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Abstract
Atmospheric nitrogen deposition has large eco-environmental effects such as ocean acidification,
eutrophication in coastal areas. However, knowledge of the source and the pathway ofNdeposition in
coastal areas is limited, especially during tropical storms, hindering the accurate quantification of how
anthropogenic activities influence the ocean ecosystem. In this study, theNestedAirQuality
PredictionModeling Systemwas used to investigate thewet deposition ofN induced by typhoon
Hagupit over eastern coastal China from an in- and below-cloud process perspective. Our results
reveal for the first time an enhancementmechanismofNdeposition related to the ‘pumping effect’ of
the typhoon. Different from the non-typhoon conditions, air pollutants in the typhoon-affected
regionswere pumped into the higher altitudes and deposited via the in-cloud scavenging process in
themoving path of the typhoon-affected regions. This study updates our understanding of the
source–receptor relationship on atmospheric wet deposition caused by tropical cyclones.

1. Introduction

Atmospheric nitrogen (N) deposition has important eco-environmental effects, including acid rain (Page et al
2008,Du 2018), corrosion of buildings (Knotkova andBarton 1992), ocean acidification (Doney et al 2007),
nutrient anomalies (Hao et al 2011) and biodiversity reduction (Pitcairn et al 2003). The economic development
in the country around theChinese inland sea andNorth PacificOcean has resulted in gradually increasing level
of the nutrient concentration such as dissolved inorganic nitrogen (DIN), turning these oceanic regions into
nitrogen-rich basins. Statistically, atmosphericNdeposition has been proven to be a larger contributor to the
DIN input into the ocean than the riverine input, providing 10%–40%of theN inN-limited coastal regions
(Okin et al 2011, J Zhang et al 1999).Wang et al (2019) estimated that about 25.81%of the totalDIN input in the
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Yellow Sea andBohai Sea derives from the atmosphericNdeposition. The contribution ofNdeposition from
China reported byGe et al (2014) andKajino et al (2013) is about 40%–60%and 51%–76%.

Typhoons usually carry associated hazards, such as strongwinds, storm surges, and rainfall, which can cause
considerable damage and disruption. In addition to these direct forms of damage, thewet deposition of nitrogen
caused by typhoons, which also serves as a lager contributor ofDIN, has also drawnmuch attention in coastal
regions (Lin et al 2000, Sakihama andTokuyama 2005, Fang et al 2009, Chen et al 2015, Toyonaga and
Zhang 2016, Yan et al 2016, Tan et al 2018), especially against the background of global climate change, which
has resulted in an increased frequency and intensity of typhoons over the past two decades (Webster et al 2006,
Bender et al 2010, Knutson et al 2010). Lin et al (2000) reported thatwet deposition caused by typhoons
represented 20%of the total deposition based on three years of observations in a subtropical rainforest in
Taiwan. Toyonaga andZhang (2016) conducted continuous fieldmeasurements of wet deposition fluxes of ions
at a coastal site in Japan from1996 to 2003 and estimated anNwet deposition flux rate associatedwith typhoons
of 1meqm−2 yr−1. To a certain extent, these studies help us to understand thewet deposition ofN caused by
typhoons.

Aswe know, thewet deposition is governed by twomain processes: in-cloud scavenging and below-cloud
scavenging (Santachiara et al 2012, Ge et al 2014, Seinfeld and Pandis 2016, Xu et al 2017, 2019). For strong
convective system (cold vortexes/typhoon), in-cloud contributions of inorganic nitrogen (IN)wet deposition
are higher than thought, achieving 82%during continuous observations from2013 to 2017 (Ge et al 2021). This
reveals that the study on the source-receptor (S/R) of INwet deposition during the typhoons should focus on the
source of in-cloud INwet deposition.However, knowledge of the source and pathway ofNdeposition bymodel
simulation in coastal areas remains limited. Previous studies on the S/R relationship of deposition (Holloway
et al 2002, Lin et al 2008, Kajino et al 2011, Kajino et al 2013), as well asmulti-model comparisons (e.g.,MICS-
Asia III, HTAP II) (Tan et al 2018, Ge et al 2020), were able to quantitatively investigate the source of total wet
deposition via sensitivity experiments but not in-cloudwet deposition. The sensitivity experiments to obtain the
S/Rof deposition inevitably introduce nonlinear errors caused by the changes in emission sources
(Grewe 2004). Besides, these S/R relationship of IN deposition during non-typhoon period could not be
applicate to that during typhoon due to different air conditions caused by typhoon (Chiang et al 2005, Fang et al
2009). This indicates the S/R relationships ofNwet deposition during deep convective process of the typhoon,
especially the source and pathway ofNdeposition should be explored to help us to improve the knowledge of the
newmechanism of typhoon inducedwet deposition.

