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Abstract. The Bio-hydro-atmosphere interactions of En- 1 Introduction
ergy, Aerosols, Carbon, 4, Organics & Nitrogen (BEA-

CHON) project seeks to understand the feedbacks and intert.1  Motivation
relationships between hydrology, biogenic emissions, carbon

assimilation, aerosol properties, clouds and associated feeqbevelopment of Earth system models is driven by the need
backs within water-limited ecosystems. The Manitou Exper-q improve the predictability of atmospheric chemical and
imental Forest Observatory (MEFO) was established in 200&)hysical processes over timescales ranging from minutes
by the National Center for Atmospheric Research to addresgy decades. Accurate model predictions are contingent on
many of the BEACHON research objectives, and it now pro- process-level understanding and detailed numerical descrip-
vides a fixed field site with significant infrastructure. MEFO tjgns of the coupling between water, energy and biogeochem-
is a mountainous, semi-arid ponderosa pine-dominated forest | cycles across temporal and spatial scales (Denman et al.,
site that is normally dominated by clean continental air butisp0g7: Alo and Wang, 2008; Heald et al., 2009). A number of
periodically influenced by anthropogenic sources from Col-gydies have discussed some of these processes and associ-
orado Front Range cities. This article summarizes the pasjted feedbacks (e.g., Barth et al., 2005; Carslaw et al., 2010;
and ongoing research activities at the site, and highlightgyjahowald et al., 2011), but more detailed observations and
some of the significant findings that have resulted from thesggrdinated modeling efforts are required for improved rep-
measurements. These activities include resentation in Earth system models.
The Bio-hydro-atmosphere interactions of Energy,
Aerosols, Carbon, pD, Organics & Nitrogen (BEACHON)
— hydrological studies; project was initiated by the National Center for Atmospheric
Research (NCAR) as well as research collaborators from the
— measurements of high-frequency turbulence parameynijversity community to investigate ecosystem—atmosphere
ters; exchange of trace gases and aerosols and their potential
— eddy covariance flux measurements of water, energyfeeOIbaCkS _between bioge_ochemical and water cycl_es.
aerosols and carbon dioxide through the canopy; BEACHON is now an ongoing cc_)mponen.t of atmospher_|c
research sponsored by the National Science Foundation.
— determination of biogenic and anthropogenic volatile This interdisciplinary research program integrates local and
organic compound emissions and their influence on resegional model simulations with remote sensing, regional

— soil property measurements;

gional atmospheric chemistry; network observations, and canopy- to regional-scale field
o measurements. BEACHON includes investigations of at-
— aerosol number and mass distributions; mospheric, ecological and hydrological processes including

concentration and flux measurements of energy,»2,CO
H>0, volatile organic compounds, aerosols, nitrogen com-
— characterization of ice and cloud condensation nuclei; pounds, hydrological parameters and feedback processes
that are relevant to atmospheric chemistry. Rocky Mountain
— trace gas measurements; and ecosystems are important for providing water and other
resources in the western United States, but contain only a
limited number of long-term monitoring sites. This region is
predominantly arid or semi-arid, resulting in biogeochemical
In addition to various long-term continuous measurementscycles that are water limited. Since the area contains some
three focused measurement campaigns with state-of-the-a@f the fastest growing population centers, water limitations
instrumentation have taken place since the site was estalfcombined with a climate that is projected to be warmer
lished, and two of these studies are the subjects of this speci@nd potentially drier) pose significant societal vulnerabilities
issue: BEACHON-ROCS (Rocky Mountain Organic Carbon (Vorosmarty et al., 2010). The region’s remote complex
Study, 2010) and BEACHON-RoOMBAS (Rocky Mountain terrain leads to highly variable ecosystem characteristics,
Biogenic Aerosol Study, 2011). and it is unclear how this variability affects hydrological and
atmospheric processes across larger geographical areas. The
need for long-term land—ecosystem—-atmosphere observation

— chemical speciation of aerosol particles;

— model simulations using coupled chemistry and meteo-
rology.
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networks has been identified by international researchprimary study areas were not burned, areas within several
programs as a key need for advancing Earth system scienddlometers to the south and west of the site were affected
(Guenther et al., 2011). by the 2002 fire. The landscape has thus been dramatically
To address these challenges, the BEACHON project inaffected in both appearance and in the vegetation’s ability to
collaboration with the United States Department of Agricul- slow soil erosion from surface runoff during monsoon rains.
ture (USDA) Forest Service established the Manitou Experi-Fire-damaged portions of the forest can change aspects of
mental Forest Observatory (MEFOQ) in 2008, in an area reprethe atmospheric chemistry measured at the site through
sentative of a middle-elevation-2000-2500 m a.s.l.), semi- changes in gas- and aerosol-phase emissions from nearby
arid, ponderosa pine ecosystem that is common throughoutre-scarred vegetation and soil. Wildfires are ubiquitous in
the Rocky Mountain West, but not adequately characterizedthe semi-arid forested American West, of which this area
The BEACHON project and establishment of this site were can be considered representative.
designed to meet the following objectives: This forest’s elevation ranges from 2280 to 2840 ma.s.|.,
and vegetation is primarily composed of forests of ponderosa
— collect long-term measurements of meteorology, waterine Douglas fir, mixed conifer and aspen. The forest stands
carbon dioxide (C@), energy fluxes, aerosol size dis- gyrrounding the observatory are relatively young, uneven-
trlbutlpns and qu>_<es, trace gas and cloud condensauoréged stands dominated by ponderosa pine. In 2009, core
nuclei concentrations; samples from a survey of 38 representative ponderosa pine
showed that the median tree age was 49.5 years (with aver-

— monitor soil moisture, precipitation, snowpack, stable - .
precip P age, minimum and maximum ages of 62.5, 27 and 201 years,

water isotopes, and other hydrological variables to pro-

vide input and lateral boundary conditions for Earth Sys_resspe_lctlvel()j/).l ing the t i d th di
tem models and as a basis for making more accurate olis underlying the tower site and thé surrounding area

water resource predictions for this and other semi-arid®'® classified as d_e(_ep, yvell-dramed S"?‘”dy Ioams and sandy
regions: gravelly loams originating from alluvial deposits weath-

ered from underlying arkosic sandstone formations as well
— provide infrastructure for collaborative research amongas nearby granite formations (Soil Conservation Service,
government laboratories, universities and private com-1992). Although numerous outcroppings of partially weath-

panies; ered sandstone exist around the site, the average depth to
_ _ . bedrock is estimated to be between 1 and 1.8 m (36-60in)
— carry out intensive measurement campaigns; below ground surface. The soil ranges from slightly acidic

id ining f d q q q to moderately alkaline (pH 6.1-7.8) with little organic mat-
B grow € tc;alnlng or ur: grgr’alluate an gr:; uate stl-er content (1-4 %) and rooting depths reported to be in ex-
ents and promote multidisciplinary research. cess of 1.3 m (40in). Soil permeability on undisturbed soils

This article describes the Manitou Experimental Forest Ob-i moderately rapid (approx. 50-150 mmih. Rapid runoff
servatory, presents ongoing research at the site and highligh@d sediment transport occurs on compacted road surfaces
some initial findings. More specific scientific results and pub-2nd other areas void of significant ground vegetation. The
lications can be found in the publication list (Table S2 in the tOWer site is on an alluvial bench, formed by the erosion of
Supplement) and within the individual articles as part of this Underlying granite. Itis situated in a broad, shallow valley ap-

special issue oAtmospheric Chemistry and Physics proximately 1 km west of an intermittent creek, which flows
towards the north. The terrain slope is asymmetric across this

1.2 Site description and meteorological overview valley with the east side of the valley being steeper and the
west side being more gradual (gradient between 3 and 8 %).

The Manitou Experimental Forest (39.1006, The National Weather Service has been monitoring pre-

105.0942W; Fig. 1a, b), in the Front Range of the cipitation at MEFO since 1940 (Station Woodland Park 8
Colorado Rocky Mountains, has been managed as a resear®fiNW, Coop ID: 059210), and US Forest Service staff have
facility by the USDA Forest Service's Rocky Mountain Re- been collecting meteorological data including air and soll
search Station since 1938. It contains approximately 6760 héemperature, precipitation and wind speed since 1998. The
and exemplifies the Colorado Front Range wildland—urbanclimate is cool (mean temperature is°X®in July and—2°C
interface, where semi-arid montane forest ecosystems arimm January) and dry with an average annual precipitation
in close proximity to larger urban centers. These interfacefor 2010-2013 of 430.5 mm (16.94 in). Approximately 50 %
areas, which also contain a number of small residentialof the precipitation falls as rain during the summer season
communities, are prone to wild fires from lightning as (June—September), primarily during afternoon thunderstorms
well as human causes. Two particularly large nearby firescharacterized by brief but intense periods of rainfall and
(the 560 km Hayman fire in 2002 and the 74 Knwaldo lightning. Winter snowfall is typically light, and a persistent
Canyon fire in 2012) were among the most ecologically andsnowpack rarely develops.

economically damaging in the state’s history. Although the

www.atmos-chem-phys.net/14/6345/2014/ Atmos. Chem. Phys., 14, 63867, 2014
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T Dé’fn;ér/"— 2000 pmt_)l m2s-1. Frequent gfternqon thunderstorms can

; ' ';9 Oyf(‘m & temporarily reduce the solar insolation, but rarely for more
g o than 3 h. Figure 2 shows the diel cycles of net longwave and
Col shortwave radiation, latent heat flux, sensible heat flux and
net CQ flux (calculated using the eddy covariance method)
from four representative months during 2011. Each point rep-
resents the 30 min average for that time period. The net ra-
diation is calculated from the difference between the down-
welling radiation and the upwelling radiation from the ra-
diometers at the top (28 m) of the chemistry tower. It is in-
teresting to note the net carbon uptake in the spring (April)
and autumn (October) during the day, and the large nighttime
respiration flux in July.

