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Abstract. Monoterpenes are an important class of biogenicl Introduction
hydrocarbons that influence ambient air quality and are a

principle source of secondary organic aerosol (SOA). Emit-pMonoterpenes and other volatile organic compounds (VOCs)
ted from vegetation, monoterpenes are a product of photogre released by vegetation in response to various sources of
synthesis and act as a response to a variety of environmentafress, including heat, light, drought, physical trauma and
factors. Most parameterizations of monoterpene emissionhfestation (Kesselmeier and Staudt, 199%i®®nen et al.,
are based on clear weather models that do not take into a008; Niinemets, 2010; Holopainen and Gershenzon, 2010).
count episodic conditions that can drastically change producThey can also be released from ground litter that has fallen
tion and release rates into the atmosphere. Here, the monotefrom trees (Risanen et al., 2008). The global budget for
pene dataset from the rural Thompson Farm measurememfonoterpene emissions is estimated to be 127 Tg C per year,
site in Durham, New Hampshire is examined in the contextcomprising an important part of the biogenic VOC budget
of a set of known severe storm events. While some stormGuenther et al., 1995). Monoterpenes react readily with at-
systems had a negligible influence on ambient monoterpengnospheric oxidants (i.e. OH,4NOs, Cl) to form an ar-
mixing ratios, the average storm event increased mixing raray of products including oxygenated VOCs. These com-
tios by 0.59+0.21 ppbv, a factor of 93 % above pre-storm pounds can go on to nucleate into secondary organic aerosol
levels. In some events, mixing ratios reached the 10’s of(SOA) or adsorb onto preexisting nuclei (Maez et al.,
ppbv range and persisted overnight. These mixing ratios|998, 1999; Griffin et al., 1999; Lee et al., 2006a, b; Cai and
correspond to increases in the monoterpene emission ratgsriffin, 2006; Ng et al., 2007). The particles formed from
ranging from 120 to 1240gknfh~* compared to an esti- organic compounds, such as monoterpenes, are thought to
mated clear weather rate of 116 to 193 g#~1. Consid-  play an important role in controlling the radiative balance of
ering the regularity of storm events over most forested areashe atmosphere (Goto et al., 2008; Heald et al., 2008). Thus,
this could be an important factor to consider when mOdelingconsiderab|e effort is underway to quantify g|0ba| monoter-
global monoterpene emissions and their resulting influenceyene fluxes to understand the interactions between ecosys-
on the formation of organic aerosols. tems, climate and air quality (Kroll and Seinfeld, 2008). To
date, most studies have focused on quantifying fluxes from
typical, healthy ecosystems, although there is increasing in-
terest in understanding how ecosystems respond to parasitic
pressures, as this could be a feedback mechanism important
to predicting future climate conditions (Karl et al., 2008; Ar-
neth and Niinemets, 2010).

There are very few data available on how precipitation and
intense storm events alter monoterpene emissions, although

Correspondence tK. B. Haase the limited number of observations to date have indicated that
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et al., 1999; Bouvier-Brown et al., 2009; Bamberger et al., et
2011). Monoterpene fluxes from a ponderosa pine forest|
have been noted to bel30% greater than predicted as a |
result of precipitation events (Holzinger et al., 2006). Sum- [
mertime storm systems can bring intense winds and hail,|
which can knock branches, leaves, and needles from trees 45
thereby acting as a form of mechanical stress known to in-[ Maine

(a)

crease monoterpene emissions (Schade and Goldstein, 2001 39
Raisanen et al., 2008). The rainfall associated with storm [ ' ]
systems soaks the leaves and needles, which can increag New Hampshire

Thompson Farm 42.5]

monoterpene emissions in certain plant and tree species (Jar

son, 1992). Therefore, the goal of this work is to examine the ﬂh“
influence of storm systems on ambient monoterpene levels i ——‘\,ﬂ/)
a rural forested area. 5 =~ ]
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2.1 Measurements at Thompson Farm

trometer (PTR-MS) instrument at the University of New N_Orthwood Durham

Hampshire (UNH) AIRMAP network monitoring site at — °*™ jowmgham 2 . Thompson Farm

70.99518 W) (Fig. 1). From 2004 to May 2009, measure-

ments were made in open agricultural fields where alfalfa

onward, measurements were made in a new facility approx- Kingston v ansington

imately 1 km from the old measurement site. The new mea- T a—

inantly composed of White Pin®inus strobusand Red Oak

(Quercus ruba The forest development is nearing late stage, — saer- - Haverhil

was clear-cut for agricultural uses (Perron et al., 2004).  Fig. 1. (@) The location of Thompson Farm with respect to the New
The PTR-MS instrument samples a continuous stream ofn9land region(b) Expanded view of the measurement site.

ple stream is mixed with kD" reagent ions in a drift tube

reaction chamber. Thed®™ reacts with compounds in the ion source extraction voltages were tuned to keep the con-

ter (~692kJmot?) to form protonated ions with limited (H3zO™T), ensuring that the primary ionization pathway was

fragmentation. The resulting positive ions are detected usthrough the proton transfer reaction witig®t. The drift

the target compounds. An in depth discussion of the PTR+o reduced field strength of 132 Td (Td x110~17V cm?).

MS technique can be found in several recent review articlesThe PTR-MS quadrupole mass spectrometer was operated in

Warneke, 2006; Blake et al., 2009), and the operational deehannels with a dwell time of 10-20 s per channel, yielding

tails of the PTR-MS at Thompson Farm have been describe& measurement cycle of 7.25min. The signah&137 was

Jordan et al., 2009; Talbot et al., 2011). All operational pa-pounds, as it is not possible to speciate isobaric monoter-

rameters have remained essentially the same, except for moypenes using the PTR-MS technique. The major monoter-

PTR-MS was operated with an ion source water flow rate ofsure of the relative fragmentation of the compounds sampled.

