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1    

ԋ (NO2) ѿ ᵣ ῒ̆

Ҍֽ ҍԅ Ҭ ᾣ ̆ Ṝ

(EPA 1993)̆ ԍῒΐ

┬ ᵬ ̆Ӟ ֲ

(Celarier ̆ 2008)Ȃ ԍ ֓ ̆ҕ

Ὲ ԅ ̆ ⁞

̆ NO2 ҹ 40 g/m3, 1 h NO2

ҹ 200 g/m3(WHO 2006)Ȃ ̆Ҭ Ӟ

└ ԅ ῏ ⁞ץ̆⅞

ᵣ Ҍ≠ Ȃᶛ ̆2013 Ⱶ

ԅȇ ꜚ ⅞Ȉ( ⱲῈ  

2013-09-10)̆ ⅞ ץ ̆ῃ Һ

Ҋ ̆ῒҬ 2015 ֤ ῟ NO2

2013 Ҋ ԅ 9.8%. 2018 6 ̆ ҩ≢

ׅ Ҭ̆ל └ ԅȇ Ḡ

҈ ꜚ ⅞Ȉ(Ҭ  2018-07-04)̆ ₮

⁞ Һ Ȃ ῒҬ̆

NO2 ‰ ᵀ⁞ ѿ Ȃ 

NO2 ԍ ᾣ

(Kelly, Spicer, and Ward 1990)̆

NO2 ’ ᶫ

̆ ᵀ ҩ ҉

’̆ ת ץ ᶫ

NO2 Ȃ ֓ Һ ≠ ᾣ

̆ ԍ (Volkamer  ̆ 2015) (Van 

der A ̆ 2008; Filippini ̆ 2020; Shikwambana, 

Mhangara, and Mbatha 2020) ̆

№ Ȃ 

≠ ᾣ NO2 Һ ≠

(UV-VIS)ᾣ № ᾣ ̂DOAS (̃Platt, 

Perner, and Pätz 1979)Ȃ ԍ

SCIAMACHY(Ramachandran ̆  2013; 

Szymankiewicz, Kaminski, and Struzewska 2014)ȁ

GOME(Liu ̆  2019)ȁOMI(Kim ̆  2012)ȁ

TROPOMI(Veefkind  ̆ 2012; Van Geffen  ̆ 2014;)



 

 

̆ ԍ ῃ ҉̆

ῒ Ҥ NO2 ̆ל ≠

ῃ ̂GOMẼ Ἕ

ᾣ SCIAMACHỸ̂ת ԅ 1996-2004 Ҭ

NO2 ̆ Ҭ ҙ ̆

NO2 ₮ (Richter  ̆ 2005)Ȃ≠

OMĨ̂ת TROPOMI № ԅ 2005

2020 Ҭ ῾ NO2 ’̆

2020 ῾ COVID-19

└̆ ֤ȁ ҈ NO2 ₮ ⁞

(Huang and Sun 2020)̆ Ӟ ᴧ ≠

NO2 ל

(Ialongo ̆ 2020; Cersosimo, Serio, and Masiello 

2020)Ȃ 

ԍDOAS ᵣ Ӟ

ԍ (Wang  ̆ 2020)ȁ ̂ қ҉  ̆ 2020; 

Tan  ̆ 2020; Shaiganfar  ̆ 2011̃ȁ ᵝ

ԍ ᵣȂῒҬ № ᾣ

MAX̂ת -DOAS̃ ѿ ≠ ᾣ

Ҍ NO2 ת ̆ ῒ≠ ׆ ⌠

ѿ ↓ ̆ Ҭ NO2 №

Ȃ ԅ

҉ № ҉ ᵞ №

Ҍ ̆ ץ ԍ NO2֟

(Leser, Honninger, and Platt 2003; Lee

̆ 2008)Ȃ 

2018 11 2019 2 ֤

MAX -DOASᾣ № ̆ Һ

ңҩ ѿ̔ ≠ - № ֤

NO2 ’̆≠ №

NO2 ’ ̆ԋ

TROPOMI MAX -DOAS NO2

῏ ̆ ң ԑ ̆

№ ̆ҹ Ҭ

ᶫ Ȃ 

ת 2  

2.1 ᴀ  

ҹԅ ᵀ֤ ῟ ’̆ᶭ

ѿᵣ ̆ ֤

ԅѿ MAX -DOAS̆ ת ҹ

ᾣ ᾣ № MAX -DOAS

̆ ԍ (  ̆ 2017)ȁ (Luo  ̆ 2020)