Numerous studies have been conducted here by re-
searchers from a wide range of federal agencies, aca-
demic institutions and non-governmental organizations.
Early research focused on range management, including re-
vegetation of abandoned fields, grazing management in na-
tive and seeded pastures, watershed management in gully
control, stream sedimentation, surface runoff, bacterial pol-
lution and infiltration (Gary et al., 1985). Recent research is
more diverse, and includes a long-term (> 30 years) study on
the flammulated owl (Linkhart et al., 2006, 2007), studies
assessing the impacts of forest restoration and fuel reduc-
tion techniques (Battaglia et al., 2010; Massman et al., 2010;
Rhoades et al., 2012), silviculture studies (Lezberg et al.,
2008) and wildfire recovery studies (Fornwalt et al., 2010).
Additional information about the site (including long-term
weather, tree growth data and a bibliography of publications)
can be found attp://www.fs.usda.gov/manitou

1.3 Measurements at the Manitou Experimental Forest
Observatory (MEFO) under the auspices of
BEACHON

In 2008, with cooperation with the USDA Forest Service,
NCAR established the infrastructure at the site and named
Map showing general area within Colorado and its relationship toIt the -Ma.mtou Experlmenta_l Forest Obsgrvatory (MEFO.)'
neighboring state¢B) Site location relative to the Front Range ur- The site includes four mobile steel containers ea_ch having
ban corridor including Denver and Colorado Spring@) Close- 149 nt of laboratory floor space, numerous sampling ports,
up aerial photograph showing the open-canopy ponderosa pind€mperature control and 20 kW power. Two research towers
dominated forest with the (i) micrometeorological tower, (i) chem- that extend through the canopy were constructed approxi-
istry tower and (iii) water manipulation experimef) Close-up ~ mately 300 m apart (Fig. 1c) and are referred to here as the
picture of the chemistry towe(E) Close-up picture of microme- micrometeorology and chemistry towers. Detailed informa-
teorological tower. The two towers shown in C are approximately tion on these towers’ measurements is listed in Table S1 in
300 m apart. Maps i(A) and(B) were produced using ArcGIS soft- - the Supplement. A third (smaller) eddy covariance measure-
ware (ESRI Inc., Redlands, CA). ment tower was deployed in a large clearing or “forest gap”
from 2011 to 2012. The purpose of this smaller tower was
to make four-way radiation measurements, surface skin tem-
Like much of Colorado, the site has a high frequency perature, and sensible and latent heat flux measurements over
of sunny days during most of the year. During midday in the grass and forb vegetation that is found beneath and in be-
July 2011, approximately 90% of the days had PAR val-tween the ponderosa pine. These measurements were taken
ues (photosynthetically active radiation between 400 andat 1 and 3 m above ground level.
700 nm) above the canopy that exceeded 2100 pmékmt, The micrometeorology tower (Fig. 1e) is a narrow 45m
and part of every day reached a PAR value of at leastriangular tower (Rohn Products, Peroria, IL, USA; model

Figure 1. Manitou Experimental Forest Observatory (MEF()

Atmos. Chem. Phys., 14, 634%367, 2014 www.atmos-chem-phys.net/14/6345/2014/
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Figure 2. Average diel net radiation (downwelling minus upwelling), latent heat flux, sensible heat flux and n8tr four representa-

tive months. All properties were measured from 28 m at the top of the chemistry tower in 2011. Each data point represents a 30 min average
for that time period. The axis limits are the same for each plot except for January, where the scal2 @ the other three months. The

shaded area for net radiation and error bars fop @x representt1 standard deviation. Error bars for sensible and latent heat fluxes have
been omitted for clarity.

45G; 425 mm per side) designed to facilitate the analysis of — investigate impacts of spatially heterogeneous canopy
the impact of canopy elements (needles, branches, trunks) on  distributions on evapotranspiration using additional in-
turbulent exchange between the surface, canopy layers and formation from the chemistry and understory towers.
the overlying atmosphere. The instruments on the microme-

teorology tower operated nearly continuously from July 2009 The chemistry tower is a 28 m walk-up-type tower that is
until July 2012, when they were removed as a precaution du€duipped with meteorological sensors as well as a vari-
the proximity of the Waldo Canyon fire. This tower had in- €ty of flux and gradient concentration measurements for
struments deployed at six different levels (2, 8, 16, 22, 309ases and aerosols (Fig. 1d). The platform on each level is
and 43m), thus allowing several measurements within andL- 78 mx 1.27m and is suitable for heavier instruments that
above the canopy (average canopy heighis m). The 22 m require more space, power and maintenance. It can also sup-
level contained a four-component radiometer (Kipp and Zo-Port gradient sampling systems, which can move vertically
nen, the Netherlands, model CNR1) for measuring above&long the tower. This tower is also equipped with 2-D and

diation. Instrumentation on the other five levels included  tion probes for continuous meteorological measurements and

. L for calculating fluxes using the closed-path eddy covariance
— sonic anemometers (Campbell Scientific, Logqn, UT. method. Other continuous gas-phase measurements from this
mo.del CSAT3) to record the three orthogon.al wind ve- tower have included CO, GO H,O vapor, NO, N@ and
locity components and temperature fluctuations; SO. The Waldo Canyon fire in June 2012 forced the removal

— NCAR-Vaisala (Vantaa, Finland) aspirated hygrother- of the trace gas instruments from the chemistry tower and all
mometers to measure absolute temperature and relativef the instruments from the micrometeorological tower. For-
humidity; tunately, the fire did not directly affect the site, and meteo-

] ) . rological measurements from the chemistry tower have op-

— open-path infrared gas analyzers (LICOR, Lincoln, NE, grated continuously (see Table S1 in the Supplement). Since
model 7500) to measure water vapor and carbon dioXyhe two towers had generated 3—4 years of data and some
ide. of the instruments were required for other projects and field

This multiseason data set is being used to sites, it was decided to adjust the sampling strategy. Future

core measurements of trace gases (CO, 03, SOZ2) Wad

aerosol number size distributions will be operated four times

per year (for 4—6 weeks in duration) to capture the seasonal

variability of these key species.

— partition water fluxes into transpiration and evaporation The suitability of these towers for making eddy covari-
components, and ance flux measurements in the surrounding landscape was

— quantify the importance of canopy-induced modifica-
tions to turbulence in predicting whole-ecosystem ex-
change in regional and global climate models,