11 cn® min~1, a discharge current of 8mA and a 600V po- Rigorous parameterization of the PTR-MS under the drift

Since 2004, atmospheric VOC measurements have beelﬂ Barrington
made using a Proton Transfer Reaction — Mass Spec- .
Thompson Farm in Durham, New Hampshire (43.10M8 P {

Portsmouth
and corn were grown (White et al., 2009). From June 2009  creser
surement site is surrounded by a mixed forest that is predom-
as it has been in regrowth since the 1900s, when the region
ambient air without any preconcentration stage. The sam-
sample stream that have a proton affinity greater than wataminant q signal less than 1% of the primary ion signal
ing a mass spectrometer to determine the mixing ratio oftube was kept at 2.0 mbar, 600V, and°45 corresponding
(Lindinger et al., 1998; Hayward et al., 2002; de Gouw andsingle ion mode, monitoring a mass table of 47 discrete
previously (Ambrose et al., 2007, 2010; White et al., 2008; used to monitor the total mixing ratio of monoterpene com-
ing the instrument to the new building in June 2009. Thepene fragment ionn(/z81) was also monitored as a mea-
tential, giving a primary ion signal of 2-1010°Hz. The tube and ion source conditions used in this study has shown
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that the measurements of monoterpenes do not need corremstrument at Thompson Farm to determine rain and hail
tion for ambient humidity. The limit of detection (LOD) at high time resolution, proxy sources were used to estab-
for monoterpenes was 0.050 ppbw{2Znd the measurement lish time periods when intense summer storms were active
precision was 11 % ). Since late 2008, background mea- over the field site. Deducing the presence of storm events at
surements were obtained for one hour after each 24 h of meaFhompson Farm was a two stage process. The United States
surements. During PTR-MS background signal determina-National Climatic Data Center (NOAA NCDC) maintains
tion, the instrument made measurements while drawing ama publicly accessible storm event databak#p(//www4.
bient air through a 1.27 cm (0'bouter diameter, 46 cm (13 ncdc.noaa.gov/cgi-win/wwcgi.dlI?wwEvertormg. This
long 0.5% Pd-on-alumina bead catalytic converter held atdatabase is regional in scale and contains data on events from
625°C. A secondary standard containing camphene was aueyewitness sources. It is organized by city and county, but
tomatically introduced into the stream for 30 min after back- these data do not provide explicit listings of hail and storm
ground signal determination, thereby comprising our onlineevents over Thompson Farm because it is an unmanned sta-
calibration system. The flow of the secondary standard cy+ion in a sparsely populated area. Storm history data was
cles through three different flow rates over time, so that forretrieved for Strafford and Rockingham counties. Events
every three background/calibration periods, a three point calmarked as “Hail”, “Thunderstorm Wind”, “Tornado”, and
ibration curve was generated. This 25.5h cycle ensures thafunnel Cloud” were chosen as indicators of periods in time
the frequency of calibrations did not introduce a temporalwhen storms would be active over Thompson Farm. These
bias into the PTR-MS data stream. This online calibrationtypes of events were selected as they typically occur dur-
system provided metric of instrument response on a daily baing the summer growing season, when vegetative transpira-
sis, and was done in conjunction with more thorough offlinetion processes are most active and monoterpene production is
calibrations done using a primary standard and a standard dgreatest (Fig. 2a, b). The dates of the events were then used
lution system (Apel Riemer Environmental). The standardto select precipitation data determined by weather radar.
contained a mixture ok-pinene, limonene, camphene, and  The hourly precipitation rates were obtained from the
3-carene. These compounds were selected because they aational Climatic Data Center (NCDC) NEXRAD Doppler
the dominant monoterpenes observed at the Thompson Farpadar inventory for the day of each event and 24 h thereafter
site (White et al., 2008), making the calibration represen-(http://www.ncdc.noaa.gov/nexradipv/For this study, data
tative of the suite of compounds normally measured by thefrom the radar site located in Boston, MA was used (callsign:
instrument. KBOX). These data are available at 5-10 min time resolution
Additional measurements were obtained from theand are calculated for 1 khgrid squares. The precipitation
AIRMAP database for Thompson Farm. These includedata are binned into rates of 2.54 mmthto 6.35mm ',
ozone (Thermo 49C-PS, precision-b1.0 ppbv), photolysis  and 6.35mmh? bins thereafter (WMO, 2008). The radar
rate (NO,) (Metcon Model 2,+1.5x 10°6s71), particle  data were manually analyzed to determine the onset of light
number density (TSI 3022A+10%), wind speed (Gill precipitation (0.06<2.54mmH!), surges in precipitation
Sonic, +£2 %), atmospheric pressure (All Weather 7120, rate (-2.54 mm ), duration of the surge, and cessation of
4+0.88 mbar), temperature (All Weather 6190B20.3 %) precipitation. On days in which there were multiple peaks in
and relative humidity (All Weather 6190D3:1.5%)! For precipitation, each peak was considered a unique event. Peak
2004 to 2007, all measurements from the original Thompsorprecipitation periods were defined as the point in time when
Farm site were used. For 2008, the PTR-MS was still atrainfall increased to over 2.54 mnrhin the 1 knf Thomp-
the original site, butfNO> was obtained from the new site. son Farm grid square or over 6.35 mmttin the three adja-
All other measurements were obtained from the originalcent grid squares. The three square filter allows this condi-
site. For 2009, all measurements were performed at the newon to be met in the cases in which storms pass over the site,
field site. All other chemical and meteorological data were but precipitation in the Thompson Farm grid square does not
averaged over a 5 min time period that is on the approximaténcrease as rapidly as in the surrounding areas. A summary
time scale as the PTR-MS dataset. Further details aboudf the storm events determined by radar analysis is listed in
these measurements and the AIRMAP network can be foundable 1.
at http://www.airmap.sr.unh.edyMao and Talbot, 2004;
Talbot et al., 2011). 2.2 Classification of storm event types