Ȃ Ҭת

ԍ ֤ ̆∆ ᵝ ҹ ̆

ғ ̂  1̆ ̔ ԍ ת

ҹ 0.1 ̆ғ ᾣ ת ᾣ ΐ ᾣ

̆ Ҭ ᾣ Ȃ̃ 

 

 

̂ã ֤ MAX -DOAS     ̂b̃MAX -DOAS  

̂ã The MAX-DOAS layout on the Beijing site   ̂b̃MAX -DOAS equipment system diagram 

 1 MAX -DOAS  

Fig.1 Physical object and schematic diagram of the experimental setup for the MAX-DOAS instrument 



 

 

MAX -DOAS ת ң № ̆

ץ ᾣ ̆ῒҬ

Һ ̆ Ҍ

Ҋ ᾣ ̆ᾣ ᾣ ̆ת

ῒ ῤ Ҭ̆Ḡ ᾣ

Ȃᾣ ҉̆

Ҍ ̆ Ҍ ᵝȂ ̆ ᾣ

Ҍ ᾣ̆ ᾝ Ҍ ᾣ № ̆

Ԑғᾣ Ҭ ̆ҹ ᾣ ̆ῒ

№ ̆ Ԑ Ҋ ┴̆ῒ №

̆ Ҍ ᾣ ̆ῒ ѿ

ᾣ ҹ 5-15№ Ȃ ᵣ

̆ ױ ת 5ȁ15ȁ30ȁ

45ȁ90 ᴀ Ҋ ᾣ ̆ ᵞ ᴀ ᾣ

̆ 90 ᴀ

Ҋ ᾣ Һ ԍ ᾣ

Ȃ 

2.2 MAX -DOAS NO2  

MAX -DOAS NO2 ԍ

DOAS ̆ Ҭ NO2 ῒזҺ

ᵣ ̆ 340-370nm ᾣ

̆ QDOAS ᴆ ᾣ № Ȃ ᾣ

№ ╠̆≠ Ҋ ᾣ

Ẓ Ȃᶏ ԋӗ (ᾛ

ᾣ Ẓ ) ṿ̆

ᾣ (FRS) Ҭ ᵣ

⌠ ᾣ ҉Ȃ

1 MAX- DOAS NO2  

Table 1 Parameter settings used for the NO2 MAX -DOAS analysis 

 NO2  

 344- 377nm 

 5  

Ring  ᾣ ҍ ₱  

 

CH2O Calvert et al.,2000 ̆273K(Calvert ̆ 2000) 

NO2 Merienne et al.,1997 ̆220K(Merienne ̆ 1997) 

O3 Bogumil et al., 2003 ̆243K(Bogumil ̆ 2003) 

O4 Hermans et al.,2011 ̆298K(Keller - Rudek ̆ 2013) 

   

Ҭ ԍDOAS NO2 ԅ №

ᵣ ץ Ring ̂ 1 Ȃ̃ 2ҹ

֤ ᾣ № ᶛ ̆ ץ ₮̆

NO2 ׆ץ ᾣ Ҭ ₮

ῒ̆ NO2 ҹ 5.985(±0.101)×1016 molec.cm-2Ȃ 

 

2 2018 11 25 14:01 ֤MAX -DOAS NO2

ᶛ ̂ ᴀ 30° ᵝ 0°̃ Ȃ ᾣ

⌠ ᾣ Ҍ ᵣ ( )Ȃ 

Fig.2 Examples of NO2 retrievals on November 25, 2018, at 14:01 

BJT (for an azimuth angle of 0° and elevation angle of 30°), The red 

lines indicate the reference spectra scaled to the respective absorption 

of the measured spectra (black lines). 