In this study, we carried out simulations of thewet deposition of inorganicN (IN) during typhoonHagupit
(3–6August 2020) induced by in- and below-cloud scavenging using theNested AirQuality Prediction
Modeling System (NAQPMS) (Wang et al 2001) coupledwith the online tracer taggingmethod. Based on the
simulation results, the influence of the typhoon on thewet deposition of IN, especially the in-cloudwet
deposition in easternChina, is discussed. Besides, the source contributions of the in- and below-cloudwet
depositionwith themovement of the typhoon after itmade landfall in the Yangtze RiverDelta (YRD)were
quantified. The purpose of this study is to update our knowledge on the S/R relationships of in- and below-
cloudwet deposition in typhoon-affected regions and explore the newmechanismof influence of typhoons on
wet deposition.

2.Materials andmethods

2.1.Model description and setup
NAQPMS is a 3DEulerian terrain-following air qualitymodel, which is developed byWang et al (2001). It has
beenwidely used to simulate the air pollutants, such as ozone (Li et al 2011, 2016), dust (Tian et al 2020),
anthropogenic aerosols (Chen et al 2017,Wang et al 2017, Yang et al 2018, Du et al 2019), and even toxic
pollutants likeMercury (Chen et al 2015), as well as the sulfur and nitrogenwet depositions overChina (Ge et al
2014). Recently, NAQPMShas been invited to participate in theModel Inter-Comparison Study for Asia III
(MICS-Asia III) to compare the simulated air pollutants (Li et al 2019, Kong et al 2020) aswell as the depositions
(Ge et al 2020, Itahashi et al 2020) over East Asia among 14 regional and global air qualitymodels. In this study,
the cloud processes schemes for in-cloud scavenging (Dennis et al 1993, Ge et al 2014) and the below-cloud
scavenging scheme (Xu et al 2017, 2019, 2020) have been updated inNAQPMS to better simulate thewet
deposition of air pollutants. In order to investigate the S/Rofwet deposition of IN, an online tracer tagging
module is also implemented inNAQPMS to track the formation and evolution of air pollutants (Li et al 2008,
Wu et al 2017). Unlike other studies that can only track the source of the total wet deposition (Lin et al 2008,
Kajino et al 2013), NAQPMS coupledwith the on-line tracer taggingmodule can quantitatively estimate the S/R
of the below- and in-cloudwet depositionwithout introducing errors by nonlinear chemistry. Further technical
details about theNAQPMS can be found in Text S1-S2 and in Li et al, (2011;2013;2016) andGe et al (2014).
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Themodel domain covers the East Asia (15.4°S–58.3°N, 48.5°–160.2°E), which is set on a Lambert
conformalmap projectionwith 180× 170 grids at 45 kmhorizontal resolution. Vertically, the numericalmodel
has 20 terrain-following layers from the surface to the height of 20 kmwith the lowest 10 layers below 3 km. The
global atmospheric chemical transportmodelMOZARTv2.4 provided initial and lateral boundary conditions
for theNAQPMS. Themeteorological fields forNAQPMSwere provided by theWeather Research and
Forecasting (WRF)model, version 3.4.1 (Skamarock et al 2008)driven byNational Centers for Environmental
Prediction Final Analysis reanalysis data (1°× 1°).More detailed descriptions of theWRFmodel including the
Physics schemes can refer to in Text S3 and inGe et al (2021). Emissions forNAQPMS are obtained from the
emissions inventory inMICS-Asia III (Li et al 2017), and considering the yearly projections of the variations
through the satellite-constrainedNOx and ammonia (NH3) emissions based on vertical column density (VCD)
values in 2020.More detailed descriptions of the updated emission can be found in Text S4. Themodel’s output
of INwet deposition can be classified as oxidizedN (Nox), including particulate nitrate, gaseous nitrate acid and
NOx, and reducedN (Nrd) includingNH3 and particulate ammonium. The simulation periodwas from24 July
to 6August 2020, with 8 days ofmodel spin-up time from24 to 31 July 2020.