www.atmos-chem-phys.net/14/6345/2014/ Atmos. Chem. Phys., 14, 63867, 2014
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analyzed by Kaser et al. (2013b). Briefly, the flux footprint 1.4 Meteorology at Manitou Experimental Forest
was found to extend to 900 m for unstable boundary layer Observatory
conditions and to 2500 m for stable conditions. However, be-
cause there is more heterogeneity in the forest compositio\s mentioned in Sect. 1.2, the observatory lies within a
and proximity to former burn areas inside the 2500 m radius,north—south drainage (draining to the north), leading to the
a practical limit of 1850 m beyond the tower was used as ondormation of diurnal mountain-valley flows. Nighttime flow
of the criteria for valid flux data. A paved road500m east  above the canopy (28 m) is dominated by drainage from the
of the tower site caused data to be eliminated if wind direc-south as can be seenin Fig. 3b and f. Winds below the canopy
tion was from that sector. are often westerly or southwesterly due to drainage flow from
The only significant woody vegetation around the obser-surrounding ridgelines (Fig. 3d). This height-dependent noc-
vatory is ponderosa pine. Measurements from this specieturnal pattern is dominant in all seasons. Daytime wind di-
include leaf- and branch-level photosynthesis, respiratiorrections are much more variable. Although there is often a
and biogenic volatile organic compound (BVOC) emissionssoutherly flow during the day, other wind directions are also
as well as sap flow using the compensation heat pulsgrevalent. Synoptic winter winds lead to a higher frequency
method as described by Burgess et al. (2001). Leaf-levebf westerly and southwesterly flow (Fig. 3a and e). These
gas exchange was measured during maximum photosyntheonditions tend to bring relatively unpolluted air to the site
sis (08:00-13:00 MST) on sunlit needleslOm above the from the west. Stagnant high-pressure conditions lead to lo-
ground (Table 1). Each measurement was made on 6-10 ma&ally induced upslope flow from either the northeast or south-
ture needles, which were defined as needles that been on tl&@st, which are consistently observed during daylight hours
branch through at least one winter. Gas exchange measuréFig. 3c). These periods are important in understanding the
ments were made using an LI-6400 portable gas exchang®cal chemistry as these flows transport air from Front Range
system (LI-COR Biosciences, Lincoln, NE) and photosyn- cities (mainly Denver and Colorado Springs). Regardless of
thesis, stomatal conductance and transpiration calculationthe daytime wind patterns, southerly drainage flow usually
were made using total leaf area (measurement as describetevelops soon after the stable nocturnal boundary layer de-
in Eller et al., 2013). The effects of high solar insolation, velops, which is often accompanied by an increase in anthro-
warm temperatures and low humidity just prior to monsoonpogenic pollutants. Wind measurements as well as modeling
precipitation are demonstrated by the low stomatal conduc+esults suggest that this is often due to air from the Denver
tance and photosynthesis values in July (Table 1). area during daytime upslope flow, which then drains towards
A suite of hydrological measurements for total precipita- the north and past the site at night.
tion, soil moisture, leaf wetness and snow depth have been
measured nearly continuously since 2009. Aerosol measure-
ments include 2 years (February 2010 to January 2012) op  Footprint hydrology in a water-limited ecosystem
particle size distributions from 4 nm to 2.5 um and 1 year of
CCN (cloud condensation nuclei) data during March 2010t02.1  Overview of hydrological measurements
April 2011 measured from one of the four mobile laborato-
ries adjacent to the tower (Fig. 1d). An additional month of Intensive hydrological measurements of total precipitation
CCN measurements (May 2011) was made above the canopyain and snow), soil moisture and snow depth as well as soil
(25m above ground) from the chemistry tower (Levin et temperatures have been collected at MEFO since the sum-
al., 2012). BEACHON-ROCS (Rocky Mountain Organics mer of 2009. These complement the vertical flux measure-
Study, 2010) and BEACHON-RoMBAS (Rocky Mountain ments of water vapor for a complete accounting of the site's
Biogenic Aerosol Study, 2011) were two large intensive mea-water budget. The precipitation measurements also augment
surement campaigns that occurred at the site. Selected resulise long-term records maintained by the USDA Forest Ser-
from these two campaigns as well as the initial 2008 South-vice mentioned in Sect. 1.2. A network of 11 tipping bucket
ern Rocky Mountain (SRM) study are discussed in this arti-rain gauges as well as an alter-shielded, weighing-type to-
cle and are summarized in Sect. 5. A more detailed summaryal precipitation gauge provide high time resolution, year-
of measurements at MEFO can be found in Table S1 in theound precipitation measurements in a network distributed
Supplement. Campaign data and long-term observations armithin the chemistry tower flux footprint in order to charac-

available at the following website: terize the high spatial variability of precipitation. More de-

http://www2.acd.ucar.edu/campaigns tails about these measurements are given in Table S1 in the
Other long-term data are available upon request from theSupplement. The 2010-2013 annual accumulation of hourly

corresponding author. precipitation is shown in Fig. 4a. These time series are bias-

corrected merged data products between the site’s sensors
in order to cover periodic data gaps. The site’s annual pre-
cipitation measurements for a given year are defined by an
end date of 30 September of that year and a start date of 1

Atmos. Chem. Phys., 14, 634%367, 2014 www.atmos-chem-phys.net/14/6345/2014/
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Table 1. Mean values for needle-level gas exchange measured on nRitwre ponderosaeedles at the Manitou Experimental Forest
Observatory. All calculations are based on total, rather than projected, leaf area. Values in parentheses give the range of measurement dat
(2011 day of year). Standard deviations are given in italics 8).

May  June, July August  September
(136-149) (178-185) (230-233) (263-265)

Net photosynthesis (A) 2.9 0.9 3.2 35
(umolCm~2s™1) 0.6 0.6 0.8 0.2
Stomatal conductancegd) 28 7 29 30
(mmol H,Om—2s-1) 9 5 12 6
Transpiration 0.49 0.35 1.00 0.64
(mmol HOm2s71) 0.13 0.28 0.22 0.07
Summer, 2010 into early autumn. The average annual accumulated precipi-
: o t I t Th | lated
350 DaV;":“;g - A N'“;‘:';“;m - B 2500 tation for 2010—2013 was 430.5 mm, with a range of 392 mm
300 2000 (in 2012) to 513 mm (in 2010). It should be noted that 2012
8 L | was among the driest years on record for most of Colorado,
g 2 | I e and the total precipitation for 2013 was similarly low. The
3 1000 latter year began with very low winter and spring snowfall,
e 500 and stayed much drier than average until heavy September
* rains increased the total accumulated precipitation to about
o] + + + + 0 . .
oo ® 90 180 270 360 90 w0 20 30 the same level observed in 2012. The maximum observed
we| 272 C z=2m D .. hourly rainfall recorded at the site from 2009 to 2013 was
5 I Il I 800 57.9 mm, which occurred on 4 August 2010. Other thunder-
5 600 storms with high rainfall rates (up to 25mm per hour) are
200 .
s 400 common during the summer monsoon.
10 200 Seasonally transient snowpack is an important feature of
°. en w270 360 00 0 210 360 the hydrologic cycle as the snowpack can provide a lasting
oo Vinter, 2010-2011 oo water source to the site during the spring melt period and can
o | ZTBm E z=28m F o also insulate the soil from freezing temperatures. Snow depth
e measurements (Jenoptik Inc., Jena, Germany, model SHM30
H 0 1200 laser snow depth sensor) began during the winter of 2010—
8 ¥ oo 2011. Persistent patchy or complete snowpack is limited to
= 200 600 December, January and February. Periodic snowstorms may
100 o also input appreciable moisture during the months of Octo-
0 | | e | 0 ber, November, March and April, although a snowpack rarely
. 90 . 180 270 360 . 90 . 180 270 360 .
Direction (degrees)  Direction (degrees) persists for more than 7 days.

Soil moisture probes (Decagon Devices, Pullman, WA,

Figure 3. Wind direction distributions (5 min averages binned every USA, model EC-5) and temperature profiles (Campbell Sci-

10°) from the MEFO chemistry towefa, ¢ and e)are daytime wind  entific, Logan, UT, USA, model T107 thermistors) extending

distributions (09:00-17:00 MST), whereas par@lsd and f) are  from the near surface to approximately 1 m depth are made

;Or ”i%hmmte hzurs (Ztozig(igng\'lpfiof? MISL)' Sg”lm‘:r incl;des d?)ta at three different sites within the micrometeorology tower’s

rom June 10 Augus . Inter iIncluaes data rrom pbecemaboer. . . .

2010 to February 2011. Measurement height is noted on the paneLi,l.ux footprlnt. The _mer_ged annual cycle of ol m0|sture from
all sites is shown in Fig. 4b, and the annual soil temperature
cycle is shown in Fig. 4c. The soil moisture cycle exhibits
some interesting and classic features of western landscape

October in the preceding year. The patterns observed havRydrology, especially the tendency for persistent dryness and

been fairly consistent. Periodic precipitation episodes occupulsed recharge of near-surface moisture, particularly in the

throughout the principal cool season of October through Maywarm season. Deeper into the soil, the moisture variability
followed by a brief dry season from late May through mid- is significantly damped and there is evidence of persistent

June. This is followed by a summer period of rather intensesoil moisture there, regardless of extended summer dry pe-

precipitation episodes associated with the regional incursiortiods. This deeper layer of persistent wet soil helps sustain

of the North American monsoon system. Finally, there is ansome of the total evaporative flux from the ponderosa pine
extended dry period starting in late summer and extending
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— A. Accumulated precipitation (2010-2013) in ponderosa pine during the early- and late-summer dry pe-

€ 600 510 — 2011 riods (see Table 1), which protects the trees from water stress.

£ 500{— 2012 — 2013 r’—— When the monsoon rains start, these fluxes and stomatal con-

£ 00|~ 2010-2013 ductance both increase substantially.

0 Monthly average precipitation

+ 300 ] . .

8 2.2 Water manipulation effects on ponderosa pine

‘S 200

© 10012 b Projected water limitations and higher temperatures are

a oo T F 5 5 5 5= 5 = expected to put additional climate-induced physiological

—0.30 2 A"eragf annual soil moisture (2010-2012) stresses on semi-arid forest ecosystems (Allen et al., 2010).

