapid

decrease on January 20.
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Figure 2.5 Observed near surface daily meteorological variables and PM2.5
concentrations in Beijing for January 2010 (Gao et al., 2017).

2.3.1 Evaluation of meteorological simulation

An important factor that causes winter haze is the stagnant meteorological
conditions. According to a previous study (Gao et al., 2016), this haze event had a strong
relationship with the meteorological condition in this period. Before the event, the north
China plain area was under control of a low pressure system. There has been a weak high
pressure system in BTH area from January 16 to January 18, but it was not strong enough
to disperse the pollutants and was replaced by a low pressure system afterwards. There
was a weak southerly wind from south in BTH area. The severe haze event lasted until
January 20, when strong northerly winds carried away the pollutants accumulated during
the whole event. For Beijing Site, it can be seen from Figure 2.5 that for January 16-19,

the daily-averaged wind speed is lower than 2m/s while the daily-averaged relative
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humidity is higher than 60%. From January 19 to 20, the relative humidity decreased for
about 20%, and the wind speed increased by more than 3 m/s.

The base cases of M3 and M4 of MICS-Asia Il will be named D1 and D2
respectively in the following Chapters. D1 and D2 have horizontal resolutions of 45 km
and 15 km. The daily averaged T2 (temperature at 2m), Q2 (water vapor mixing ratio at
2m), and WS10 (wind speed at 10m) in January 2010 at the meteorological sites were

calculated and compared with observations. The results are shown in Figure 2.6.

[ e Obs —e—Dl ——D2
°C 5
0
...;
6
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ke < ¢ OBS —e—D1 —e—D2
4
1 R1=0.98.R2=0.94
0 . . . . .
2010/1/2 20101/7 2010/1/12 2010/1/17 2010/1/22 201011127
Ws10 6 ¢ OBS =—e=D1 —e—D2
m/s ° T
'l \\\
3 . . . . .
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Figure 2.6 Time series of observed (grey) and simulated (red for coarser resolution and
blue for finer resolution) daily-averaged 2 m temperature ( °C), daily-averaged 2 m water
vapor mixing ratio (kg kg 1), daily-averaged 10 m wind speed (m s 1) at the
meteorological sites of MICS-Asia during 2-31 January 2010.

It can be seen from the figure that D1 and D2 both can capture the meteorology
well and are in good accordance with each other. As for the temperature, D1 performs
better and has a higher correlation coefficient. D2 slightly underestimates T2. The water
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vapor mixing ratio in January has been well estimated for both resolutions, and D1
performs better. Both D1 and D2 capture the trend of WS10 and over estimate by around
1 m/s. D2 shows a slower drop of wind speed than the observation on January 20, and has
a lower correlation coefficient than D1.

For a better understanding of the different performances between D1 and D2
during the haze event in BTH area, the hourly averaged meteorological variables of

Beijing Site during the haze period (January 16-21) were plotted and compared (Figures

2.7 - 2.10).

—D1 —D2

20101715 00 2010/1/16 0:00 20101717 0:00 2010/1/18 0:00 2010/1/19 0:00 2010:1/20 0:00 2010/1/21 0:00 2010/1/22 0o00 2010/1/23 000

Figure 2.7 The simulated T2 (K) of D1 and D2 at BJ site during the haze event

Figure 2.7 shows the performances of D1 and D2 on T2 simulations. D2 has a
greater diurnal difference. It also gives higher values for highest daily temperatures and

lower values for lowest daily temperatures.
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Figure 2.8 The simulated Q2 (g/kg) of D1 and D2 at BJ site during the haze event

In Figure 2.8, the difference between the Q2 simulation of D1 and D2 is
presented. There is almost no diurnal variation shown in the results for D1, while D2
shows a clear diurnal change, with the highest mixing ratio in late afternoon and the
lowest mixing ratio in the morning. The highest Q2 value in this period for D2 is 0.001
g/kg greater than that of D1. Also, in January 20, the drop of Q2 for D2 shows an 8-hour

delay than that of D1.