MAX -DOAS ᶏ ᾣ

 (SCD)̆ ӈҹ ᾣ ᵣ

̆ №ҹ ̂SCDtrop̃

̂SCDstrat̃ №̂ ̂1̃̃ : 

total strat trop
SCD SCD SCD= +  ̂1̃ 

Ҭ ҹ̆ NO2 ̆

ץ ᵬҹ ץ̆ NO2

̆ DOAS№ ⌠ ҹ №

(DSCD)̆ ҹ ̂SCDtotal̃

̂SCDref ӊ̃ ̂ ̂2̃̃ : 

total ref
-DSCD SCD SCD=  ̂2̃ 



 

 

2.3 ᴶ  

ԍ SCDҹ ₃ᵥҊ NO2 ᾣ №

̆ɰ ԍ ᾣ ȁ ₃ᵥ NO2 № ̆

ҹԅ№ NO2 ᶏ̆ῒҌᶭ ԍᾣ

₃ᵥ ̆ ҍ NO2

̆ ῀ ̂AMF̃̆

ҹ ̔ 

( )

total strat
trop

trop

ref ref

total ref

-
=

-

-

SCD SCD
VCD

AMF

DSCD SCD SCD DSCD

AMF AMF DAMF

+
º =

 ̂3̃ 

ῒҬ
trop

VCD ҹ NO2 ̆
trop

AMF

ҹ NO2 AMF̆
total

AMF ҹ NO2 AMF̆

ref
AMF ҹ NO2 AMF̆DAMF ҹ

ṿȂ 

Ҭ̆ ≠ ₃

ᵥ ᵌ ᴰ AMF

SCIATRAN ᴰ Ҋ AMF

Ȃ ԍ MAX -DOAS ᵞ ᴀ Ҋ

NO2 ҹ (Wang ̆ 2014)̆

Ҭ̆ץ 30 ᴀ NO2 DCSD AMFȂ 

2.4 ⅎ  

ҹ ᵀ ֤ NO2 ̆

№ № NO2 ֜ԑ

Ȃ № ҹ̔ 

( )
ijk i j ij ijk

y m t w tw e= + + + +
̂4̃ 

ῒҬ
ijk

y ҹ k Ҋ i ȁj

NO2 ̆ Ҭ ֤ ҩ

NO2 ’ᵬҹ ѿ ᵣ ̆ k ṿҹᴋ

Ȃmҹ ṿ̆
i
tҹ i ̕

j
w ҹ j ̆

ij
twҹ ֜ԑ

ᵬ ̆
ijk
e ҹ Ȃ ԍ ̆

̆Ҍ≠ԍ

̆ Ҭ ̆

ץ 22.5°ҹ ᾝ Ҍ №ҹ 16 Ȃ 

2.5  

≠ TROPOMI NO2 ֟ ҍ̆

֤ MAX -DOAS NO2

ԅ № ȂTROPOMI 2017 10

(ESA) ῑ 5 ᾢ ̂S-5P̃

҉ ѿҩ Ἕᾣ ת ῒ̆™ ҹ 2600km̆

Ҋ № ⌠ 3.5×7 km2 ѿ̆ ῃ

̆ᾣ ȁ ȁ ץ

̆ᾣ № ⌠ 0.5nm̆ ץ

῏ №̆ ȁԐȁO3ȁ NO2ȁSO2ȁ

COȁ CH4ȁHCHO ῒז ᵣȂ 

TROPOMI NO2 ԍ ῌ OMI NO2

̂DOMINÕ Ṝ Ḡ

̂QA4ECṼ ̆ Һ №ҹ҈ ̔

ᾢ≠ DOAS ׆ TROPOMI 1b

405-465nm ᾣ Ҭ NO2

̆ῒ ≠ № ҹ

№̆ ҍ ῏ AMF

ῃ ̂TM5-MP̃Ҭ NO2 №

’ NO2 ҹ

(J.H.G.M. van Geffen 2019)Ȃ 

ҍ MAX -DOAS Ҭ̆ ױ TROPOMI

Ȃҹ Ԑ №

̆ ̂ Ḡ ṿ

̂qa_valuẽ >0.75̃ ғԐ ̂Ԑ№ ̂CF̃ <0.3̃

῏ № Ȃ 

3  

3.1 ֪ NO2  שׂ

≠ MAX -DOAS Ҍ ᴍ NO2 

VCD № Ȃ 

 