€025 :;Z'tf:t;j | oo To test hypotheses related to future climates, manipulation

ME ' soil frost 70-150 cm experiments must be carefully designed to ensure that data

= 0.20 are representative of larger ecosystems responses (Beier et

g 0.15 . " ALV I al., 2012). With these considerations in mind, another study
P at MEFO during 2010-2011 was designed to quantify the

-
(%)
"5 0-10 w N N effect of different water treatments on the photosynthesis
*_c- 0.05/ and respiration rates as well as BVOC emissions from ma-

ture trees (at least 10 m in height). Up to 50% of the in-

(=}

v 0.00 C. A\)eraée annual soil tehpe}atu}re (i01012012) coming precipitation (snow and rain) was systematically di-
300 0-10 cm verted from the root zones (10m10m area) around tar-
< 2951 _;g:igoﬂ:m geted trees using an array of troughs (see iii in Fig. 1c). The
@ 290- intercepted water was collected in barrels and then added
2 2851 \ to nearby trees, resulting in a water continuum delivered to

= ) ) o

o the various trees from 0.5 to 1.5 times the total precipita-

s 280\ v tion such that the total amount of water delivered to the en-

E 275 \"W/’ tire plot remained constant. Physiological parameters (e.g.,

= 270 it LG sapflow, photosynthesis and BVOC emissions) were mea-
5l sured on all trees within the experimental plot. Similar to
Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep the speciation seen in ambient air, branch-level measure-

ments showed that the BVOCs emitted in the highest concen-

Figure 4. Hydrological measurement summary at the Manitou Ex- .

. > trations were methanol, 2-methyl-3-buten-2-ol and monoter-
perimental Forest Observatory. Annual accumulated precipitation e . T
from rain and snowA), soil moisture at three depti(8) and soil ~ PENES: Initial observations showed that seasonality in plant

temperature at three different dep((@). Panel(A) includes data  Physiological processes and weather dynamics interact to
from hydrological years 2010-2013, wherdB3 and (C) include produce complex controls over climate-dependent emissions
data from 2010 to 2012. of these compounds with a strong dependence on soil mois-

ture and precipitation. If the climate in this region shifts to
a drier summer regime, total BVOCs emitted from needles

ecosystem during the summer. There are extended periods &f this forest are likely to decrease, which will have implica-
winter soil temperatures several degrees beld@,0which  tons for modeling both gas- and liquid-phase regional chem-

extends to approximately 70 cm below the surface. These loWStry- Studies such as this exemplify the interdisciplinary re-

soil temperatures indicate that significant amounts of soil wa-S€arch questions addressed by the BEACHON project, and

ter freeze (i.e., creates “soil frost’) occasionally during the &€ Necessary to address the ecological system processes for
winter. The presence of soil frost is further evidenced bylnclusmn in Earth system models as discussed in Sect. 1.1.
the sharp decline in recorded soil moisture values from De-

cember through. late February. Su.ppressed soil moisture vab Volatile organic compounds, oxidants and aerosol

ues corresponding to sub-zero soil temperatures are a classic properties

measurement artifact due to the significant change in soil di-

electric permittivity as water undergoes phase change frong 1  Volatile organic compound observations

liquid to ice and back again at the freezing point. This melt-

water release and periodic melting of the transient snowpack/olatile organic compounds (VOCs) at MEFO are a mixture
impart additional water pulses to the site. As previously men-of biogenic and anthropogenic compounds. The summertime
tioned, MEFO typically experiences an early-summer dry pe-VOC signals are dominated by biogenic emissions, primar-
riod before the onset of the monsoon rains, which is highlyily methanol, ethanol, acetone, monoterpeneglfizs, ab-
correlated with increased G@nd BVOC fluxes. The semi- breviated as MT) and 2-methyl-3-buten-2-ol5¢{G o0, ab-

arid climate creates very low midday stomatal conductancebreviated as 232-MBO or MBO). Isoprenesfs) is also

Atmos. Chem. Phys., 14, 634%367, 2014 www.atmos-chem-phys.net/14/6345/2014/
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18 —, Pa—— , j sion patterns were vertically more uniformly distributed sug-

16— Monoterbenes day g / - S3ONBO day gesting that the understory (forest litter, bark and trunks) also
" BN g contributed to the total emissions. Using site-specific leaf cu-
% 12y menoterpencs night it | vette measurements as model inputs, MEGAN 2.1 estimates
® ': / H >( , showed good agreement with the measured average daytime
T, > 232-MBO+isoprene fluxes of 1.84mgmh~1. After the

. - — ' : large rain and hail storm on 4 August 2010 (which produced

——/’ . . . .
e — it J’OZ o o o i J 57.9 mm precipitation in an hour; see Sect. 2.1), monoterpene
' ' Flux [mgm2hrimi] ' fluxes increased to 4.7 mgthh~1, which is a factor 5-10

higher than what is normally observed (0.5-1 mgAh—1)
Figure 5. Average daytime and nighttime vertical fluxes of (Kaser et al., 2013b). Figure 6a shows the sum of MT and
monoterpenes (fgHie) and 2-methyl-3-buten-2-ol (232MBO, \BO+isoprene concentrations and fluxes starting on this
CsH100) during August 2010. The average daytime inte- 4oy (4 August) and ending 1 week later (11 August). The
grated flux ratio of MBO : monoterpenes is 1.65. Fluxes within increases in both emissions and fluxes, which continue for

+£0.1 g 2h™* m are shown within the shaded gray area to ~ 2 days after the rain event, are evident. The missing flux
indicate the detection limit. Error bars indicate the standard devia- Yy ’ ’ 9

tion of all measurements for that period and chemical species. data on the ﬁ_rSt day (and periodically throughout t.hef neas
surement period) are due to turbulence characteristics that

are not amenable to EC calculations as described in Sect. 1.3.

The PTR-MS showed that ambient concentrations of several
observed during summer, but to a much lesser extedO-  other BVOC (including cymene, camphor, nopinone, pinon-
20% of 232-MBO concentrations). Anthropogenic VOC aldehyde and sesquiterpenes) were also elevated after this
concentrations are lower than the biogenic compounds angegetation disturbance.
are typically transported into the area from the Colorado The trace organic gas analyzer (TOGA; Apel et al., 2010)
Springs or Denver metropolitan areas. was deployed during the BEACHON-ROCS campaign to

A variety of techniques have been used to measure VOCsneasure concentrations of isoprene, 232-MBO, speciated