— DI — D2

100
B0
60
40
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o
201071715 0:00 201071716 0:00 201071117 0:00 201071/18 0:00 2001071119 0:00 2010/1/20 0:00 2001071/21 0:00 2010/1/22 0:00 2010/1/23 0-00

Figure 2.9 The simulated RH2 (%) of D1 and D2 at BJ site during the haze event
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Similar time series of relative humidity at 2m (RH2) are plotted in Figure 2.9.
Both D1 and D2 show diurnal variation, but D2 captures the peaks in midnight and early
morning in January 16-19. The RH2 simulations of D1 and D2 in January 20 are very
different: D2 shows a less steep yet earlier drop of RH. The simulations of D1 and D2
after the haze event on January 23 are closer to each other than those during the severe

haze.

7

— D1 — D2

o
2010/1/15 0:00 201011/16 0:00 20107117 000 200107118 0:00 2010/1/19 0:00 2010/1/20 0:00 201071/21 000 20010/11/22 0:00 2010/1/23 0:00

Figure 2.10 The simulated WS10 (m/s) of D1 and D2 at BJ site during the haze event

The wind speed at 10m (WS10) simulation results of D1 and D2 are very different
from each other (Figure 2.10). Overall, before January 20, the finer resolution simulation
shows a greater diurnal change and the peak value of each day is much greater than that
of coarser resolution. In January 20, D1 shows a 6-hour earlier rapid increase of wind
speed, and this is in good accordance with its earlier drop in Q2 during the same time
period.

Overall, as for the whole January, the daily-averaged results of D1 and D2

simulations can both estimate the meteorological variables well. D2 underestimates T2 a
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bit, and both overestimate WS10. When focusing on BJ site, it can be seen that D2 is
much more capable in capturing the diurnal change of meteorology. And the rapid change
in the simulations for meteorological variables during the “cleaning” stage after the

severe haze pollution shows a delay in the result of D2.

2.3.2 Evaluation of air pollutants at various sites in urban and suburban areas

In this part, the hourly-mean measurements of air pollutants (SO2, NO2, NO, and
PM25) during January 1-31 at four urban sites: Beijing (BJ), Baoding (BD), Shijiazhuang
(SJZ) and Hengshui (HS); 3 suburban sites: Xianghe (XH), Cangzhou (CZ) and
Zhangjiakou (ZJK); and 1 background site, Lingshan (LS) are used.

The measurement data and the simulated results of D1 and D2 were analyzed and
metrics calculated. The NMBs and NMEs for air pollutants at urban sites for the two
resolutions are listed in Table 2.5. Similar comparisons for suburban sites are listed in

Table 2.6.

Table 2.5 The NMBs and NMEs for air pollutants at urban sites for the 45km and 15 km

resolutions
s oo ltion NMB(%) NME(%)
(Urban)
A5km -46.6 60.5
SOz
15km -41.5 60.7
45km -88.7 93.2
NO
15km -89.8 93.1
45km 33.6 70.4
NO:2
15km 49.5 824
45km 19.6 SELY
PMa.s
15km 34.6 57.3
18
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Table 2.6 The NMBs and NMEs for air pollutants at suburban sites for the 45km and 15
km resolutions

Pollutants

(Suburban) Resolution NMB(%) NME(%)
45km -1.97 74.7
SO2
15km -9.39 73.5
45km -86.6 93.2
NO
15km -90.0 93.7
A5km 11.7 57.8
NO2
15km -35.7 69.6
45km 9.52 60.3
PMzs
15km 12.6 63.0

At urban sites, simulations of both resolutions underestimate the concentration of
S0O2, and the NMB of D2 is slightly smaller than that of D1. The simulations of NO show
an underestimation for both resolutions as well, and the NMBs are close to each other.
NO: is overestimated for both resolutions and D1 performs better. The performance of
PM2 s is the best among the four pollutants. D1 gives a smaller NMB and NME in PM2s.