2.1.1 Determination of storm events Overall, 34 storm events were identified, of which 33 were
examined in detail. One storm caused a power failure that
Because of the highly localized scope of intense storm eventgrevented complete data collection, and is not included in
(such as thunder and hail storms) and the lack of a specifidable 1. Among the storm events used in this analysis,
most storms were associated with compact, episodic sys-
1The use of company names is for identification purposes onlytems that did not bring prolonged periods of precipitation
and does not constitute endorsement by the US Geological Surveyand did not last for more than a few hours at a time. The
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Table 1. Storm events at Thompson Farm, identified by radar data. All times are given in UTC. (Local Time=4JA)C Type is the

classification assigned, as described in the text (Sect. 2.3).
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Type Start Precif. Peak Preciﬁ. End Peak End Precip. Peak Réte 3h Pre-Everit Start to Peak Peak Precip. Peak to Stop 3h Post-Event
(UTC) (UTC) (UTC) (UTC) (mmtl) (ppbv+ 10) (ppbv+ 10) (ppbv+ 10) (ppbv+ 10) (ppbv+ 10)
B 6/8/05 22:35 6/8/05 23:09 6/9/05 00:09 6/9/05 04:29 12.7-19.05 HBA9 0.45+:0.11 1.05£0.23 1.04+0.41 3.78£0.56
A 7/14/05 20:12 7/14/05 20:29 7/14/05 21:24 7/14/05 22:15 6.35-12.7 400459 0.79+0.18 1.52+0.53 2.60+0.33 2.52+0.32
B 7/22/05 23:09 7/22/05 23:45 7/23/05 00:36 7/23/05 00:45 2.54-6.35 $008BL 1.36+0.38 1.51+0.30 1.69+0.20 1.82+0.56
C 7/23/05 01:47 f 9 7/23/05 03:59 2.54-6.35 1.850.44 1.09+1.35 1.34:0.44
B 7/27/05 21:31 7/27/05 22:05 7127/05 22:35 7/28/05 01:55 2.54-6.35 H000B1 1.04£0.38 2.00£0.41 1.78£0.55 1.03£0.19
B 5/21/06 22:41 5/22/06 01:13 0-2.54 042.04 0.25+1.17 0.25:0.00 0.25+1.17 0.18+0.04
B 8/2/06 21:24 8/2/06 21:33 8/2/06 22:28 8/2/06 23:43 2.54-6.35 H@A6 1.36+0.43 0.82+0.26 1.95+0.61 1.74+0.42
D 9/24/06 18:49 9/24/06 20:03 0-2.54 0:48.04 0.20+1.05 0.214:0.03
B 5/11/07 12:35 5/11/07 12:44 5/11/07 14:33 5/11/07 16:47 19.05-25.4 HD4B 0.35+0.06 0.96+0.38 0.63:0.21 0.27+0.11
B 6/2/07 23:56 6/3/07 00:32 6/3/07 01:06 6/3/07 01:19 0-2.54 0.005 0.20+0.10 0.38:0.15 0.38:0.13 0.3%+0.17
D 6/4/07 16:58 6/4/07 19:27 6/4/07 20:54 6/4/07 21:33 6.35-12.7 HMO2 0.08+0.02 0.13+:0.03 0.13:0.02 0.10+0.03
C 9/9/07 08:19 9/9/07 09:51 2.54-6.35 1:88.26 1.10+£0.96 0.76+0.17
B 9/9/07 09:51 9/9/07 11:12 9/9/07 11:59 9/9/07 12:16 2.54-6.35 +.0B7 0.76+ 0.07 0.94+ 0.15 0.73£0.03 0.44+0.13
B 9/9/07 15:15 9/9/07 15:43 9/9/07 16:41 9/9/07 17:27 2.54-6.35 D4 0.23:0.03 0.25:0.05 0.20+0.04 0.214+0.05
B 6/20/08 18:59 6/20/08 19:40 6/20/08 20:50 6/20/08 20:54 12.7-19.05 +D1aB 0.15+0.08 0.19+0.05 0.19+0.05 0.30+0.09
B 6/22/08 17:55 6/22/08 18:57 6/22/08 19:48 6/22/08 22:24 2.54-6.35 $00181 0.26+0.09 0.33:0.07 0.48+:0.11 0.25+0.13
B 6/23/08 17:59 6/23/08 20:25 6/23/08 22:26 6/23/08 22:54 12.7-19.05 HDIEH 0.58+0.22 0.35:0.18 0.15+:0.04 0.22:0.14
D 6/24/08 20:16 6/24/08 22:00 0-2.54 028.11 0.34+-0.91 0.34+:0.00 0.34-0.91 0.514-0.09
B h 6/27/08 19:06 6/27/08 19:48 h 0.00 0.29+0.13 0.470.00 0.3740.14 0.3740.14 0.22+0.13
B 6/29/08 21:39 6/29/08 21:52 6/29/08 23:24 6/30/08 00:38 2.54-6.35 200166 0.23:0.10 0.2140.05 0.26+0.07 0.32:0.06
B 6/30/08 07:34 6/30/08 09:00 0-2.54 048.13 0.710.91 0.78+0.28
C 7/3/08 22:07 0-2.54 0.480.13 0.5740.91 0.50+0.08
B 7/18/08 00:00 7/18/08 22:30 7/18/08 23:54 7/19/08 00:04 19.05-25.4 +HD43 1.98+1.64 2.32£1.04 2.60+0.15 1.73:0.91
Cc 7/19/08 00:41 7/19/08 01:17 7/19/08 02:08 7/19/08 02:55 2.54-6.35 19w 2.05£0.80 1.30£0.42 1.53+1.44 1.48+0.27
C 7/19/08 06:09 7/19/08 06:47 7/19/08 07:19 7/19/08 07:49 2.54-6.35 +1042 0.62:0.13 0.51+0.14 0.93:0.17 0.98+0.23
C 7/24/08 12:07 7/24/08 13:33 7/24/08 15:19 7/24/08 15:43 25.4-31.75 +073B 0.73:0.17 0.70+0.11 0.66+0.06 0.44+0.08
D 7/24/08 16:43 7/24/08 17:00 7/24/08 18:51 12.7-19.05 66215 0.510.11 0.42+0.07 0.58+0.91 0.53+0.00
B 7/31/08 20:39 7/31/08 21:46 8/1/08 00:17 8/1/08 00:45 19.05-25.4 100297 0.29+0.05 1.12£0.40 2.14+0.83 1.58+0.62
The PTR-MS was relocated at this point
D 6/26/09 09:19 6/26/09 10:44 0-2.54 6:440.37 4.94+0.39 3.59+0.51
A 8/11/09 11:33 8/11/09 12:16 8/11/09 13:29 8/11/09 13:59 12.7-19.05 141590 3.83:0.64 4.62+1.62 2.48+0.56 1.18+0.66
A 8/11/09 21:50 8/12/09 00:00 2.54-6.35 0:80.12 0.8 0.25 0.8740.28
A 8/21/09 23:41 8/21/09 23:47 8/22/09 00:51 8/22/09 01:59 12.7-19.05 300945 0.45+0.06 6.75-2.64 6.55+2.15 6.72:2.20
A 8/22/09 17:00 8/22/09 17:08 8/22/09 18:21 8/22/09 21:11 19.05-25.4 400801 0.52-0.15 2.95+1.33 3.011.82 0.79£0.19