3 Ҍ ᴍ NO2 VCD  

Fig.3 Diurnal variations of the tropospheric NO2 VCD for 

different months 

3ҹ ֤ Ҍ ᴍ 8-17

’̆  NO2 ל Ȃῒ

Ҭ NO2 ҉ ҹҊ 11̆ל NO2

ṿ ⌠ ṿ̆Ҋ NO2 ₮ ̆ל

ל Һ ҍ Ҭᾣ



 

 

῏Ȃ ̆ ԍҌ ᴍ ⌠ NOX

̆ῒ 11 ̆NO2

ԍῒז ᴍ̆ғ Ҋ ┴̆ῒ

ṿ ⌠ ̆ɒ 1̆1 NO2 ҹ

4.04×1016 molec.cm-2̆  NO2 ҹ 1

11 ֽ̆ҹ 9.22×1015 molec.cm-2Ȃ 

3.2 NO2  

̆ ȁ ҙ

Ҭ̆ NO2 VCD

ᵞ(Beirle ̆ 2003)̆ ֤  NO2

№ Ȃ 4 ҹ≠

MAX -DOAS NO2

ҹ̆ ᴆ ף ᵞ̆

Ҭ ԅ╧ Ԑ ̂CF >0.3̃

̆ ᵝ Ẋ NOx

ҹ 5h̆ ԍ 5.5 km/h

ѿ Ȃ ֤ NO2 Ҍל

̆ ṿ 1.6×1016 molec.cm-2 ̆

ṿ ₮ ҈̆ ҹ 1.9×1016 molec.cm-2̆

ԋ ҹ ᵞ̆ ҹ 9.5×1015 

molec.cm-2Ȃ ̆ Ӟ ԍ TROPOMI

NO2 № ֤ ҩ ’̂

4 Ҭ ̃̆ ῒҬ TROPOMI NO2

ṿ ҹ ̆ 16km ῤ
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Fig.4 Weekly cycle of the monthly mean tropospheric NO2 VCD, 

averaged for difference month from November 2018 to February 2019. 
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Fig.5 Time series scatter plot of the tropospheric NO2 VCD in Beijing measured by TROPOMI and MAX-DOAS , averaged over the period of 

November 2018 to February 2019.
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6 MAX -DOAS TROPOMI ֤

NO2 VCD ῏ (2018.11ï2019.2) 

Fig.6 Correlation of the hourly averaged tropospheric NO2 VCDs 

over Beijing measured by ground-based MAX-DOAS with coincident 

TROPOMI satellite data (2018.11ï2019.2) 
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̂ã ῏                     ̂b̃ ῏  

̂ã Mean sampling distance correlation          ̂b̃Mean sampling time correlation 

7 Ҍ Ҋ ֤ NO2 VCD ῏ ȁ Ẓ  

Fig.7 Correlation, relative deviation and sampling number of tropospheric time-average NO2 VCD in Beijing under different sampling intervals

3.4 NO2  
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(Chen ̆ 2020; Fu ̆ 2019)̆ 6
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(d)Wind Field statistics for February 2019 

          (c) 2019 1

(c)Wind Field statistics for January 2019 
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(b)Wind Field statistics for December 2018 
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(a)Wind Field statistics for November 2018 
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8 2018 11 -2019 2 ֤  

Fig.8 Wind direction and speed at the monitoring stations of the period of November 2018 - February 2019