At suburban sites, it can be seen that all the NMBs are smaller than their
counterparts at urban sites (except for NO at 15km resolution). Both D1 and D2
underestimate SO2, but the NMBs are much smaller than in urban sites; the NMEs are
about 10% greater, though. The NMBs and NMEs for NO are very close to those of urban
sites. The evaluations of NO> for both resolutions are better than those of urban sites.
Instead of over predicting NO> like D1, D2 at suburban sites gives an underestimation.
The NME values for PM_ s are even smaller than those of urban sites. It can be seen from

the tables that a 15-km resolution simulation does not show much improvement over that

of 45-km resolution.
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The time series of simulations for urban and suburban sites were also analyzed.
The hourly-mean concentration PM2s at BJ (urban), XH (suburban) and LS (background)

sites during January 2-31 are plotted in Figure 2.11.

BJ

Figure 2.11 Hourly-mean concentration PM2.5 at BJ (urban), XH (suburban) and LS
(mountain) sites in January

It can be seen from the figure that both D1 and D2 can capture the overall trend of
PM2s. During the most severe polluted period at BJ site, both D1 and D2 underestimate
PM2s, and D2 performs better, but neither application captures the daily PM2 s peak.
When predicting the PM..s concentration drop on January 20, the predicted drop of D1 is
delayed, while the drop of D2 starts earlier and is less steep than observation. At XH site,
both applications underestimate PM2 s and fail to capture the daily peak. The results of D2
are closer to observation from January 16 to 19, but D1 better captures the PM2s drop on

January 20. In the haze event at LS site, D1 and D2 both over estimate PM2s.
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2.4 Summary

Overall in January, both D1 and D2 estimate well the meteorological variables.
D1 performs better for T2, and both D1 and D2 overestimate WS for about 1m/s. On the
other hand, by comparing the hourly averaged results, it can be seen that results of D2
show greater diurnal changes of meteorology.

The performance of predicting air pollutants at urban and suburban sites has been
evaluated as well. SO concentrations were underestimated for both resolutions, and D2
performs better. NO was also underestimated for both resolutions, and the results for D1
and D2 are close. Predictions of both resolutions for urban sites and D1 for suburban sites
over predict NO2, and D2 for suburban sites under predict NO.. The performances of
PM2 s at suburban sites are slightly better than those at urban sites.

Simulations of both resolutions can capture the overall trend of PM25
concentration, but fail to capture the daily peak of PM2s in urban/suburban site, and the
PM2 s concentration in the mountain site was overestimated. There are also differences

shown in the predictions of the cleaning stage between urban/suburban sites.
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CHAPTER 3 IMPACT OF AEROSOL RADIATION FEEDBACKS IN

ATMOSPHERIC MODELING

3.1 Introduction

One goal of MICS-Asia Il Topic 3 is to understand aerosol-weather-climate
interactions. Aerosol not only plays an important role in climate change (Boucher el al.,
2013), but also has impacts on meteorology and atmospheric chemistry. This research
focuses on the meteorological and chemical effects induced by radiative and
microphysics characteristics of aerosol particles. The aerosol radiative and microphysics
effects and the following feedback on meteorological/chemical conditions are short-
termed (Zhang el al., 2008), which makes them valuable in the better understanding of
mesoscale CTMs.

There are different types of aerosol radiative effects. The scattering effect of solar
radiation from particles is called the “direct aerosol effect” (Charlson et al., 1992), which
results in a cooling surface. The absorption of some strong absorbing particles such as
black carbon can cause regional atmospheric heating and thus may reduce the formation
of clouds. This effect is called “semi-direct effect” (Twomey, 1974). Some particles have
impact on cloud microphysics processes. They serve as cloud condensation nuclei, and
changes the cloud properties and optical characteristics of the cloud, which is called the
“first indirect effect”. The effect on the lifetime of cloud and precipitation is called
“second indirect effect”.