Figure S1 shows 22 identified areas (ID) in theNAQPMSmodel simulation domain. Fifteen land areas in the
territory of China (i.e., YRD, FJ, SD,NCP, SX,HN, AH,HB, JX, SW, TW,West,Middle, NW, andNE) are
marked in different colors, together withNorthKorea (NK), SouthKorea (SK) and Japan. The threemajor
oceanic regions along the pathway of typhoonHagupit (green line depicted infigure S1) aremarked as ECS (East
China Sea),WP (West Pacific), and JS (Japan Sea), respectively. The definitions of the 22 IDs are listed in table S1.

2.2.Observational data
Ground-based observations of wet deposition collected at sites shown infigures 1(a)–(c) during 1–6August 2020
by theChinaNational EnvironmentalMonitoring Centre (CNEMC) (http://www.cnemc.cn) andAcid
DepositionMonitoringNetwork in East Asia (EANET) ) (http://www.eanet.asia/, last access date: 25 June
2022)were used to validate the performance of themodel with respect to thewet deposition ofNox andNrd. Six
of 48 stations are in SW, 9 inHN, 8 in SD, 11 in YRD, 4 inWest, 4 in FJ, 2 inMiddle, 1 inWP, 2 in Japan and 1 in

Figure 1.Comparison between observed (circles) and simulated (bars)wet deposition of (a)–(c)Nox and (d)–(f)Nrd during the pre-
landfall (1–2August), landfall (3–4August) and post-landfall (5–6August) stages. The stations are numbered and listed in order from
south to north. The locations and characteristics of the stations can be referred to in table S2. The statistical parameters, i.e.,R and
NMB, are shown in the inset, and their formulae can be referred to in table S6.
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SX (table S2). TheCNEMCobservations of wet deposition included daily average inorganic ion concentrations
(SO4

2−, NO3
−, NH4

+, F−, Cl−, Ca2+,Mg2+, Na+, andK+) and daily accumulated precipitation from1 to 6August
2020. Because CNEMC sitesmainly covered inlandChina, EANET sites located in coastal area over East Asia is
additionally analyzed in this study (More information about the EANETobservation can refer toGe et al (2020)).
After quality control (Text S5), themeasured anion and cation concentrations of precipitation samples from48
stationswere nearly in balance and therewere no large deficiencies ofmajor inorganic ions. Surface observations
of hourly PM2.5 andNO2 concentrations at the 48 stations from1–6August 2020were also used in this study.
Groundmeteorological observations of daily precipitation andwindwere obtained fromChinaMeteorological
Administration. The best-track data of typhoonHagupit provided by the JapanMeteorological Agencywere
used to identify the location of the typhoon (https://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-
e.g./besttrack.html, last access: 16December 2021).