̆ҹ№ ֤ ҍ NO2 ֜

ԑ῏ ̆≠ №

MAX -DOAS NO2 ̆ p

ṿ ᵞ̆ Ȃ 

 2 - NO2 ⅎ  

Table 2 Two-way ANOVA model between wind field 

and NO2 

  F pṿ 

 9 7.139 0.000 

 11 1.727 0.109 

*  20 2.753 0.005 

Levene  -  2.756 0.002 

̔R2=0.869 

 2 ҹ ң Ẓ

№ ̆ῒҬ ԅ ̆ ץ 22.5°

ҹ ᾝ ԅ№ Ȃ ̆ ҍ NO2

ṿ ῏ ̆R2ҹ 0.869̆ 5%

Ҋ ץ ֜ԑᵬ NO2

Ẓ ΐ ̆ NO2

Ȃ ᵬҹ

NO2 Ȃ 

4    

2018 11 -2019 2 ֤
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Abstract:   

Objective: 

Satellite-based and ground-based remote sensing methods have unique advantages in monitoring atmospheric 

pollutants. The comparison and verification of different remote sensing data and collaborative observation 

using different monitoring platforms, which play a major role in assessing changes accurately in atmospheric 

pollution. In this paper, using the MAX-DOAS spectrometer deployed at the Beijing site, the tropospheric 

NO2 vertical column amounts in the winter from November 2018 to February 2019 at the Beijing site was 

retrieved, and the daily and monthly changes of NO2 in Beijing were summarized. Additionaly, it was used 

together with TROPOMI's products to analyze the NO2 pollution in winter in Beijing. 

Method: 

The MAX-DOAS measurement spectrum combined with the DOAS inversion algorithm was used to obtain 

the vertical column amounts of tropospheric NO2 at different times, and compared with the changes and 

correlation of the NO2 columns obtained by TROPOMI at the time of satellite overpass. It also analyzes the 

sensitivity of the NO2 columns of ground-based and space-borne observations at different sampling times and 

the average sampling distance between the satellite and the ground site at the time of passing territory. In 

addition, we counted wind field in the winter weather conditions, and analyzed the influence of the wind field 

on the changes in NO2 in Beijing. The two-factor analysis of variance was applied to evaluate the influence 

of the wind field on the change of the regional NO2 amounts.  

Result: 

The results show that the average columns of NO2 in the troposphere in Beijing in November is higher than 

that in other months in winter, and the maximum hourly average columns can reach 4.04×1016 molec.cm-2, 

and the average amounts of NO2 in the troposphere in the afternoon of each winter month is significantly 

higher than that in the morning. The tropospheric NO2 obtained by TROPOMI and MAX-DOAS has a good 

correlation (r=0.88). The correlation between satellite-ground-based observations in December 2018 can 

reach 0.96. However, the NO2 amounts of TROPOMI are overestimated to varying degrees relative to the 

ground-based MAX-DOAS observation results. At the same time, the sensitivity of satellite-ground 

comparison shows that within a certain sampling range, with the increase of average time and average 

distance, the correlation appears to increase significantly. Among them, the correlation is more sensitive to 

the sampling distance, and the relative columns deviation is more sensitive to the sampling time, which 

provides a reference for the selection of reasonable sampling interval during data comparison. In addition, 

wind field analysis found that wind speed and the interaction between wind speed and wind direction are the 

main factors leading to changes in NO2 in Beijing. 

Conclusion̔  

Through the monitoring of NO2 in winter on different platforms, we found that the NO2 in Beijing area has 

obvious monthly and diurnal changes. This is of great significance for establishing pollution forecasting 

models and analyzing the causes of pollution. The comparative observation and sampling sensitivity analysis 

of the two different observation platforms also provide important reference and data support for the reliability 

of NO2 inversion on the spaceborne platform. 

 

Key words: NO2; TROPOMI; MAX-DOAS; Two-way ANOVA; changing trend; remote sensing; DOAS; 
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Supported by National Key Research and Development Project (No. 2017YFB0503901); Premier Program 

(No. DQGG0102) 