To evaluate the impact of aerosol feedbacks, online meteorology-chemistry

models have been applied (Grell et al., 2011). As for cases of northern China winter haze,
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studies of aerosol radiative properties have revealed that fine particles are dominant
during the haze events (Yu et al., 2011; Li et al., 2013), and have contributed much of the
impacts on meteorology and atmospheric chemistry. Wang et al. (2014) have found that
during a haze event in January, 2013, the aerosol-radiation interactions caused great
changes in PM2.5 concentration. During the same haze event, Gao et al. (2016) pointed
out that the change of PM2.5 concentration induced by feedbacks was caused by the more
stable atmosphere.

In this chapter, the NU-WRF results of meteorological, radiation and air pollutant
variables during the same haze event as Chapter 2 are analyzed. Three scenarios of

simulations are compared to find out the impact of aerosol direct and indirect feedbacks.

3.2 Methodology and Data

The model used in this chapter is NU-WRF with the identical settings with D2
(horizontal resolution of 15 km) in Chapter 2, except for the options related to aerosols in
the GOCART module. Three groups of module output are used. The first s (1) is the base
scenario and has the ACR (aerosol microphysics and radiation) option on, which means
that it has included both the direct and indirect feedbacks. The second group (I1) has the
ACR option off and lacks all feedbacks. The third group (111) has the AR (aerosol-
radiation interaction) on, which means it includes the direct feedbacks but lacks indirect
feedbacks. The total (direct + indirect) feedback induced change can be calculated by
subtracting Il from I. The indirect feedback induced change can be calculated by
subtracting 111 from I. The direct feedback induced change can be calculated by

subtracting 111 from I1.
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The observation data used in this chapter is the hourly measurements of T2, Q2,
WS10, AOD and PM2 s concentration at the Beijing Site during January 2010, as

mentioned in Chapter 2.

3.3 Results and Discussions

3.3.1 Aerosol feedback impacts on meteorology and surface radiation during the haze

Results for three scenarios with different settings in aerosol feedbacks for the
severe haze period (January 16th to 21st) have been analyzed, showing respectively the
conditions for prediction with both kinds of aerosol radiation feedbacks (direct and
indirect), with direct feedbacks only, and with no feedbacks. The feedback-induced
changes of meteorology and surface radiation variables can then be calculated by
subtracting the results of the scenarios lacking any feedbacks from the base scenario with
all feedbacks.

The contributions from aerosol radiative feedbacks in the change of temperature
at 2 m (T2) are shown in Figure 3.1. During the haze period in Beijing and Hebei area,
the indirect aerosol feedbacks led to an increase by about 0.2 to 1 °C, with the direct
aerosol feedbacks decreasing T2 by about 2 °C. The two feedbacks add up to an overall

cooling effect, with T2 in Beijing and Hebei decreasing around 1.4 °C.
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Figure 3.1 The spatial distribution of change in temperature (°C) at 2 m induced by (a)
indirect, (b) direct and (c) both direct and indirect aerosol radiative feedback, averaged
during Jan 16-21.

Similar analysis has been made for the water vapor mixing ratio at 2 m (Q2)
and is shown in Figure 3.2. A slight increase of Q2 of around 0.0001 to 0.0003 kg / kg in
Beijing and Hebei is caused by the indirect feedback. And the direct feedbacks caused a
decrease of 0.0002 to 0.0004 kg / kg in the area, adding up to a total decrease of 0.0001

to 0.0002 kg / kg.
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©-0.0003 0  0.0003 0.0006 -0.0006 0 0.0006 -0.0004 0  0.0004 0.0008

Figure 3.2 The spatial distribution of change in water vapor mixing ratio (kg / kg ) at2 m
induced by (a) indirect, (b) direct and (c) both direct and indirect aerosol radiative
feedback, averaged during Jan 16-21.