aStart Precip. is the time at which the radar first detected rain.

bpeak Precip. is when the rate of precipitation increased over 2.54Thmh
CEnd Peak is when the peak dropped below 2.54 mit IEnd precip. is the last radar measurement that showed precipitation.
dpeak Rate is the maximum range of precipitation (in mrhmeasured.

€3 h Pre-Event, Start to Peak, Peak Precip, Peak to Stop, and 3 h Post-Peak are the average and standard deviation of the monoterpene mixing ratios at each stage of an event.
fBlank values in the peak precipitation columns indicate that the threshold to determine peak rate was never exceeded.

9Blank values in the End Precip. column indicate that extended precipitation followed the onset of rain, and the average after the initial mixing ratio response was used instead.
NNo rainfall detected over TF, but intense precipitation was measured during peak in adjacent grid squares.

number of storm events varied on a year-to-year basis. Iraround 00:00 UTC (20:00 LT), which also coincided with the
2004 (least active year, and the storm with the power fail-formation of a stable nocturnal inversion layer (Talbot et al.,
ure), there was just one day where storm events occurred005). The inversion layer prevents surface emissions from
while in 2008 (the most active year), there were 14 days withmixing into the free troposphere, so monoterpene mixing ra-
storm events. The majority of event days fall between Jundios frequently build up to several parts per billion over night
and August, with just 6 days occurring in September or May.and rapidly drop at sunrise (Fig. 2c). By examining each in-
On days when there are storm events, it is common for sevdividual storm event, it was possible to separate the events
eral intense periods of precipitation to occur over Thompsorninto different types based on the changes in mixing ratio as
Farm, interspersed with periods of little or no precipitation the storm passed over Thompson Farm. This analysis re-
(<2.54 mmhl). At points in time when the radar predicted vealed four types of storm events. Examples of each event
precipitation, there were corresponding changes in pressuréype are shown in Figs. 3—7, along withO, (to show day-
humidity, wind speed, and temperature, indicating that thelight), ozone, particles (to show air quality changes over the
radar gave viable information about the arrival of storm sys-course of the event), pressure, humidity, temperature, and
tems to Thompson Farm. This type of analysis is importantwind speed. They are shown in a constant 48 h window in
because not all the storms perturbed the measured monotesrder to indicate the relative time of day.
pene mixing ratios. The Type A storm events showed a rapid increase in
Each event was analyzed in the context of the monoterpeneonoterpene mixing ratios that coincided with the passage
mixing ratio before and after the storm, as well as the diur-of a storm. These increases ranged from a few hundred pptv
nal trends in mixing ratio that normally occur at Thompson to tens of ppbv and then remained elevated for several hours.
Farm (Fig. 2b, c¢). Storms tended to arrive at Thompson Farnirhe Type A events were relatively uncommon, with only five
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Fig. 3. An example of a Type A event, from 22 August 2009 (UTC),
showing a large increase in monoterpenes (M137) at the same time
as a rain storm arrives at Thompson farm. Ozong) (@articles, at-
mospheric pressure (Ambient P), relative humidity (RH), tempera-
ture (Temp), and wind speed during the storm event are also shown.
Blue lines indicate the period of precipitation as determined by the
radar, while red lines indicate peak precipitation as described in the
text. The arrival precipitation is validated by simultaneous changes
in meteorological conditions.

rally restricted and occurred during both daytime and night-
time hours and the measured monoterpene mixing ratios dur-
ing the events were generally smaller.