from different levels on the chemistry tower, individual pon- MT and over 25 other targeted compounds. Results showed
derosa pine branches and the ground. A quadrupole protorthat the MT speciation is dominated kypinene,3-pinene
transfer-reaction mass spectrometer (PTR-MS; lonicon An-andA-3-carene (approximately 25 % each). Other quantified
alytik, Innsbruck, Austria) measured a suite of selectedmonoterpenes include camphene (7 %), limonene (12 %),
VOCs (including methanol, acetonitrile, acetaldehyde, acemyrcene (5%) and ocimene (1%). Figure 6b (1-4) shows
tone+ propanal, 232-MBGr-isoprene, benzene, monoter- August 2010 ambient diel concentrations of four selected
penes and sesquiterpenes) during portions of each of th#OCs reported by TOGA. The concentrations of the bio-
2008-2012 growing seasons. Under normal operating congenic compounds MBO and MT are much higher than those
ditions, 232-MBO undergoes a dehydration reaction in theof a typical anthropogenic compound (e.g., toluene) at this
PTR-MS drift tube leading to a molecular ion af/z = 69. site, and the concentrations have different diurnal signatures.
This is the same ion as protonated isoprene, which is whyDuring the day, as the boundary layer grows and OH is
they are reported as the sum of both species. Tower-basegaresent, MT concentrations are diminished even though their
measurements alternated between a six-point gradient sygmissions are the greatest during this time. At night, the
tem (1.6, 5, 8.5, 12, 17.7 and 25.1 m above ground) and asuppressed boundary layer height combined with decreased
eddy covariance (EC) flux system at the top level (25.1 m).losses from @ and OH reactions leads to elevated MT con-
In addition, a time-of-flight (TOF) PTR-MS (University of centrations that generally increase from 18:00 to midnight
Innsbruck, Austria) was deployed for EC and concentrationand remain elevated until 06:00-07:00. MBO emissions from
measurements above the ponderosa pine canopy in 2010 apdnderosa pine are strongly light dependent (Harley et al.,
2011 (Kaser et al., 2013a, b). A selective reagent ion (SRI)1998; Kaser et al., 2013b), resulting in maximum emissions
PTR-TOF-MS (lonicon Analytik, Innsbruck, Austria) instru- and ambient concentrations during midday with a secondary
ment was used in 2011 to selectively distinguish 232-MBO peak in the early morning associated with initiation of emis-
from isoprene concentrations by using N@s the reagent sions before the morning breakup of the nocturnal boundary
ion (Karl et al., 2012). This configuration was also used for 1layer. The combination of all three instruments used during
week in 2012 to continue these measurements for determinBEACHON-ROCS provided a unique opportunity to com-
ing EC fluxes of 232-MBO and isoprene (Karl et al., 2014). pare VOC measurement techniques under real-world condi-
Figure 5 shows the August 2010 vertical flux profiles for 232- tions. The results were encouraging as the instruments agreed
MBO and total MT calculated from gradient measurementswithin ~ 20 % for monoterpenes and 10 % for 232-MBO
using the methodology described in Karl et al. (2004). It is + isoprene withR? values of 0.85-0.97 (Kaser et al., 2013a).
evident that MBO emissions follow a light-dependent pattern  Consistent with ambient concentration measurements,
and that the fluxes increase with height up to 12 m. MT emis-branch- and needle-level BVOC emission measurements
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N T ‘ ; ‘ , ; —5 = than 1% of above-canopy emissions for all BVOCs mea-
= 4 : I A1:232-MBO. (blue). and. MT (red) fluxes {a = sured
i i 1, 3 '
Ei ,,/’-; 3 A newly developed thermal desorption aerosol gas
31 i1 z chromatograph—aerosol mass spectrometer (TAG-AMS) was
* 3 _ fﬁi deployed and used to analyze semi-volatile VOE<C{4—
= A2: 232-MBO (blue) and MT (red] concentrations ] . . .
23t 1 4 ! f2s Cos) on a b|_hourly timescale. The sample collection, ther-
o 2fili % 3% g e e mal desorption and chromatography systems have been de-
R N il LV AL P B T W scribed previously by Zhao et al. (2013); however the 2011
= PR, A T ed 1AL @ p y by ;
0 A W BN CAS AN 0 BEACHON-RoMBAS campaign was one of the first to cou-
5-Aug 6-Aug 7-Aug 8-Aug 9-Aug 10-Aug 11-Aug . .
10+ ) . _ ple it to the AMS as a detector (Williams et al., 2014).
Toal o oPTene | B2 Toluene 1200 More than 70 semi-volatile gas-phase species were observed
06 L AL L1505 and quantified in the ambient atmosphere during the cam-
% 04l I { T | 1002, paign. Source apportionment was used to identify the origin
§0'27 @%@@@B . { @jﬁﬁ%& $ 5o § of these gas-phase species. Some were anthropogenic com-
B O_Oj@ﬂlﬁ% @éf [ @ o pounds (such as poly-aromatic hydrocarbons (PAH), oxy-
304 B-3:232-MBO | _ {] B-a: sum mT 120 genated PAH and alkanes), but 23 species were identified
5257 T 15 = to be terpenoid compounds of biogenic origin from a local
&i-g: Lo = source determined from positive matrix factorization (PMF).
2.0 % H HH H g In addition to direct VOC emissions and transported
=05 @i@@ H ié ] %ﬂ £ 10 species, it is also important to consider oxidation prod-
0.0 | B8 s e e ucts. These com i i -
O R o o 4 et L0 . pounds can influence tropospheric ozone for
0:00 06:00 12:00 18:00 00:00 0:00 06:00 12:00 18:00 00:00 . . . .
Time (MST) Time (MST) mation and oxidative capacity of the atmosphere and con-

_ tribute to secondary organic aerosol. Concentrations and
Figure 6. (A) (adapted from Kaser et al., 2013b) shows the sumfluxes of two important oxygenated VOCs, formaldehyde
of MT and MBO+isoprene measurements as reported by the PTR'(HCHO) and glyoxal (CHOCHO), were measured during the
TOF-MS from 25.1m on the Chemistry tower from 4 AUgUSt 2010 BEACHON-ROCS Campaign (D|Gang| et al.. 2011

(DOY =216) to 11 Augl?St 2010 (DO¥-223). Al Sh(.)ws the 2012) using fiber-laser-induced fluorescence (FILIF; Hot-
above-canopy fluxes, while A2 shows the corresponding concen-

trations in ppbv(B) shows diurnal profiles of (B-1) isoprene, (B-2) tle et al., 2009) and Iasgr-lnduced phosphorescence (Hu's'
toluene, (B-3) MBO, and (B-4) sum of monoterpenes during all of man et al., 2008). Amblent formaldehyde concentrations
August 2010 as measured using TOGA. Box boundaries indicatd@nged between a minimum of0.5 ppb in the early morn-
interquartile range, median is indicated as the line through the boxing hours (04:00 MST) and maximum values of 2—2.5 ppb in
and whisker lengths indicate the total measurement range. the evening{ 20:00 MST). Ambient glyoxal concentrations

ranged between a minimum of 18 ppt in the early morn-

ing hours (06:00 MST), and maximum values of 30-55 ppt
confirm the dominance of MBO in the emission profile; in the evening £ 17:00 MST). The glyoxal : formaldehyde
during daylight hours, MBO typically comprises >85 % of ratio maintained a stable diurnal cycle ratio with values
the emitted reactive BVOC mass. Similar to ambient ob-of ~1.5-2% in the early morning and at night, and ris-
servationsg-pinene, 8-pinene,A-3-carene, camphene and ing to ~2.5-3% in the middle of the days. In addition, to
limonene dominate the MT emissions, but a large numberour knowledge, these canopy-scale HCHO eddy flux mea-
of other terpenoids are also emitted, including sabinenesurements are the first reported for any site. These results,
myrcene, ocimeneg-terpinene, g-phellandrene, cymene, coupled with enclosure measurements that showed minimal
terpinolene p-cymenene and the oxygenated monoterpenedlirect emissions, suggest a surprisingly large HCHO pro-
linalool, terpineol and methyl chavicol. In many cases, espe-duction source within the canopy air space. The midday
cially in high light conditions, linalool was a major compo- HCHO fluxes were positive (upward) ranging from 37 to
nent of the leaf-level emissions. A number of sesquiterpenes]31 pg nt2h~1 (see Fig. 7b) and were correlated with tem-
dominated byg-farnesene, also appear in emission samplesperature and radiation within the canopy. The missing HCHO
For model inputs, BVOC speciation is an important consid- source is thus consistent with oxidation of VOCs with light-
eration as different compounds (such as MT isomers withand temperature-dependent emission profiles. The strength
the same chemical formula) have different reaction rate conef HCHO fluxes cannot be accounted for by the oxidation of
stants with OH, @and NG, so their reaction products, path- measured MBO and terpenes (also see Sect. 3.2). A detailed
ways and atmospheric lifetimes can vary considerably. Addi-analysis regarding HCHO sources and oxidation is discussed
tional soil BVOC flux measurements have been made usingn DiGangi et al. (2011).
enclosures and a micrometeorological gradient technique at
the site (Greenberg et al., 2012). These results suggested that
emissions from the litter were negligible, contributing less
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such as reaction of HOwith NO.

—==Meas
, A

O3+ hv — O(*D) + Oy (R1)
O(*D) + H,0 — 20H (R2)
HO2 + NO — OH+ NO2 (R3)

HO, + RO, (ppt)

In a detailed analysis of OH observations, Kim et al. (2013)
demonstrate that radical recycling via Reaction (R3) is likely
the dominant source of OH within the MEFO canopy. A
0-D box model underpredicts HCOconcentrations relative
to observations, implying unidentified sources of HOs-
ing the same box model in a study focused on peroxy radi-
cal observations, Wolfe et al. (2014) confirm this result and
. identify several potential additional sources of both#Dd
. e RO,. Notably, it is suggested that oxidation of unmeasured,
0 4 8 12 16 20 24 highly reactive BVOC could explain a significant portion of
Hour of day (MST) the missing peroxy radical source. Such a source could also
explain the high HCHO fluxes observed during the same