2.3.Model validation
TheNAQPMSwas able to simulate the precipitation andwet deposition of IN both in typhoon-affected regions
and in the other regions of China. The simulated accumulated precipitation in the typhoon-affected region
during the pre-landfall (1–2August), landfall (3–4August), and post-landfall (5–6August) stages shows good
correlation, with a correlation coefficient (R) of 0.79 (N= 11), 0.78 (N= 110) and 0.75 (N= 92), and normalized
mean bias (NMB) of−19%,−12.6% and 12.7%, respectively (figures 1(d)–(f)). In the S-high control region, the
R values are 0.66 (N= 48), 0.64 (N= 41) and 0.68 (N= 45) for the pre-landfall, landfall and post-landfall stages,
respectively, and theNMBvalues are−19.5%, 17.6% and−9.1% (figures S2(a), (b)). Compared to the reported
statistical scores inMICS-Asia III (Ge et al 2020, Itahashi et al 2020), ourmodeling performance in this study
have been confirmed as better. In accordance with the goodmodel performance for precipitation, the simulated
wet deposition of IN agrees well with the observations, with theNMB ranging from−25% to+2% (figures 1(d)–
(i)). At stations in the typhoon-affected region especially YRD, the simulatedwet deposition values ofNox and
Nrd are very close to their observed counterparts, withNMBs of 4% and 8%, respectively. At stations in the
S-high control region, thewet deposition ofNox was overestimated by themodel, with anNMBof+32%. Such
positive bias in the simulated INwet deposition ismainly due to the overestimation ofN precursors, up to+20%
forNOx as reported byGe et al (2020).

3. Results

3.1. Typhoon track and typhoon-affected regions
As the track ofHagupit infigure 1(b) (blue lines) shows, the typhoon impacted easternChina after itmade
landfall in the YRDon 3August. According to theMODIS true-color image taken on 3August (figure S3(a)), the
location ofmostly the cloud-free typhoon eye overlapswith the typhoon position at 00:00UTCon 3August.
Then, the typhoon continued tomove in a northeasterly direction after it entered the Bohai Sea. Finally, itmade
landfall in SK. Themodel performance of typhoon track simulation is important to reproduce the structure of
typhoon surface precipitation and cloud hydrometeors (Merrill 1984, Irish et al 2008, Chavas and
Emanuel 2010,Hong et al 2020, Kumar et al 2020). Besides thewell-simulated precipitation byWRF, the
typhoon trackwas also consistent with that obtained from JapanMeteorological Agency (Text S3 and figure S4).
Thewhole typhoon track can be divided into three stages, as figures 1(a)–(c) show, i.e., the pre-landfall stage (1–2
August), the landfall stage (3–4August), and the post-landfall stage (5–6August).

3.2. Pumping effect of the typhoon
Figure S5 shows latitude–height cross-sections of the ratio of the PM2.5 concentration to that at ground level
with the vertical wind vector superimposed.More than 30%–49%of the PM2.5 concentration at ground level
could be lifted to altitudes higher than 2–3 km in less than 10 h. All cross-sections over the landfalling regions of
the typhoon simulated byNAQPMS captured these fast and violent uplifts of PM2.5. The gaseous precursor of
nitrate and ammonium,NOx, andNH3 in the same cross-sections, were also found to be uplifted to high
altitudeswithin a very short time (figures 2 and 3). In particular, NOxwas strongly lifted to as high as about 4 km
altitudes (figure 2(c)) due to the strong upwardwinds in the typhoon, while the lifting ofNH3was significantly
weaker than that ofNOx and PM2.5. This is reasonable thatNH3 ismainly emitted by agricultural sources (e.g.,
livestock and synthetic fertilizers) located on the surface (Aneja et al 2003), whereasNOx pollution occurs
primarily through emissions from the industry at higher altitudes, for example, stack chimney emission (Aneja
et al 2001). The higher altitude the emission source is, the easier for the pollutants to be uplifted to a higher
altitude and hence themore contribution to long-range transport.

Vertical transport of air pollutants can be caused by differentmechanisms. Boundary layer turbulentmixing
can contribute to the vertical transport of pollutants, but it is limited by the boundary layer height (0.6–0.8 km).
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The cold-front structure ofmost cyclones can also lift pollutants to 1–2.5 km above the ground (Kang et al 2019).
However, only very strong cyclones such as typhoonsmay lift air pollutants to almost double the high altitudes
thatmost cyclones can. This indicates that pollutants in the surface layer, such as PM2.5 andNOx, were quickly
lifted to altitudes higher than 2–3 kmwhen typhoonHagupitmade landfall. This elevation of pollutants
influenced by the typhoon is hereafter referred to as the typhoon’s ‘pumping effect’ (figure 4).