Type C events were characterized by an overall decrease
in monoterpene mixing ratios. These events sometimes had
a small, short lived increase in monoterpenes, but then mix-
ing ratios dropped to below pre-storm levels, as illustrated

Fig. 2. (a) The data set of monoterpenes collected by PTR-MS atin Fig. 5. These events typically coincided with high wind
Thompson Farm from 2004 to 2009, showing daily, seasonal, andpeeds, and thus may simply be the effect of strong mixing
inter-annual variability(b) The monthly average daytime and noc- and dilution with free tropospheric air from aloft. During the
turnal average mixing ratio of monoterpenes, showing that monoterstudy period, 6 Type C events were observed.

pene mixing ratios are elevated at night during the summer months. Type D events were distinct because they did not appear
(c) The average mixing ratio of monoterpenes as a function of theto have an observable effect on the ambient mixing ratio of
time of day from May through September, showing mixing ratios monoterpenes. A total of 5 events did not show a change in
increasing throughout the night and decreasing at daybreak. monoterpene r-nixing ratios. An example of a Type D event

is shown in Fig. 6.

present in this study. An example of a Type A event is dis- The type assignments for each storm event identified by
played in Fig. 3. radar are shown in the “Type” column of Table 1. Out

Type B storm events were marked by increases in monoter©f the original 33 events identifie'dZ 28 were gonsidered'to
pene mixing ratios that peaked during, or soon after a storm'd1@vé perturbed monoterpene mixing ratios in connection
passage (Fig. 4). The mixing ratio of monoterpenes then eiVVith the storms passage (Type A, B, or C), while 5 did not
ther returned to a level similar to their initial values, or in- (TYPe D); one event caused a power outage for which there
creased due to the formation of a nocturnal boundary layerV€'€ N0 monoterpene measurements. The precipitation ef-
Compared to Type A events, these events were not tempof_ectmg Thompson Farm occurred over a total of 26 days.
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Fig. 4. An example Type B event, in which the mixing ratios of Fig. 5. An example of a Type C event, in which the storm pas-
monoterpenes peak for a brief period of time, from 11 May 2007. sage coincides with a decrease in monoterpene mixing ratios from
23 July 2005. In this example, no increase in precipitation rate be-
yond 2.54 mm ! was detected.
The change in monoterpene mixing ratio as each storm
passed over the site was determined from the difference bes s cwenunersoonseacs
tween the average mixing ratio 3h before each event ang g%
1
14,

the maximum during the period of precipitation. Figure 7 e A A i | St tsenin S sa0°

. .. . — 11. Z
shows the average, median, minimum and maximum change Cls 9O
. . . — 10.0 o,
in monoterpene mixing ratios for each event type where .5 Fos -~

(ppbv)
]

monoterpene levels were perturbed by the storm.
In order to quantify the trends in monoterpene mixing ra-°
tios as storms pass over Thompson Farm, the mixing ratios

were grouped into bins: (i) 3h before the onset of rainfall, § 10 e L

(E‘mo) sajlued

(i) immediately before, during, and after peak precipitation, = 1%
and (iii) 3h after cessation of precipitation. The 3h win- ;g o
dows were selected to capture the general conditions beforé
and after the event, while attempting to exclude other fac-
tors controlling monoterpene emissions. The measurements }_/ﬁ.vw

in each bin were averaged for each event, and each event type 10 .
grouping (A, B, C, and D). For periods in which there was no
discernable peak in rainfall, the average mixing ratio for the
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entire precipitation event was averaged- The Change in mix- 00:00  06:00 1200 18:00 00:00  06:00 12:00  18:00  00:00 g

ing ratios over the course of the storm for each type of event ~ **** s olzoi2008

are shown in Fig. 8a, along with the average wind speeds and

temperatures (Fig. 8b, c). Fig. 6. An example of a Type D event, in which the storm passage

had little influence on mixing ratios, from 24 June 2008NO>»
was not measured during this event because the instrument was not

3 Analysis of storm events operational.

Across all of the events, monoterpene mixing ratios increased 033 o
by an average of 0.580.21 ppbv (93 % above initial val- and Type C events decreased by 13ppbv €23%).

ues) during the passage of storms. Type A events had aType D events showed average increase of 8081 ppbv

0 T -
average increase of 2.681.12 ppbv (429 %), the Type B anzdf)r?e\,::flg?elisssgt"zir (r)]fiftirggnptremsmn of the measurements
events had a smaller increase of 0456.16 ppbv (125 %) g '
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4.50 observatory. It is very likely that this phenomenon is the re-
e W sglt of the different surroundings at the new measurement
i site.
< 350 Type B events showed much more subtle changes in
3 200 mAverage monoperpene mixing ratios during storm passages. The aver-
w Median age mixing ratio was elevated above background at all stages
E 2.50 - (Fig. 8a), increasing to a maximum of 0.410.16 ppbv
g above pre-storm levels after peak precipitation. On average,
g 20 the post-storm mixing ratio was elevated by 0440.21 ppbv
‘§ 1.50 - over initial conditions. The post-storm signal was quite vari-
s able for Type B events, as subsequent arrival of new storms,
£ 100 - sustained winds, or nighttime accumulation of monoterpenes
£, % ‘ affected the average mixing ratio of the last 3h bin. Gener-
§ H m ally, this final value appears to be biased upwards by night-
g 0.00 El — time increases in monoterpenes.
g
<

T Type C events revealed a mixing ratio pattern that re-
flected the temporary decrease scenario outlined above. The
N=4 N=17 N=6 N=6 N=32 g . o
-1.00 mixing ratio of monoterpenes decreased to a minimum of
TypeA TypeB Typel Jypel: Al 0.6240.13 ppbv (Fig. 8a). After the storm, the average lev-
Storms . L.
els remained lower than initial values, at 0-60.13 ppbv.

