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Abstract The Weather Research and Forecasting model coupled with Chemistry (WRF/Chem) is used to simulate the
stratospheric intrusion event occurring on 6 March 2013 and investigate the impact of stratospheric intrusion on the
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enhancement of ozone in the lower troposphere. An upper boundary condition scheme is employed in the simulations to
overcome the problem that WRF/Chem does not have the capability to simulate O; formation in the stratosphere. A series
of observational data including ozone sounding data, surface Os;, CO, NO, relative humidity, temperature, winds together
with ECMWEF (European Centre for Medium-Range Weather Forecasts) Interim data are used to evaluate the model
results. The WRF/Chem shows reasonable performance on simulating the meteorological processes that control the
stratospheric intrusion. Several findings are identified from the detailed analyses of the modeling results. First, the
subtropical jet at high altitude was responsible for this stratospheric intrusion event. When Hong Kong was located at the
left side of the entrance of the subtropical jet zone where subsidence was dominated, the ozone-enriched air was
transported from the stratosphere to troposphere. Second, the stratospheric intrusion caused substantial enhancement of
ozone in the lower troposphere over the Hong Kong region. For instance, the surface ozone increased by 21.3 ppb (1
ppb=1x10"% (nighttime) at Tap Mun station, Hong Kong. The analyses of surface observational data including winds
and CO further confirmed the contribution of stratospheric intrusion to the increase in surface Os. Third, the
stratosphere—troposphere exchange fluxes of ozone calculated with a box model and the Wei formula are comparable to
each other (—1.42X10 kg m2 s* versus —1.59x10° kg m 2 s'%), and consistent with the findings of other studies.
Furthermore, the results are comparable when the dynamic and thermodynamic tropopause heights are utilized in the flux
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calculations.
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Fig. 1 Triple-nested domains in the WRF/Chem (Weather Research and Forecasting model coupled with Chemistry), locations of four air quality monitoring

sites (black dots, detailed descriptions are given in Table 3) and ozone sounding (HKO, red triangle) in Hong Kong
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Fig. 2 Surface weather chart (provided by Hong Kong Observatory) at
1400 LST (Local Standard Time) 6 March 2013
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Fig. 3 The Japanese GMS-5 (Geostationary Meteorological Satellite 5)
retrieved cloud coverage (shaded areas) and mean divergence (contours,
units: 10° s7%) over 300-150 hPa at 1400 LST 6 March 2013. Red triangle:
Hong Kong location
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Fig. 4 Latitude—pressure cross sections of ozone concentration (color shadings, units: ppb), wind speed (thin black solid lines, units: m s™), potential
temperature (black dashed lines, units: K), and the height of the tropopause (bold black lines) at Hong Kong (114.17 E) at 1400 BJT (Beijing time) 6 March

2013: (a) WRF/Chem simulations; (b) ECMWF reanalysis data
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Fig. 5 Ozone concentration (color shadings, units: ppb) and potential vorticity (black contours, units: PVU) at 300 hPa at 1400 BJT 6 March 2013: (a)

WRF/Chem simulations; (b) ECMWF reanalysis data
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Fig. 6 Relative humidity (color shadings), wind speed (barbs, units: m s™*), and geopotential height (contours, units: gpm) at 300 hPa at 1400 BJT 6 March

2013: (a) WRF/Chem simulations; (b) ECMWF reanalysis data
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HHERIRE (RMSE), FiRZE (MB)

Table 2 Correlation coefficient (R), significance level (P),
root-mean-square error (RMSE), and mean bias (MB)
between WRF/Chem simulated and observed ozone
concentration profile, relative humidity profile, wind speed
profile, temperature profile