The radiation variable results show the effect of changes in aerosol radiation
feedback settings as well, which is shown in Figure 3.3. Figures 3.3 (a) — (c) shows the

aerosol feedback impact on AOD 550 (aerosol optical depth at 550 nm). In BTH area, a
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decrease of 0.01 to over 0.06 is induced by direct feedback. An increase of 0.01 to over
0.04 in a similar pattern is induced by indirect feedbacks in the same area. The total

feedbacks caused a decrease of 0.01 to over 0.04 in BTH.

= 120E . 120E
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Figure 3.3 The spatial distribution of change in aerosol optical depth at 550 nm induced
by (a) direct, (b) indirect and (c) both direct and indirect aerosol radiative feedbacks,
averaged during Jan 16-21.

The net radiative forcing (NRadF) was simulated in this research as well. The
aerosol induced changes of net radiative forcing at the top of atmosphere (NRadF_TOA)
are shown in Figures 3.4 (a) — (c). The direct feedbacks induced an increase up to 20
W/m?in most of BTH area, and the indirect feedbacks induced an increase up to 5 W/m?
in the southeast half of BTH, and a decrease up to 5 W/m?in the other half. Overall, the
total aerosol induced effect on NRadF_TOA is an increase up to 20 W/m?in BTH area,

especially the southeastern part.
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Figure 3.4 The spatial distribution of change in NRadF_TOA (W/m2) induced by (a)
direct, (b) indirect and (c) both direct and indirect aerosol radiative feedback, averaged
during Jan 16-21.

The aerosol induced changes of net radiative forcing at ground (NRadF_GRD) are
presented in Figures 3.5 (a) — (c). The direct feedbacks caused a decrease of 10-20 W/m?
and the indirect feedbacks caused a -5 to 5 W/m? change in the area. The total effect is a

decrease up to 20 W/m?,
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Figure 3.5 The spatial distribution of change in NRadF_GRD (W/m2) induced by (a)
direct, (b) indirect and (c) both direct and indirect aerosol radiative feedback, averaged
during Jan 16-21.

The subtraction of NRadF_GRD from NRadF_TOA is the net radiative forcing in
the atmosphere (NRadF_ATM), which more clearly shows the radiative effect of aerosol
feedbacks in the atmosphere. In Figures 3.6 (a) — (c), it can be seen that the direct

feedbacks have a strong increasing effect on NRadF_ATM at up to 28 W/m?in BTH area.
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The effect of indirect feedbacks is not so strong (-2 to 2 W/m? in most of BTH). The total

aerosol radiative feedbacks lead to an even greater increase of NRadF_ATM.

1208 o — Y — T —
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Figure 3.6 The spatial distribution of change in NRadF_ATM (W/m2) induced by (a)
direct, (b) indirect and (c) both direct and indirect aerosol radiative feedback, averaged
during Jan 16-21.

The time series of aerosol induced changes of meteorological and radiation
variables are plotted at Beijing Site for January 2010. Figures 3.7 — 3.13 present
respectively the effects for T2, Q2, WS10, AOD, NRadF_TOA, NRadF_GRD and
NRadF_ATM.

Figure 3.7 show the time series of aerosol impacts in T2. The effect of aerosol
feedbacks is mainly the cooling effect from direct feedbacks for most days in January.
However, in the most polluted days, the effect of indirect feedbacks becomes greater,

showing a strong cooling effect during the night and strong warming effect during the

day.
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Figure 3.7 Time series of direct, indirect and total aerosol impacts on T2 (°C) during the
haze event at BJ site

Similar plots are made for Q2 (Figure 3.8). In the severe polluted days, the
indirect feedbacks cause a humidifying effect while the direct feedbacks cause a greater

drying effect.
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Figure 3.8 Time series of direct, indirect and total aerosol impacts on Q2 (kg / kg) during
the haze event at BJ site