3.3. Contributions from in- andbelow-cloud scavenging
In order to illustrate the influence of the ‘pumping effect’, wet deposition of IN from in-cloud and below-cloud
fractionswas recorded byNAQPMS. The typhoon-affected regions in YRD aswell as the precipitation region in
Shanxi province affected by subtropical anticyclone (hereafter called S-high) are selected to compare the
differentmechanisms of INwet deposition. The definition of the S-high region is followed byHe et al (2015),
who use the 5880mgeopotential height at 500 hPa to relate with the S-high regions as shown infigure S6, and
hencewas displayed as the blue rectangle infigure 1.

Box plots of the below- and in-cloudwet deposition and their contributions to the total wet deposition of
Nox andNrd during the pre-landfall, landfall, and post-landfall stages in the YRD and S-high region are displayed

Figure 2. Latitude–height cross sections of the ratio of theNOx concentration to that at ground level with the vertical wind vector
superimposed at (a) 120°E, 26°N–29°N, (b) 119.5°E, 28°–31°N, (c) 120°E, 28°–30°N, and (d) 120.5°E, 30°–32°N.Note that the pink
boxes in the left inset represent typhoon locations at 00:00UTC,while the black ones represent the typhoon locations every 6 h.
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infigure 5. In YRD,with the average precipitation increasing from5.6 to 21.6mm, the in-cloudNoxwet
deposition contribution changed from75%during pre-landfall to 89%during landfall. In the S-high region,
however, in-cloudNoxwet deposition contribution increased only slightly from63% to 67%,with the average
precipitation increasing from14 to 27.6mm.A similar phenomenon is found forNrdwet deposition. Xu et al
(2017) pointed out that the in-cloud contributions to the total wet depositionwill increase with the increase in
rainfall as the effect of thewashout process weakens.However, the increase of in-cloud contributions is limited
by the concentrations of pollutants within the clouds. The larger increase in the typhoon-affected region than in
the S-high region indicates the significance of the typhoon’s ‘pumping effect’, which elevates the surface air
pollutants to high altitudes and contributesmore to the in-cloud scavenging during precipitation events. It is
noteworthy that the upper limit of the in-cloud contribution ofNox (Nrd) reached 89% (80%) during the
typhoon, which is significantly higher than the average value of 39% (53%) in 2014 observed inChina (Xu et al
2017) and the value of 34%observed in Japan (Aikawa andHiraki 2009, Aikawa et al 2014). The highest value
(82%)was found in the cold vortex events during the four years observation in Beijing, China reported byGe
et al (2021). This observation confirms that in-cloud contributions for strong convective weather systems like
typhoons and cold vortexes can bemuch higher than thought (figure 6,figure S7).

Figure 3. Same asfigure 2, but forNH3.
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3.4. Source identification into the scavenging pathways
To better characterize themechanismof nitrogen deposition induced by typhoons, detailed simulationswere
done using the updatedNAQMPS.Different from the previous studies, the source of wet deposition during the
typhoon event wasfirstly identified in relation towet scavenging processes (figure 7). Three typical typhoon-
affected regions, i.e., YRD, Bohai, and SKwere chosen as the receptor regions under the influence of typhoon
Hagupit to quantitatively investigate the source of in- and below-cloudwet deposition.

For the YRD, the largest source contribution to the in-cloudwet deposition in the YRDwas from local
emission (table S3), accounting for 52% (38%) of the in-cloudwet deposition ofNox (Nrd). The relative

Figure 4. Schematic diagramof the ‘pumping effect’whichmeans the pumping up to the cloud of typhoon. The number (a)–(j) is in-
or below-cloudwet deposition ofNox (unit:´ 10–3mgm−2)while that in parentheses and red are the in-cloud contributions from
YRD (unit:%).