Fig. 7. The median (horizontal lines) and average (bars) change incompalred to the other events, the initial mixing ratios were

monoterpene mixing ratios for each type of storm event. Across allduite high, 1.41+ 0.38 ppbv versus 0.280.14 (for Type D)
events (white bars), there is an average increase of9®21 ppbv. 10 0.62+0.14 ppbv (for Type A events). This was not the
Amongst the groups identified in the text, Type A (black bars) effect of a single point bias either, as 5 out of 6 events started
had increases of 2.681.12 ppbv, Type B events (dark grey) had between 1 and 2 ppbv. Type C events also were not asso-
increases of 0.5% 0.16 ppbv, Type C events (grey) decreased by ciated with compact, short term storms, but were related to
0.33+0.13ppbv. Type D events (light grey) did not show a mea- |arge regional events that lasted for many hours to days. It
surable change. has been noted elsewhere that long rain events do not seem
to coincide with the same burst in monoterpene emissions
The ratios of the PTR-MS signals at/z137 andm/z81  that short events do, and this could be the case here as well
observed during the storm events were not different that tharfHolzinger et al., 2006). The increased background monoter-
those observed during non-storm periods. This could in-pene levels observed in Type C events may be the result of re-
dicate that the mixture of monoterpene compounds presenjuced transport and photochemical activity that results from
during events was similar to those normally emitted, or thatcloudy, cool, and calm conditions.
the composite fragmentation of the mixture during the storm  Type D events did not display a significant change in

event was not measurably different. The consistent ratio Oinonoterpene mixing ratios associated with the passage of
m/z137 tom/z81 would be explained if the monoterpenes storms.

emitted as a result of the soaking of leafs and needles stimu-
lating emission of compounds (Schade et al., 1999), or if the3.1 Environmental conditions associated with
compounds are released as a result of damage to needles and  storm events
branches that rupture storage structures that would otherwise
release monoterpenes at a lower rate (Fuentes et al., 2000)In order to understand the environmental factors driving
During Type A events, the mixing ratios of monoter- the different types of monoterpene storm events identified,
penes increased rapidly during the peak rate of precipitationthe local meteorological conditions surrounding the event
(>2.54 mmhl; Fig. 8a). After the storm passed, the mixing were examined. Meteorological conditions impose signifi-
ratios remained elevated at an average of 21031 ppbv  cant controls on ambient monoterpene mixing ratios. Emis-
above pre-storm levels. For these events, the arrival of stormsion rates are a function of temperature and can be increased
was very sudden, and there was often just a single measureesulting from mechanical stress on leaves. High winds can
ment between the start of precipitation and the onset of the&eause leaves and needles to be torn from branches, branches
peak precipitation rate. The Type A event on 11 August 200%to break and fall from trees, and produce greater flexing than
was excluded from the bin-averaging analysis because it octrees normally experience during clear weather conditions.
curred in the middle of the night, when the nocturnal inver- Additionally, heavy rainfall and hail also can cause leaves
sion layer was present and monoterpene mixing ratios werand needles to become detached, as well as causing damage
already elevated. Four out of the five Type A events occurredrom impact to leaves that remain attached. These types of
after the PTR-MS had been relocated at new Thompson Farmatress would cause emissions of monoterpenes to increase.
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Fig. 8. The averages during each phase of the different types of st¢aiBhe change in mixing ratio of monoterpen@s), wind speed(c)
temperatureqd) change in atmospheric pressure as storm systems pass over Thompson Farm

High wind speeds also are indicative of greater advection, Type B events had slower average wind speeds
removing ground level monoterpenes and transporting thenbefore (1.44£0.20ms?1) and during peak rainfall
aloft, resulting in measured levels to be lower than those(1.36+0.20ms?) and then subsided to an average of
made under similar but calm conditions. Therefore, thesed.78+0.10m s ! after passage of the storm. Temperatures
meteorological factors were examined for each event type inwere cooler than in Type A events, starting at 28.8.2°C
order to better understand their influence on the measuretiefore the storm, and the ambient pressure drop was smaller.
monoterpene mixing ratios. The average maximum precipitation rate also was lower,
There were only sparse meteorological data available fo-13mmtrt. In comparison to Type A events, Type B
Type A events; the associated instruments were not funcevents exhibited lower stresses and emission activity, and
tioning during two events that occurred on 11 August 2009.9reater mixing, indicating that measured monoterpene
The data presented are for the remaining three Type AMixing ratios were smaller than those observed during the
events; these events are characterized by higher wind speedype A events. Worth noting is that several individual
than the other event types until the arrival of the peak pre-Type B events had the potential to be Type A events: both
cipitation. The doubling of the average wind speed from high temperatures and precipitation rates were present, but
1.99+0.52ms?! to 3.92+0.42ms?! at the start of pre- persistent winds after the passage of the storm likely caused
cipitation is notable. Additionally, there was a large aver- the monoterpenes emitted to be transported away from the
age decrease in atmospheric pressure that coincided with tHéeasurement site.
peak rate of precipitation that was not present in the other Type C events exhibited very low, consistent wind speeds
events. After the passage of the storm, Type A events had ththroughout each storms passage, varying from 0.78 to
calmest wind conditions (0.440.24ms?). These events 1.35ms?!. The average temperature before the storm was
also had the highest average temperatures,20.83°Cbe-  22.04+1.5°C, lower than Type A and B events. Type C
fore the onset of rainfall and the highest average precipitaevents experienced an average maximum precipitation rate of
tion rate (10.67 mmht). These factors combined indicate 5.93mmh1, less than Type B and almost half that of Type A
that Type A events were characterized by a period of highevents. In contrast to other event types, the ambient pressure
emission activity before the storm (resulting from the high rose over the course of Type C events, possibly indicating the
temperatures), high mechanical stress from wind and precipdeparture of a frontal system. Type C events were quite dif-
itation, followed by calm conditions when monoterpenes ac-ferent from the other event types because of their consistent
cumulated under the stable nocturnal inversion layer. temperatures, low wind speeds, and moderate monoterpene
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mixing ratios 1 ppbv). Compared to Type A and Type B If the majority of the monoterpenes emitted as a result of
events, Type C events did not have strong stress factors trighe storm were captured in the boundary layer, the mass of
gering enhanced monoterpene emissions, but rather the lomonoterpenes is given by the following expression:
wind speeds limited the ventilation rate, resulting in elevated
mixing ratios during the course of the event. AM=AC-V