The aerosol effect on WS10 vary diurnally, which can be seen in Figure 3.9. The

dominant effect is from direct feedback, which is mostly decreasing during the day. In the
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severe haze event, both the direct and indirect feedbacks lead to a strong increase in

WS10, and the greatest total increase is 2.4 m/s.
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Figure 3.9 Time series of direct, indirect and total aerosol impacts on WS10 (m/s) during
the haze event at BJ site

The impacts of both direct and indirect feedbacks on AOD550 are relatively
weak during clear days (Figure 3.10). In the haze event, the direct feedbacks have a
strong decreasing effect of 0.78 at the greatest, and the increasing effect of indirect

feedbacks can be as great as 0.46. The overall aerosol effect on AOD550 is negative.
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Figure 3.10 Time series of direct, indirect and total aerosol impacts on AOD550 during
the haze event at BJ site

30

www.manaraa.com



It can be seen from Figue 3.11 that the effect of indirect feedbacks on
NRadF_TOA is relatively small except for an increase (up to 84 W/m?) during the haze

days. The effect of direct feedbacks is mostly negative at noon, except for an increase (up

to 184 W/m?) during the haze event.
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Figure 3.11 Time series of direct, indirect and total aerosol impacts on NRadF_AOD
(W/m2) during the haze event at BJ site

The decreasing effect of direct feedbacks is even greater for NRadF_GRD
(Figure 3.12). During the unpolluted days, the pattern of the time series is similar to that
of NRadF_TOA except that the effect of direct feedbacks is greater. During the haze

event, the direct feedbacks have a strong decreasing effect and the indirect feedbacks

have an increasing effect.

31

www.manaraa.com



Direct ----Indirect ——Total

2010/1/2 0:00 2010/1/7 0:00 2010/1/12 0:00 2010/1/17 0:00 2010/1/22 0:00 2010/1/27 0:00

Figure 3.12 Time series of direct, indirect and total aerosol impacts on NRadF_GRD
(W/m2) during the haze event at BJ site

The aerosol effects of NRadF_ATM are presented in Figure 3.13. The direct
feedbacks have an increasing effect each day around noon, and the effect is greater
during the haze days. The indirect feedbacks have a small increasing effect during the

haze days, and does not show much effect on the rest of the days.
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e

Figure 3.13 Time series of direct, indirect and total aerosol impacts on NRadF_ATM
(W/m2) during the haze event at BJ site
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3.3.2 Aerosol feedback impacts on surface PM2 s concentration during the haze

Similar to Section 3.4.1, the averaged effects of aerosol radiative feedbacks on
PM: 5 concentration during the haze event are calculated and presented in Figure 3.14.
The direct feedbacks increased PM2s up to over 16 um/m?® in Tianjin and south Hebei,
and decreased PMz s in the northwestern area in BTH. The indirect feedbacks, on the
other hand, decreased PM2 s concentration in the same area. Overall, there are increases

near Beijing and Tianjin, and the greatest increase located in south Hebei.

42024 6 810121416 L o——

4202 4 6 810121416

Figure 3.14 The spatial distribution of change in PM2.5 concentration (um/m3) induced
by (a) direct, (b) indirect and (c) both direct and indirect aerosol radiative feedback,
averaged during Jan 16-21

The time series of aerosol feedback effects at Beijing Site are plotted and
presented in Figure 3.15. The effect of indirect feedbacks is relatively weak in the clear
days, and has a decreasing effect during the haze event, which can be as large as
40pum/m?3 at the end of the haze. The direct feedbacks helped the accumulation of PMas

from the beginning of the haze event, and helped the dispersion of PM2 s in the end.
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Figure 3.15 Time series of direct, indirect and total aerosol impacts on PM2.5
concentration (um/m3) during the haze event at BJ site