Figure 5.Box plots of below-cloud and in-cloudwet deposition and corresponding contributions to total wet deposition ofNox orNrd

during the pre-landfall (1–2August), landfall (3–4August) and post-landfall (5–6August) stages in the (a), (c)YRD and (b), (d) S-high
control region.
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contribution to the below-cloud fromYRDwas 68% (48%), corresponding up to 8% (9%) of total wet
depositions ofNox (Nrd). This reveals that local emissionswere the dominant source of both in-cloud and below-
cloudwet deposition in the YRD. For Bohai, the largest contributionwas from emissions in the YRD, reaching
up to 47%of the total wet deposition ofNox, whichwas about four times higher than other sources (table S3).
However, pollutants from the YRD contributed significantly less to the in-cloudwet deposition ofNrd than that
ofNox (1.5 versus 7.2× 10−3mgm−2 h−1, table S3). For SK, the largest in-cloud contributor was also from the
YRD.However, the largest contributor to the total wet deposition ofNox in SKwas the local emission, which
accounted for 32%of the total wet deposition, with 5% from the below-cloud part. Detailed analysis of the S/R
relationship in three regions can be found in Text S6 and table S3.

Analysis of IN deposition caused by typhoons in terms of scavenging pathways can shed light on typhoons’
effect on the coastal region, optimize the source identification and help to protect themarine ecological
environment. This updated S/R relationship of in-cloudwet deposition during the typhoon event challenges the
traditional view that the in-cloudwet deposition of acidic pollutants ismainly linkedwithmedium- or long-
range transport, which ismainly in non-typhoon events. This significantly higher contribution from theYRD
region can be attributed to the ‘pumping effect’ of the typhoon, which influenced greatly not only the long-range
transport of IN from the YRD toBohai and SK but also the local wet deposition in the YRD itself.

3.5. Implications to the knowledge of INwet deposition affected by typhoon landfall
Whatwill themechanism so-called ‘pumping effect’ of typhoon affect thewet deposition of nitrogen in the
downwind typhoon-affected regions.We have quantified the effect of the ‘pumping effect’ according to the S/R

Figure 6. In-cloudwet deposition contributions ofNox andNrd for upper-level trough, cold vortex and three different typhoon stages
(pre-landfall (1–2August), landfall (3–4August) and post-landfall (5–6August)). Note that the two observation results i.e. upper-level
trough and cold vortexmarkedwith stars are derived fromGe et al 2021.
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relationship ofNoxwet deposition as figure 4 shows. As section 3.2 described, when typhoonHAGUPITmade
landfall in YRD, the PM2.5 andNOx in themultiple cross-sections, were found to be uplifted to higher than
2–3 km in less than 10 h due to deep convective transports associatedwith cyclones (Fadnavis et al 2011). These
pollutants were scavenged by the clouds,making the in-cloudwet deposition significant increase in this study.

According to table S3, when typhoonmade landfall in YRD, 106× 10−3mgm−2 amount of oxidizedNwere
uplifted into the cloud by the pumping effect of typhoon.Meanwhile, with the development of rainfall in YRD,
37× 10−3mgm−2 of upliftedN fromYRDwere scavenged by in-cloud process, which accounts for 52%of the
total wet deposition in YRD (a).With themovement of typhoon, the remained amount of 69× 10−3mgm−2

oxidizedNpollutants (g) induced by pumping effect were transported into downwind typhoon-affected regions
such as Bohai and SouthKorea. Thismade 7.2× 10−3mgm−2 in-cloudwet deposition ofNox (c) in Bohai and
42× 10−3mgm−2 in-cloudwet deposition ofNox (e) in SouthKorea. Different from the in-cloud scavenging,
the below-cloud scavengingwasmuch smaller. Almost 6× 10−3mgm−2 amounts of oxidizedN from local
regionwerewashed out and deposited into YRD (b). Due to the airflow supported by typhoon, 5× 10−3mgm−2

amounts of oxidizedN fromYRD (h)were transported below the cloud to downwind areas such as Bohai (0.4×
10−3mgm−2) and SouthKorea (<1× 10−3mgm−2).