MK R BEMKT BHRRE Pz

(R) P) (RMSE) (MB)
S AR B AR 0.73 <0.0001  22.4ppb 10.3 ppb
AER RS EEERLE  0.76 <0.0001 21% —-8.2%
JRGH T R 2 09638  <0.0001 49ms! -17ms?
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Fig. 7 Comparison of WRF/Chem simulations with observed (a) temperature (units: <C), (b) relative humidity, (c) wind speed (units: m s %), and (d) ozone

concentration (units: ppb) in Hong Kong at 1400 LST 6 March 2013

3.4 IEHMESRERFREIREELITR
PLEREELZ (R 2) oY, FREANZ
ST b R B . ] 8 PR T 2013
£ 3 H 5~6 H Ak X H i R AR T LS W
MHEXTEE . SRT— KA, 3 H 6 HRAKEAKR
PR ORABE R[] R FE 4350l 7 #51 13.9 ppb AT 21.3 ppb.
BT 10k T A T s AR AL 58, 2 N B AR HEUR
SN, o Og IREMINE B T2 1
FHE Os i8I Je B FR M R oG R OlE
55, 2018). HHABXIEA R SR E A E,
WRF/Chem 152X o B #E A 3t % e e 35 A2 (10 52 i)
(Moeng et al., 1999), [ TCIEBEAUAICFE R
ANZRT L FE N R E RIS . 2R A AR T
I RO M S ARG, A AHE G A — A AL
(NO) KbFE—RAPEARAE, Hfb=" s 6 Hig
Fo BT B TR R e R SUREE (2 30~40
ppb) [ H AR . B R BE HE AR AU A b P
FAF T RIGRHE, 3 BB A R AE B K %
7. 3% 3 #& WRF/Chem f540UHh I 558 10 G T HPAG 45

SN, (LA 5 3R O HE B AR DL L SR 4R I
AL, HHAK REIILE 0.6 DAL,

F 3 CHuL. BTN K. RIBWSHREEMR 4
Nt SR EIRE WRF/Chem #ERCEHILE R 5N AIHE X
A2 (R, BEMKE (P, HHIRIRE (RMSE), F1j
fRZE (MB)

Table 3 The height of Sha Tin, Tap Mun, Tai Po, Tung
Chung stations and the correlation coefficient (R),
significance level (P), root-mean-square error (RMSE), and
mean bias (MB) between WRF/Chem simulated and
observed ozone concentration at four stations

Hkm MHXRH BEWKTE BFREE CFiOmE

JEIm (R) P) (RMSE)/ppb  (MB)/ppb
Vo H vk 6 0.69 <<0.0001 13.2 -7.1
i 24 0.69 <<0.0001 13.8 9
Kk 15 0.76 <<0.0001 18.7 -16.2
R 46 0.72 <<0.0001 221 -19.6

K9 dt—Dan i TAIXEREE . K. NOy. A
CO HIL 5 MMt tl, HEtirahss Rk 4 pr
7o MR AHER AR 1 A Hs b X i % AN R B
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B (KT 20%), ARAHXTHEFE 5 ik 5 5L 480 ] B
MG, B3 H 6 H ISt 21 i) 5L A A F 1
sSsEl TREFREE & REATBRTSSMA
RamiE SR, 3 A5 HE 6 H, 6 H 141 (b
) 4b, HAEXGEIAE 1~5 m s 2 a1 384k,
H 5~6 HEWHIXHU AT BRI, R
FEVEE S A HNE B A X, KT HIE T BA RS D
TIRASK . RERTAYIH NO I E B AE 14 i (bt
D HE— M FIBkER AR, (AR IHTC I B AR,
RN CO R HZAE 3 H 6 HHBIHE T, RFZ
IF 3 PR Y A2 S 7St R A P DR 1

Fz 4 FEMEX WRF/Chem HIRIMAMEETHEE . X
R, NORE ., COKRESIMAMERRER (R). E&FMK
E (P), ¥FRIRE (RMSE). F#fRE (MB)

Table 4 Correlation coefficient (R), significance level (P),
root-mean-square error (RMSE), and mean bias (MB)
between WRF/Chem simulated and observed relative
humidity, wind speed, NO, concentration, and CO
concentration