Figure 3.16 shows the simulated and observed PM2 s concentration time series
from January 12 to January 22. The red line represents the base scenario (without
feedbacks) and the blue line represents the scenario with all feedbacks. It can be seen that
from 12:00 to 17:00 on January 19, 2010, the PM2 s concentration of the simulation with
all feedbacks is greater than the scenario without feedbacks. From the previous figures of
time series, it can be seen that in the early afternoon of January 19, there was a cooler
surface caused by a decrease in T2 and NRadF_GRD, as well as a warmer top of
atmosphere caused by an increase in NRadF_TOA. In haze events, aerosol radiative
feedbacks can increase temperature inversion and atmospheric stability, making the
pollutants accumulate. On January 20, the wind speed increased more with the impact of

aerosol radiative feedbacks, making the pollutants to disperse more easily.
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obs —no feedback — w/all feedback

Figure 3.16 Time series of PM2.5 concentration (um/m3) of the simulation scenarios
with/without aerosol radiative feedbacks from January 12 to 22 at BJ site

3.3.3 Diurnal change of aerosol impacts on meteorological, radiative and pollutant
variables

The averaged diurnal change of T2, Q2 and WS10 for January 16-21 are shown in
Figure 3.17 (a) — (c). From the figures, the following conclusions can be drawn for the
three variables:

1) The total feedbacks have a cooling effect for the whole day during the haze
period. The indirect feedbacks have some warming effect from late morning to early
afternoon.

2) The total feedbacks have a humidifying effect in almost any hour of a day
during the haze period. The indirect feedbacks have some drying effect in the morning.

3) The total feedbacks from 09:00 to 18:00 can decrease WS10 by over 0.5 m/s,
which created a stable meteorological condition and thus can help the accumulation of

pollutants during the time period.
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Figure 3.17 The hourly averaged changes of (a) T2 (°C), (b) Q2 (kg / kg) and (c) WS10
(m/s) induced by direct (black), indirect (red), and total (blue) aerosol radiative
feedbacks at BJ site

Similarly, for the radiation variables, the averaged diurnal change of

NRadF_TOA, NRadF_GRD and NRadF_ATM for January 16-21 are shown in Figure

3.18 (a) — (c). The following conclusions can be drawn:

1) At the top of atmosphere, both direct and indirect feedbacks increase the

radiative forcing.

2) On the ground, although much radiation has been scattered, some radiation is

stored in the atmosphere.

3) Most radiation left in the atmosphere is caused by the direct feedbacks.
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Figure 3.18 The hourly averaged changes of (a) NRadF_TOA (W/m2), (b) NRadF_GRD
(W/m2) and (c) NRadF_ATM (W/m2) induced by direct (black), indirect (red), and total
(blue) aerosol radiative feedbacks at BJ site
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Figure 3.19 shows the diurnal change of aerosol effects on PM2 s concentration at
BJ site during January 16-21. The total effect of radiation feedbacks is positive during the
daytime, and is the most significant around 16:00 each day, and the smallest at 8:00.
Figure 3.20 shows the hourly averaged PM2 s concentration at the same site during the
same time period. It can be seen that the lowest hourly mean value of PM2s concentration
of each day occurs at around 15:00 and the highest value around 9:00. With the aerosol
radiative effect, the high value of the concentration becomes smaller and the low value
becomes larger, which weakens the diurnal variation. In the daytime, this phenomenon is
mainly caused by direct feedbacks, and during the night it’s mainly caused by indirect

feedbacks.
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Figure 3.19 The hourly averaged changes of PM2.5 concentration (um/m3) induced by
direct (black), indirect (red), and total (blue) aerosol radiative feedbacks at BJ site
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Figure 3.20 The hourly averaged PM2.5 concentration (um/m3) during Januray 16-21 at
BJ site

3.4 Summary

The direct and indirect feedbacks of aerosols have been evaluated in this chapter.
The time series, spatial distributions and diurnal averages of the aerosol impact on
meteorological, radiative and air pollutant variables have been analyzed. The severe haze
period, January 16-21 has been taken a closer look at.