Type D events featured consistently high average wind
speeds, starting at 2.430.30m s before the storm and where AM is increase in the total mass of monoterpenes
ending at 1.84-0.59ms?®. Type D events also had the aloft, AC is the increase in monoterpene concentration
lowest temperatures, initially averaging 2&:3.0°C before ~ (@m~3), andV is the volume of the air between the canopy
rain and dropping to 18:F 2.6°C after the event. The aver- and the top of the boundary layer. Unfortunately, it is not
age ambient pressure showed a large decrease after the rdifssible to ascertain the mixing depth of the boundary layer
stopped, in contrast to the other events which showed staduring these events. It is also not certain whether the emis-
ble pressures after the period of peak precipitation, possiblysions originate from the trees or from branches and litter
signifying a relationship to stronger systems that could pro-on the ground. In order to put a lower limit on emissions,
duce sustained strong winds. Additionally, the average maxthe volume was calculated from the height of the sample
imum precipitation rate for storms in this event type was theinlet above the forest canopy at the new Thompson Farm
lowest, at 3.81 mmht. These values indicate that Type D site (5 m). During this event, the concentration of monoter-
events occurred when there were low emission rates and lolenes changed from 5:410-°gm3 to 3.6x 10 °gm3,
mechanical stress, but high rates of advection, which wouldesulting in an increase of 3:110->gm=3. As this in-
limit variation in monoterpene mixing ratios. crease in monoterpenes was on the same timescale as the

In a broader scope, this analysis shows that the large, erP TR-MS measurements-7.5min) the start of the storm
during monoterpene events (Type A) occurred when a combifor the monoterpene mixing ratios to reach these val-
nation of environmental and stress factors (leaf soaking, wind/€S. the subsequent emission rate was 1240¢kmt, or
stress, and high temperature) stimulated intense monoterperfa24x 10'°molecm ?s ™. The results of this analysis for
emissions, while low wind speeds and minimal transport al-the other Type A events are listed in Table 2.
lowed for these elevated mixing ratios to persist for long time ~ Direct measurements of vertical wind speeds and night
periods. In contrast, monoterpene levels were not able tdime boundary layer heights would help constrain these oth-
build up at Thompson Farm during Type D events becauseérwise rudimentary estimates. The degree of influence also
monoterpene production was low, and h|gh winds kept theCOUld vary in different areas over which a storm has passed,
atmosphere well mixed, preventing monoterpene accumulads precipitation rates, wind speed, and forest composition
tion. High temperatures that stimulate monoterpene producchange along its path. This is exemplified by the estima-
tion were not present, and high winds increased mixing oftion for 11 August 2009, in which only the edge of the storm
ground level air to the atmosphere. Type B and C events exisPassed over Thompson Farm. Also of note, this method of
somewhere between Type A and D, where different combi-estimation does not account for monoterpenes advected aloft
nations of emission factors and mixing lead to short increase§luring windy periods of the storm, and so this could lead to
in monoterpene mixing ratios with air mass mixing and dilu- Under-estimation of emissions at the measurement site.

tion processes ultimately removing them from the area. The emission estimates presented here are quite large
compared to estimates made for calm conditions, i.e.

3.2 Estimation of storm-induced monoterpene when storms were not present.  Generally nocturnal
emissions monoterpene mixing ratios increased at an average rate of

0.27 @&0.24) ppbv per hour on nights where winds were calm
The total mass of monoterpenes released into the atmosphefe:1 mst) and ozone levels were lows(L0 ppbv). It is not
during storms was estimated based on the observed increaspessible to ascertain the boundary layer height on any given
in monoterpene mixing ratios. The Type A events showed thenight; however, if the boundary layer typically is between
strongest emissions coupled with minimal transport, mixing,75 and 125 m (Talbot et al., 2005), then these calm weather
and dilution (Sect. 4.1), and were used to form a rough esmixing ratio increases correspond to average nocturnal fluxes
timate of storm induced emissions. For example, the evenin the range of 116 to 193gkmh~1. The estimates of
that occurred at 23:41 UTC on 21 August 2009, a sudderstorm-induced emissions presented here are also on the order
and intense hail storm passed over Thompson Farm. Duringf, and usually much larger than the estimated emissions of
the storm, the monoterpene levels increased to an average MEGAN 2.02 (Model of Emissions of Gases and Aerosols
6.56 ppbv, which persisted until day break. The wind speedrom Nature) and BEIS 3.0 (Biogenic Emissions Inventory
dropped to 0.1 ms! after the start of the peak precipitation System) during July in New England (150-300 gkh—1)
rate and remained calm throughout the night, indicative of a(Sakulyanontvittaya et al., 2008). In comparison to these es-
stable nocturnal inversion layer (Shepson et al., 1991; Madimates, the values obtained from Type A storm events range
and Talbot, 2004; Talbot et al., 2005; White et al., 2008).from 120-1240 gkm?h—1.
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Table 2. Summary of estimated storm-induced monoterpene emis-2€ related to ambient temperatures, which control emission

sions at Thompson Farm. Mass MT per area is the grams of@t€S, and wind speed, which transport monoterpenes aloft.