within-canopy peroxy radical mixing ratios aif) above-canopy campaign (DiGangi et al., 2011; see Sect. 3.1). Figure 7a
formaldehyde fluxes. The measured and modeled results for botffOMPAres _the h(?u_rly avgraged measured and modeled total
compounds include the hourly averages from the August 2010P€roxy radical mixing ratios for BEACHON-ROCS (August
BEACHON-ROCS intensive measurement campaign. Model calcu-2010). As described in Wolfe et al. (2014), the difference
lations of HCHO fluxes and peroxy radicals are described in Di- between measured and modeled values corresponds to a to-
Gangi et al. (2011) and Wolfe et al. (2014), respectively. tal “missing” peroxy radical production rate of as much as
130 ppt minL. For comparison, Fig. 7b shows measured and
modeled HCHO fluxes (DiGangi et al., 2011). The additional
) ) HCHO production needed to reconcile modeled and mea-
3.2 Peroxy and hydroxyl radical observations sured formaldehyde fluxes is on the order of 65 pptmhin
at midday. Uncertainties in measurements and model results
Numerous studies (e.g., Stone et al., 2012) have highlightedontribute to a significant overall uncertainty in these pro-
discrepancies between modeled and measured radical coduction rate estimates (approximatet0 %). Nonetheless,
centrations in forested environments, suggesting a lack othe similarity between these results — obtained via two es-
understanding of the chemical processes driving secondargentially independent methods — supports the conclusion that
pollutant formation. While most research has focused on re\VOC oxidation within the canopy is much stronger than pre-
gions dominated by isoprene emissions, results from severalicted by canonical chemical mechanisms.
investigations indicate gaps in our understanding of BVOC Analysis of the role of anthropogenic influence on the oxi-
oxidation in MBO- and monoterpene-dominated areas sim-dation of BVOCs, especially via the influence of N@n the
ilar to MEFO (Kurpius and Goldstein, 2003; Day et al., fate of RQ, is of great current interest (Orlando and Tyndall,
2008; Farmer and Cohen, 2008; Wolfe et al., 2011; Ma02012), and MEFO is well suited for such studies (see also
et al., 2012). Both the 2010 BEACHON-ROCS and 2011 Sect. 4.1). Figure 8a shows the measurecHdD,+ ROy,
BEACHON-RoMBAS campaigns included measurements ofNO and NG concentrations during a representative day in
the hydroxyl radical (OH) and peroxy radicals (H@nd BEACHON-ROCS (24 August 2010), and Fig. 8c shows the
RO;; see Table S1 in the Supplement), using the techniquesorresponding wind speed and direction. On this day, ups-
described by Edwards et al. (2003), Hornbrook et al. (2011)lope conditions (which can bring polluted urban air and are
and Mauldin et al. (2001). This provided a unique oppor- often seen at this site) were not observed, as the wind was
tunity to test our understanding of the chemical reactionsgenerally out of the south or southwest, where there is rela-
that link BVOC oxidation with production of 0zone and sec- tively little anthropogenic influence. During the mid-morning
ondary organic aerosol (SOA) precursors. as the boundary layer developed, an increase ip (F@. 8a)
Discrepancies between modeled and measured (HQ, can be seen, which was likely due to downward transport of
OH+ HOy) in regions with high BVOC levels have been pri- a residual layer. The anthropogenic influence on the fate of
marily attributed to “missing” sources of OH (Thornton et RO, is evident as the loss mechanism was initially domi-
al., 2002; Lelieveld et al., 2008; Hofzumahaus et al., 2009;nated by the R@+ NO channel (Fig. 8b), but during mid-
Peeters et al., 2009). In the boundary layer, OH is producedlay as NQ concentrations decreased (due to the residual
both via “primary” sources, such as photolysis of ozone inmorning boundary layer breaking up and southwesterly flow
the presence of water vapor, and via radical cycling reactionsto the site), the R@+ HO, channel became the major loss

HCHO Flux (ppt m/s)

Figure 7. Average modeled and measured diurnal cyclegA)f
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15 4 lyzer (DMA) and TSI model 3760 condensation particle

= HO HO, + RO NO A .

. E150{ * HO, 0 HO,+RO, O NO A NO,| A0y 102 |4 B counter (CPC; TSI Inc., Shoreview, MN, USA); and

g JosE |28 — nano-SMPS (4-30 nm): custom sheath air and HV con-
g . - . - trol unit combined with TSI model 3085 DMA and TSI
£ 100 g0t - B/ model 3025a CPC.
.g ° 22{:8 Cg:““e'l M o o Particle size distributions started at midnight at exact 5min
£ 50/ 4 RO,HO, Chame o % | intervals for a total of 288 size distributions per day. Fre-
8 Aaabaa sndiite A qguent “small particle events” characterized by high concen-

0 2 : 6 . - .

& 360 ] o Wind Dir._ 4 Wind Spd] {q“ ™ C § trations of 4-20 nm particles were observed, especially dur-
2 270, * _ge el ?“7‘"‘:”' 148 ing the summer season. The origin of these small particles is
- 1:2 S E ﬁ 25 likely atmospheric nucleation (Kulmala et al., 2007), which
E e 02 is thought to be caused by reactions of gas-phase sulfuric

0l % i N, ) - .
00:00  04:00  08:00  12:00  16:00  20:00  00:00 acid with atmospheric bases such as ammonia and amines

Figure 8. Examination of RQ fate and its relation to anthro- as We_” as oxidized organic compounds (Klrkb_y etal., 2011,
pogenic influence on 24 August 2010 during BEACHON-ROCS. Almelda etal, 2013)' An example of thr.ee t_yp'Cﬁ' small par-
The first(A) shows median concentrations of NO, N®O, and ticle events during July 2011 is shown in Fig. 9a, where the
HO,+ RO, over the course of this day. Wind speed and direction Onset of each event is seen just prior to noon (MST). These
(C) show the wind shifting from out of the south to out of the south- events are common at MEFO in the summer, occurring 3-5
east just prior to noon (MST), indicating an anthropogenic influencetimes per week during late morning or early afternoon, and
from the Colorado Springs area. This transition is also reflected intypically coincide with changes in wind speed and direction.
the NO increase in panel A. The middiB) shows the calculated  Figure 9b shows wind speed and wind direction at the top
RO, loss percentage from reaction with NO or WiBased on mea-  f the chemistry tower and sulfate aerosol mass loadings
fsrirridtr:\éolSSECH?a‘Egb”;:QUEggESsarr:%OI”B:ate ConStamShObta'”edmeasured by an aerosol mass spectrometer (described be-
. pase. tach sy ol(B) represents the me- low). On each of these mornings the wind speed is fairly low
dian value from 30 min time bins. Figure adapted from DiGangi et 1 . . . . . o
al. (2012). (~1ms ) at 08:00 MST with wind direction sh_n‘tmg from _
the south to a more northerly or northeasterly direction, indi-
cating upslope transport from the Denver area. Thermal des-

mechanism. While the patterns of these transitions do nof'Ption chemical ionization mass spectrometer (TDCIMS)

appreciably affect the concentrations of biogenic and anthromeasurements during these nucleation events demonstrated

pogenic VOCs, the changes in the role of the different reachat sub-20 nm particles were composed-@0 % sulfate by
ass, whereas during non-event periods, sulfate contributed

tion channels are consistent with the measured HCHO and ' g
glyoxal concentrations (DiGangi et al., 2012) and measured€ss than 40 % of the mass to these small particles (Cui et al.,

and modeled H@+ RO, concentrations indicated in Fig. 7. 2014). In both event and non-event periods, the bulk aerosol
This competition between NOand HQ for reaction with ~ Mass is not significantly affected by this sulfate mass, as the

the peroxy radicals (R§) affects the composition of multi- majority of the total aerosol mass is dominated by larger par-

generational reaction products formed during gas-phase rad;jcles. The correlation with wind direction and the increase in

cal cycling and thus dictates, to a large extent, the productioﬁ;u'fate aerosol indicates that these events are anthropogeni-
of ozone and organic aerosol precursors. cally induced. The scarcity of particles smaller than 10 nm

on 29 July suggests that nucleation is occurring away from
the site, either aloft (Mirme et al., 2010; Schobesberger et
al., 2013) or in the mixed layer shortly~(60 min or less)

Particle size distribution measurements (covering diametergpwind of the site. _
from 4nm to 2.5 pm) were conducted for nearly 2 years at A fast mobility particle sizer (FMPS; Model 3091, TSI
MEFO starting in February 2010 and ending in January 2012!nc., Shoreview, MN, USA) was used during BEACHON-

The instruments used for these measurements consist of tfROMBAS to measure size-dependent particle fluxes (Pryor
following components: et al., 2013). While the mean flux of both Aitken and nu-

cleation mode particles was downwards, upward fluxes were

— optical particle counter (200—-2500 nm), Lasair model frequently observed. Based on quadrant and timescale analy-
1002 from Particle Measurement Systems (Boulder,ses using the University of Helsinki Multicomponent Aerosol
CO, USA); (UHMA) model (Korhonen et al., 2004), Pryor et al. (2013)
found that the upward fluxes of nucleation mode (<30nm
— regular scanning mobility particle sizer (SMPS; 30— diameter) particles were most strongly influenced by up-
300 nm): custom sheath air and HV control unit com- ward transport of particle-rich air from the canopy resulting
bined with TSI model 3081 differential mobility ana- from the growth of recently nucleated particles as well as

3.3 Aerosol properties and composition
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1o° in organic aerosol, peaking at night, but with considerable
Im day-to-day variability. The peak in average sulfate (and asso-
ciated ammonium) at 16:00-19:00 is primarily due to the
influence of certain days when sulfate increased during late
afternoon to early evening with corresponding,Siireases
(see spikes in Fig. 10a). The diurnal BC trends showed two
peaks. The larger of these was in the evening2(:00)
coincident with the regular prolonged impact of the urban
plume in the afternoon and through the evening and was
also seen in other anthropogenic species (e.g.x, NED).