The contributions of long-range transport from the YRDwere almostmaintained above 40% inBohai and
30% in SKmainly via the in-cloud process. Thismeans that, as the typhoonmoved to downwind areas, the long-
range transport of pollutants from the YRD constantly influenced the in-cloudwet deposition in Bohai and SK.
The largest source contribution to the in-cloudwet deposition in the YRDwas local, which contributed to 52%
of the in-cloudwet deposition ofNox. This reveals that local emissionswere the dominant source of the in-cloud
wet deposition in the YRD. This updated S/R relationship of in-cloudwet deposition during this typhoon event
challenges the traditional view that, the in-cloudwet deposition of acidic pollutants ismainly linkedwith
medium- or long-range transport. The above analysis reveals the importance of contributions from emissions in
typhoon landing to the typhoon-affected regions. Thismechanismofwet deposition due to the ‘pumping effect’
mayhave profound effects on thewet deposition ofN in typhoon-affected areas.

Figure 7. Source contributions to the in-cloud (light blue) and below-cloud (dark blue)wet deposition ofNox (left) andNrd (right)
when typhoonHagupitmade landfall in three typhoon-affected receptor regions: (a), (b) SK, (c), (d)Bohai, (e), (f)YRD. The left-hand
coordinate is the abbreviation of the source region, which can be referred to in figure S1. Except for the top seven sources regions in
terms of source contributions, the rest are replacedwith IO andBO,which represents other sources of in-cloud and below-cloud,
respectively. Note that the pink boxes in the left-hand inset represents the typhoon locations at 00:00UTC,while the green line
represents the 6-hourly typhoon track.
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4. Conclusions

The updatedwet scavengingmodule inNAQPMS, coupledwith the online tracer taggingmethod, was used to
investigate the sources of in- and below-cloudNwet deposition during the landfall of typhoonHagupit in the
YRD,China. Themodel was able to capture the observed variations ofNox andNrd during themovement of
Hagupit. Based on theNAQPMS simulations as well as the observations, the influence of the so-called ‘pumping
effect’mechanism of the typhoon on thewet deposition ofNwas explored. Thismade the air pollutants easy for
them to be captured by cloud droplets and deposited via the in-cloud scavenging process, which contributed to
80%–89%of thewet deposition ofN in the typhoon-affected region. In addition, the present study has
improved our knowledge of the S/R relationship of thewet deposition ofNduring the landfall stage of typhoons
inChina, especially the in- and below-cloud processes of wet deposition. As the landfall region forHagupit, the
YRDwas found to be the largest contributor of wet deposition via the in-cloud process, not only for itself but also
in the other regions ofHagupit’s pathway, i.e., the Bohai Sea and SouthKorea. This can be attributed to the
‘pumping effect’, which contributes to a large proportion of the in-cloudwet deposition in the downwind
typhoon-affected regions. Continuous observations of wind profile radar combinedwith aircraft data show that
the vertical wind profile and intensity of pressure are of crucial importance for determining a tropical cyclone’s
radial inflow (Liao et al 2019). Thismeans that the amounts of pollutants which typhoon pumps into are closely
related tomodel simulation of the intensity of the typhoon itself. The simulation of intensity pressure of
typhoon, especially the central pressure does not reach the actual observation. The error caused by the typhoon
simulation of air pressure could affect themodel performance on pumping volume. Fujita et al (2004) observed
the inflowheight would get stronger as typhoonmoved to north-eastward. Probably, with typhoonmoving
north-eastward the height of ‘pumping effect’ can reach beyond the 2-3 km,whichwas found in this study, and
this uncertainty will further lead to uncertainty in the amount of in-cloud scavenging, long-range transport and
the deposition. Besides, improving themodel performance of the central pressure of typhoon should also be
considered in future. Also, different typhoonswould havemultiple and variable height of ‘pumping effect’,
which should been examinedwith typhoonmoving north-east.
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