MARH  BEMHK  BHHFREZE PRmE
(R F (P) (RMSE) (MB)
A 0.93 <0.0001 6.90% —-2.0%
AR 0.7 <0.0001 1ims? 03ms™*
NO < JiE 0.58 <0.0001 1.9 ppb 0.7 ppb
CO W& 0.9 <0.0001 6.9 ppb 5.0 ppb

35 FRE—XREXHRREBEITE

R X R BE CGE=E) SR,
K Wei 22 SUANFH 2B AL 43 BTHE T AR CFRZEAN
(R R E I X ZE TR STE @&, Has 8 o ah
~1.42X10 kg m 2 st f1-1.59X 10 kg m2s* (4
5 i), SRR TLE SAEGE R E T
TNnNE. AR RS RO EE, H5ERSE
(2004) A1 Ebel et al. (1996) [I455AHY, /N
Spaete et al. (1994) H1 Wirth (1995) f{jit&i{E, H
KT Lamarque and Hess (1994). #{gFl = k4=
(2003) ZFMitHEE R, B, URFIE GR
FEEEBIME<2T km V) (Reiter et al., 1975) it
BT RRE TR, R Wei 28 AN U A
Wit T STE @&, RAN-034Xx10°kgm?s?
F-1.15X 10 kgm?st, 55 —Fhxd i 2 10 s B 1
S TS B il A R — AT b, B
RIS I 2 T v B P U SR V2 Wi 24 X 2 Ll
FEUBIRR

*5 ETAEXRENSE. BE. KERTHEEE
STE BEMHEERNLL. HBEERF (2004)
Table 5
fluxes with different tropopause height, time, and base area.
Adapted from Cui et al. (2004)

MBI R ORI SFEpER STE i@

Comparison of the mean instantaneous STE

JE/PVU d km?  &/10° kgm?s?

Lamarque and Hess 2 4 3.2x10° -0.4
(1994)

Spaete et al. (1994) 3 1 1x10° -35
Wirth (1995) 2 3 8Xx10° -35
Ebel et al. (1996) 3 1.96 2.25X10° -14
Tt Bk 35 354  25x10° -0.49
(2003)

% (2004) 2 6 1.53%x10’ -1.125
FRBR R 1 1.04x10* -1.59
5D

Wei A3 (A3 1 1 1.04x10* -1.42
58D
4 g

FIH WRF/Chem #5X,, 8T iA UBC i 5+
Ji %, wililk T WRF/Chem #5545 Fe~F i 2 S b
RN, BT 2013 4E 3 H 6 HREEE
M X — R FRENR R, JEE T H S FRE
6 J2 S b T 5L A0k B2 s

Wit 5 ECMWF o4 BRI PR 25 DR A L,
KH FiA 57 %G, WRF/Chem B A8 H 7 Hi k0,
RUCFRE AR AR . B KU LR
IIATFAEAN S B (0T B0 AT . 45K, 58
P K =2 B2 FEARCFRIZNR N E
R, NI R, A Hh XA FE R SR
OXZEM T, FRENEE & RN TR
SEIEBDTR)Z, FECTRE G B AR
B BT W13 H 6 H &SI 1ok SR B AR R E
BeRT—H BT 21.3 ppb. HuTH S G AL 2Rl (i
CO) (BRI RMIT LU A3 b, 3E— B ESE T FRZEN
2 T 2R ME R E T S B2 R

A Wei 2 20RFE RT3 T AR CF IR
ENRE R STE &, PR E 7245 A
W R N-1.42X10°° kg m? st f1-1.59 %107
kgm?s™, SHTABEFIL FAR B SRR
It JE T B X6 Wei 2 2545 B K T4 K
BRI A IR, (5 R FH 8l 0 20 i 2 T s P& ot
N 25 SRR — e AT E .
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