The smaller, shorter duration morning peak(6:00 MST)
was also correlated with NOand CO. The reason for this
morning BC increase could be due to the breakup of the shal-

Figure 9. Three representative days of particle size distributionsIOW nocturnal boundary layer causing mixing down of more

(A), wind speed, wind direction and sulfate aerosol nfaA$sluring p_ollution-rich_residual layer air, oran increase of local emis-
27-29 July 2011. I16A), the mobility diameter is on theaxis, time sion sources into a ghallow morning boundary layer. It sh.ould
is on thex axis, and the color bar indicates particle number concen-be noted that the diameter measured from BC aerosol is the

tration (dv/dlogDp) in cm~3. In (B), the sulfate aerosol mass is mass equivalent diametebf,e) that was obtained by assum-
multiplied by 4 and is listed on the secomdaxis along with wind  ing a density of 1.8 gcm® as recommended by Moteki et
speed. al. (2010). The aerodynamic diameter is estimated to be at
least 1.8 times larger than th®ye shown in Fig. 10b and
could be larger than this if the BC were internally mixed with
coagulation processes. Downward fluxes of the Aitken modeother non-BC compounds (e.g., organic coatings), or smaller
particles were more commonly linked to breakdown of theif the particles had irregular shapes (DeCarlo et al., 2004).
nocturnal inversion and entrainment of particle-depleted air PMy5 collection on quartz fiber filters during the same
from above the canopy. campaign were analyzed for a variety of specific SOC
Average particle number concentrations at this site argsecondary organic carbon) and carbon isotopic measure-
usually less than 2 103cm3, which is typical for ru- ments as described in Geron (2011) and Lewandowski et
ral continental environments, and concentrations rarelyal. (2013). These results estimated that 0.5 ug€ eould
exceed 16cm3. During the August 2011 BEACHON- be attributed to specific SOC precursors. Hemiterpene pre-
RoMBAS study, chemical speciation and mass loadings ofcursor compounds (isoprereMBO) represented approxi-
non-refractory PM aerosol were measured using a high- mately half of the observed SOC, with monoterpenes con-
resolution time-of-flight aerosol mass spectrometer (HR-tributing nearly the same amount to the total SOC. Iso-
ToF-AMS; Aerodyne Research Inc., Billerica, MA; DeCarlo topic measurements of these same filter samples found that
et al., 2006). Average mass loadings during the campaigrihe 14C ratio was 0.7# 0.11 (range 0.52 to 0.88), indicat-
were 2.5ugm?® (Fig. 10). Also included in this figure is ing that roughly three-quarters of the particulate carbon ob-
black carbon aerosol as measured with a single-particle soaterved during BEACHON-RoOMBAS was of modern, non-
photometer (Droplet Measurement Technologies, Boulderpetrogenic origin. The fraction of modern carbon (70 %) at
CO, model SP2). Approximately 75% of the total PM this site is less than values observed in eastern US forests.
aerosol mass was comprised of organic aerosol (OA), withFor example, Geron (2009) reported mean summertime val-
the rest composed primarily of ammonium sulfate. Nitrateues of 83 % and with maximum values reaching 97 % for
concentrations were low and were shown to be primarilythose forests. Similarly, during summer months near forests
composed of organic nitrates (Fry et al., 2013). Black carbonin the eastern United States, Lewis et al. (2004) observed val-
(BC) aerosol mass was on the order of a few percent of the toues between- 80 and 95 %. Organic tracer results (including
tal submicron mass and more variable, often increasing angxidation products of isoprene, MT and 232-MBO) indicate
decreasing by an order of magnitude on hourly timescalesthat the lower fraction of contemporary carbon is primarily
Transport from urban areas, fires and local traffic likely ex- due to lower total biogenic emissions and lower organic mass
plain this variability. Figure 10b shows the size-resolved loadings and not due to more traffic or other urban influences
composition for the same species and time period. Ammo-Kleindienst et al., 2007). The modern carbon results from
nium and sulfate size distributions were centered at 300-MEFO can also be compared to measurements at nine In-
400 nm, while organics and nitrate aerosol size distributiongeragency Monitoring for Protection of Visual Environments
were centered at 250 nm. The distinct size distributions of (IMPROVE) network sites. The values from the urban sites
the chemical components indicate that these aerosols are not this network averaged approximately 50 % (Bench et al.,
completely internally mixed. Figure 10c shows the month-2007).
long daily distributions, which indicate a subtle diurnal cycle

"
8
8
S

S
[ewo] “adoip/Np.

3

N

Wind direction [degrees] Mobility Diameter [nm]

(Y

o t T T 1 T T T T T t t t T t t 0

0:00 4:00 8:00 12:00 16:00 20:00 0:00 4:00 8:00 12:00 16:00 20:000:00 4:00 8:00 12:00 16:00 20:00 0:00
Mountain Standard Time

paads puIm pue p,ssew [05019e a1eng

www.atmos-chem-phys.net/14/6345/2014/ Atmos. Chem. Phys., 14, 63867, 2014



6358 J. Ortega et al.: Overview of the Manitou Experimental Forest Observatory

to daytime, from NQ@ radical-initiated oxidation of monoter-
penes. Aerosol-phase organic nitrates were also measured by
AMS and showed good agreement with TD-LIF (Fry et al.,

: |
2 1 N 2013).
‘ MM‘“W Ubw‘M' W ‘ Hundreds of acids in the gas and aerosol phases were
LA L WAL - quantified in real-time during summer 2011 using a newly
70 TR TR TR TR TR0 O 05 95 O 9B 1 913 15 17 10 6 622 629 6ar 629 001 developed technique: the micro-orifice volatilization im-
2.0~ [— Organic b) pactor high-resolution time-of-flight chemical ionization

= Sulfate (x3)

15 —| |= Nitrate (x3)
Ammonium (x3)

= Black Carbon (x6)

mass spectrometer (MOVI-HRToF-CIMS; Yatavelli et al.,

2012, 2014). It allowed for direct measurement of the gas—
particle partitioning of individual and bulk organic acids.

I Comparisons to absorptive partitioning modeling demon-
strated that bulk organic acids seemed to follow absorp-
tive partitioning, responding to temperature changes on
timescales of < 1-2 h, suggesting there were no major kinetic
limitations to species evaporation. It was shown that species
carbon number and oxygen content, together with ambient
temperature, controlled the volatility of organic acids and are
good predictors for partitioning. Moreover, the relationship

-3

dMIdiog;ed,, (ug M)
Py
|

I I T
0 2 4 6 8 10 12 14 16 18 20 22 24 "™, . .
Hour of Day (MST) between observed and model partitioning with carbon num-

_ ) ~ ber and oxygen content pointed toward the likely importance
Figure 10. Aerosol mass spectrometer (AMS) and single-particle of gifferent classes of multifunctional organic acids that com-
soot photometer (SP2) results of bulk PMerosol composition prised the bulk of the acid groups (e.g., hydroxy acids, hy-

during July and August 2011. Black carbon (BC) is measureddroperoxy acids, or polyacids but not keto acids).

by the SP2 and all others (organics, nitrate, sulfate and ammo- . . -
nium) are from the AMS(a) shows the time series of mass load- A newly identified 232-MBO-derived organosulfate was

ings, (b) shows the average size-resolved aerosol distributions, anddentified in aerosol samples during BEACHON-RoMBAS,
(c) shows the diurnal trends of each of the individual species averalthough at levels lower than reported for a previous Cali-
aged over the study period. The box plot boundarids)nepresent ~ fornian study (Zhang et al., 2012). The difference was ten-
the standard deviations, and the whisker lengths indicate the 25titatively attributed to the lower acidity of the pre-existing
and 75th percentiles of the measurements. The center line througherosol at BEACHON, as acidity is thought to greatly en-
each box indicates the median. Note that most of the aerosol is comhance the formation of this organosulfate. This species has
posed of organic species, and that in all panels, black carbon masge potential to be used as a tracer of SOA formation from
has been multiplied by 6 and the other (sulfate, nitrate, and ammoo35_MBO.