monoterpenes per square meter of ground area, and the correspoﬁdarg? .increasefs (Type A events) occurred under warm, galm
ing emission rate of monoterpenes are in (mole@srl) and  conditions, while no change was observed under cold, windy

(gkm—2h~1), storm conditions.
Comparing various meteorological factors, four out of five
Date (UTC) Mass MT per Area  Emission Rate  Emission Rate Type A events were observed at the new Thompson Farm
@m?) (molecm?s)  (gkm2 h™) site and three of those coincided with the formation of a sta-
8/11/2009 21:50 1.5 1075 6.0x 10° 119 ble nocturnal boundary layer. In contrast to Type A events,
8/21/200023:49  15&107* 6.2 1010 1240 Type B events typically did not show the formation of a sta-
8/22/2009 17:00 6.X¥107° 2.5x 1010 490

ble boundary layer, and thus the monoterpene mixing ratios
quickly dropped following the storm due to mixing and dilu-
tion. It is also possible that some or all of the Type B events
The monoterpenes released into the atmosphere by stormere the same as Type A events, with the distinction origi-
events furnish substantial amounts of reactive organic carbonating from slight differences in meteorological conditions.
to the atmosphere that could be participating in the forma-Type C events generally coincided with the passage of in-
tion of new aerosol particles or condensing onto preexistingtense precipitation and wind bursts during an otherwise long,
nuclei. The PTR-MS measurements do not provide any in-steady rain event. Type D events featured high winds that
formation about the relative amounts of speciated monoterresulted in well mixed air masses at the measurement site.
penes released during storm events, so it is not possible to e®verall, monoterpene mixing ratios increased by 93% on
timate secondary organic aerosol (SOA) yield based on levaverage when a storm passed through the area, with much
els of individual monoterpenes. The mass yield of SOA from|arger increases for Type A and Type B events. Based on the
monoterpene oxidation falls between 0.5 % and 58 % (Lee embient monoterpene levels observed during Type A events
al., 2006b), so these events could substantially increase thgt the new Thompson Farm site it is estimated that these se-
change the amount and composition of SOA present near thgere storm events could yield monoterpene emission rates in
surface under certain conditions. Storm-induced monoterthe range of 119-1240 gkrdh~1.
penes could thus be a periodic contributor to the missing Given that most events (Type B) coincide with high winds
SOA budget (Volkamer et al., 2006). However, becausethat may cause compounds to be advected into the free tropo-
rainout is simultaneously removing particles from the atmo-sphere, storm systems could be serving as an important trans-
sphere at the same time reactive monoterpenes are being rpert mechanism for injecting monoterpenes into the upper
leased, it is not possible to directly quantify new aerosol for-atmosphere, where they could then oxidize and form SOA
mation (if any) as a result of these events using the availabler condense on preexisting particles. Injection of additional
particle number density data. Furthermore, without size andmonoterpenes into the surface layer of the free troposphere
composition data, it cannot be determined if the aerosol lev-as a result of storms may help explain enhanced levels of
els observed after the storm contain any SOA resulting fromsecondary organic aerosol observed in other studies (Heald
enhanced monoterpene emissions and oxidation. Additionat al., 2005). This aspect is particularly important as the fre-
data on aerosol properties during storm events might eluciquency and intensity of severe thunderstorms is predicted to
date whether enhanced monoterpenes mixing ratios result ilncrease over time in response to climate change, with an
formation of SOA and, if so, whether new particle forma- additional two strong event days per year by the end of the
tion occurs or monoterpene oxidation results in the growthcentury (Trapp et al., 2007, 2009).
of pre-existing particles. Performing additional flux measurements in areas fre-
quently subject to storms should help elucidate the processes
driving the monoterpene emissions during the events. It
4 Conclusions would be particularly useful to have fast response speciated
monoterpene data in order to better predict potential SOA
Thirty three storm events between May 2004 and Octo-yields. Measurements of aerosol size and composition would
ber 2009 were isolated using the NWS database of severalso elucidate the amount of aerosol actually formed as a
storm events and NEXRAD radar data. These events werdirect result of the storm-derived monoterpene emissions.
evaluated and categorized on the basis of temporal variatiokirborne measurement of biogenic VOCs around the base
of monoterpene mixing ratios. The storm events were classiof storms also may yield information about the amounts of
fied as Type A (increase in monoterpene mixing ratio coupledmonoterpenes and SOA advected aloft as a result of monoter-
with a long residence time), Type B (increase in mixing ra- pene emissions. By increasing our understanding of this
tio, but short residence time), Type C (small decrease in mix+opic, it should be possible to determine whether storm-
ing ratio with passage of storm), and Type D (no appareninduced monoterpenes could be an important pathway for
change). The observed changes in monoterpene mixing ratiaerosol formation in the troposphere.
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