In BTH area during the haze event, the aerosol has a negative forcing of 1.4 °C in
temperature, a negative forcing of 0.0001 to 0.0002 kg / kg in water vapor mixing ratio, a
decrease of 0.01 to over 0.04 in AOD. The direct feedbacks play the dominant part of
decreasing for these variables.

As for the radiative variables, both direct and indirect feedbacks have positive
forcing at top of atmosphere, adding up to 20 W/m-2 in BTH area. The effect of total

feedbacks on the ground is negative, with direct feedbacks having a greater negative
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forcing and indirect feedbacks having a smaller positive forcing. The direct feedbacks
play the dominant part as well.

The meteorological conditions become more stable because of the aerosol
radiative feedback, and this situation makes it harder for pollutants to disperse. The
PM2.5 concentration increased by up to more than 16um/m3 in the southern part of the
BTH area. At the peak of the haze pollution, PM2.5 concentration is increased by
radiative feedbacks because of an increased atmospheric stability. Likewise, during the
cleaning stage, PM2.5 concentration is decreased. The aerosol radiative forcing also

causes a smaller diurnal variation of PM2.5 concentration.
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CHAPTER 4 SUMMARY AND FUTURE WORK

This thesis focuses on a winter haze event in BTH region in January 2010. As a
part of MICS-Asia 11, evaluations of model simulations are made to get a better
understanding of NU-WRF model.

The thesis first discussed the impact of horizontal resolution on the model
performance. Results of model applications with two resolutions (45km and 15km,
named D1 and D2 respectively) were compared. The performances for these two
applications in urban and suburban sites have been examined as well.

In January 2010, simulations with both resolutions well estimate the
meteorological variables except for an overestimation in wind speed for about 1m/s.
Application with coarser resolution performs better in predicting the temperature at 2m.
Hourly-averaged results show that simulation with a coarser resolution does not present
obvious diurnal change of meteorology. The rapid change in the simulations for
meteorological variables during the “cleaning” stage after the severe haze pollution
shows a delay in the finer resolution simulation. The simulations of various air pollutants
of both resolutions at urban and suburban sites are evaluated. The model performance is
not very sensitive to the type of areas, but there has been some differences shown
between and air pollutant species. Simulations of both resolutions can capture the overall
trend of PM2.5 concentration, but fail to capture the daily peak of PM2.5 in
urban/suburban site, and the PM2.5 concentration in the mountain site is overestimated.

The second object of this thesis is finding out the impact of direct and indirect

aerosol radiative effect. The direct and indirect feedbacks of aerosols have been evaluated
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in this chapter. The time series, spatial distributions and diurnal averages of the aerosol
impact on meteorological, radiative and air pollutant variables have been analyzed.

The aerosol has a negative forcing in temperature, water vapor mixing ratio, and
AOD. The direct feedbacks play the dominant role of decreasing for these variables. Both
direct and indirect feedbacks have positive forcing at top of atmosphere. The effect of
total feedbacks on the ground is negative, with direct feedbacks having a greater negative
forcing and indirect feedbacks having a smaller positive forcing. The meteorological
conditions become more stable because of the aerosol radiative feedback. This situation
makes it harder for pollutants to disperse, so the PM2.5 concentration increased up to
over 16 pm/m3 in the southern part of BTH area. The aerosol radiative forcing also
causes a smaller diurnal variation of PM2.5 concentration.

In Chapter 2, the impact of resolutions on predictions of meteorology and air
pollutants has been presented, and is more obviously shown in diurnal changes. The
model is not very sensitive to the type of area (urban/suburban). In further researches,
more detailed meteorology simulation and the emission activities in the area can be
introduced to explain the performances between different sites. In Chapter 3, the
contributions of different aerosol feedbacks are presented. In the future, the observed
particle composition data in BTH can be introduced to find out the feedbacks of different
particle species. Also, the results in this research may be used in the more detailed inter-

comparison with other models in MICS-Asia 111 for a better understanding of CTMs.
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