e e e s . The tamelrs o Part of BEACHON-ROMBAS included the colleciion of
1.890rmm3 as indi . 9 filme- and size-resolved biological aerosol properties. To our
.8gcnT as indicated in the text (Sect. 3.3). L . -
knowledge, this is the most extensive and comprehensive
set of these measurements and data available. One key ob-
servation during the study was that rainfall events induced
Gas- and aerosol-phase organic nitrate concentrationkrge increases in ambient fluorescent biological aerosol par-
were quantified with thermal dissociation, laser-included flu-ticle (FBAP) concentrations within the forest canopy (Huff-
orescence (TD-LIF; Day et al., 2002; Rollins et al., 2010) man et al., 2013; Prenni et al., 2013), with concentrations
during summer 2011 (Fry et al., 2013). Gas-phase organicemaining elevated for extended periods of time (> 12 h) due
nitrate classes showed diurnal cycles peaking midday ato increased humidity and surface wetness. The largest ob-
~ 200 ppt (total alkyl and multifunctional nitrates)300 ppt  served increases, of more than an order of magnitude rela-
(total peroxy acyl nitrates) whereas total particle-phase ortive to dry conditions, occurred in the size range of 2—6 um.
ganic nitrates peaked at night and early morning hours. ForMicroscopic observations showed that these particles were
mation rates of gas-phase organic nitrates within the shallowdominated by biological cells at sizes with characteristics
nocturnal boundary layer were comparable to daytime rate®f bacterial aggregates and fungal spores (Huffman et al.,
of formation. It was observed that total gas- and particle-2013). Concentration increases that occurred during the rain
phase organic nitrates had equilibrium-like responses to dievents likely resulted from mechanical ejection of biological
urnal temperature changes, suggesting some reversible pgparticles from surfaces (Constantinidou et al., 1990; Jones
titioning, although thermodynamic modeling could not ex- and Harrison, 2004), while a second, larger mode (which oc-
plain all of the repartitioning. Additionally, the diurnal cy- curred after the rain) was likely actively emitted from biota
cle of gas—particle partitioning supported modeled-predictedon vegetated surfaces near the site (Elbert et al., 2007; Huff-
nighttime formation of lower volatility products, compared man et al., 2013). Contrary to the expectation that large
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particles will be washed out during precipitation, these dataing the winter months when biogenic emissions (which are
showed a significant increase in concentration and net upstrongly temperature dependent) are suppressed. The com-
ward flux of primary, supermicron particles after rain, which bination of these results suggests that secondary organic
demonstrates a direct and important link of airborne parti-aerosol derived from biogenic emissions impact aerosol hy-
cles to the hydrological cycle. Longer term measurementgroscopicity and CCN number concentrations throughout the
continued for 10 months (July 2011-June 2012), trackingyear.

the seasonal FBAP cycle at the site and observing trends In addition to the CCN measurements, IN have also been
with season, precipitation and other meteorological param<haracterized. Ice-nucleating particles induce ice formation

eters (Schumacher et al., 2013). in clouds and are thought to be critical in initiating precipi-
tation from mixed-phase clouds (DeMott et al., 2010). Dur-
3.4 Cloud condensation nuclei and ice nuclei ing BEACHON-RoOMBAS, IN number concentrations were

characterized at temperatures betwee3d and—9°C. In

One of the primary goals of the BEACHON project was to addition, the particle sizes that induced freezing at tempera-
determine the potential for biogenic emissions to serve adures greater than20°C were characterized via the droplet
CCN and ice nuclei (IN), which can impact cloud proper- freezing technique. These particles as well as IN were both
ties and precipitation (e.g., Barth et al., 2005). It has beerpositively correlated with number concentrations of FBAP
recently suggested that fungal spores may have large influtHuffman et al., 2013; Prenni et al., 2013; Tobo et al., 2013).
ences on SOA formation in the Amazonian forest (Péhlker etSimilar to the precipitation-induced increases observed in
al., 2012), and as discussed below, these biologically influbiological particle concentrations, IN also increased during
enced particles can influence both CCN and IN. Changes imain. The most dramatic example of this increase occurred on
cloud properties and precipitation can, in turn, influence bio-2 August 2011, when a thunderstorm produced 19.6 mm of
genic emissions, closing the loop on a potentially importantprecipitation (maximum rainfall rate of 30 mnvh). During
feedback between the carbon and water cycles (P6schl et akhis storm, IN concentrations at25°C increased from 2 to
2010; Morris et al., 2014). nearly 200 L= (Prenni et al., 2013). Correlation between IN

To better understand the influence of biogenic secondanand FBAP across the temperature range, coupled with DNA
organic aerosol on aerosol hygroscopicity and the seasonanalysis of a portion of the residual IN, suggests that a signifi-
variability of CCN, a continuous 14-month study (March cantfraction of the IN near the ground surface is composed of
2010-May 2011) was performed at MEFO (Levin et al., biological particles, particularly during and after rain events
2012). This was followed by additional measurements dur-(Huffman et al., 2013; Prenni et al., 2013; Tobo et al., 2013).
ing the summer 2011 BEACHON-ROMBAS intensive cam- When lofted to altitudes where mixed-phase clouds persist,
paign, which allowed for direct comparison between aerosothese biologically influenced IN can influence subsequent
hygroscopicity and aerosol chemical composition measureprecipitation, providing yet another feedback between bio-
ments (Levin et al., 2014). Aerosol hygroscopicity was de-genic emissions and the hydrologic cycle, and further linking
scribed using the dimensionless hygroscopicity parametetthe biosphere, hydrosphere and atmosphere.
k (Petters and Kreidenweis, 2007), showing an annual av-
eragedkx value of 0.16+0.08. This value is similar ta
values measured in remote, forested regions, such as in Atmospheric processes at an urban—rural interface
Finland (Cerully et al., 2011) and the Brazilian Amazon
(Gunthe et al., 2009), and is lower than the commonly as-4.1 Atmospheric chemistry
sumed continental value of =0.3 (Andreae and Rosen-
feld, 2008). Aerosol composition derived from the hygro- As mentioned in Sect. 2.2, the MEFO site is primarily influ-
scopicity measurements at MEFO indicated a predominancenced by clean continental air, but is periodically impacted
of organic species in the aerosol, leading to the fomea- by polluted air advected from the Colorado Front Range ur-
surement values. Direct comparison of organic mass fractiorban areas. This makes the site a suitable location to investi-
measured by aerosol mass spectrometry and filter measurgate interactions between biogenic and anthropogenic emis-
ments (discussed in Sect. 3.3) during BEACHON-ROMBAS sions, and a variety of interesting questions can be addressed.
agreed well with the composition derived from the hygro- For example, how are the oxidation pathways of locally emit-
scopicity measurements. Organic mass fractions were founted BVOC influenced by oxidant levels (NOOH and Q)
to be largest (up to 90%) in the smallest particles (20—during clean and polluted conditions? In addition, to what ex-
30 nm as measured by the TDCIMS). This fraction decreasedent does the transport of $oxidants and VOCs from ur-
with increasing particle diameter as measured by the AMSban areas affect particle nucleation and growth? Model simu-
(Fig. 10b; Levin et al., 2014), and is consistent with the lations can be initialized and parameterized using long-term
smallest particles being composed primarily of oxidized or-and campaign-specific measurements of aerosols, VOCs,
ganic species from forest emissions. Results from the yeartrace gases and meteorology. Results from these simulations
long measurements showed thatvas slightly higher dur-  can then be compared to observations. Local emissions are
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dominated by 232-MBO and monoterpenes, but these car 4o.5<mmms e
be augmented by transport of anthropogenic species from
the Front Range cities. Typical summertime ozone concen-
trations are 50-60ppb during the afternoon, and decrease§ 39.5—
to ~10-20 ppb at night. Nitrogen oxides (NDare gener- £ o
ally dominated by NG, with typical values~ 0.5 to 4.0 ppb, = 39.0- [ 5o smie
although occasional urban influences can cause the concer ;g 9 . o
tration to increase to 8—-10 ppb. NO concentrations are much
lower — typically less than 0.5 ppb, and rarely exceed 1.0 ppb.  38.0= - "_‘105 —_ E——

Since the area is relatively rural with low N@oncentra- Longitude Longitude

tions, ozone is not titrated away at night as would typically

happen in an urban environment. Average,S®ncentra-  Figure 11. Residence time analysis (RTA) from WRF-Chem esti-
tions are quite low year-round, averaging less than 0.2 ppbmates the amount of time that air masses originate from the vari-
but concentrations can occasionally spike~t@.0 ppb. The  0US locations in the region. These simulations estimate 48 h back-
average August 2011 CO concentration was 123 ppb (Stan_t_rajectories at MEFO (27 July to 26 August 2011). Three ma-

dard deviation of 27 ppb). These values increase when urbalf" Front Range cities (Denver, Colorado Springs and Pueblo) are
o . shown, and open circles indicate the cities’ primary coal-fired power
air is transported to the site, but rarely exceed 150 ppb. Peri lants. The left panel indicates that the majority of the lowsNON-

odic CO measurements at other times of year have ShOWEentration results (0-50th percentile) are from air masses that orig-

similar consistent results. These direct measurements PrQpae from the west. The right panel shows that the highest 10 % of
v_|de valuable 'h5|ght Into the range of atmospherlc. C_O_nd'_'NOZ concentrations originate from the Front Range cities and are
tions that the site experiences, and can be used as initial inadvected to the site.

puts and provide constraints in modeling efforts. The rela-

tively clean conditions combined with periodic, well-defined

urban perturbations make it an ideally situated location forchemistry as well as aerosol effects on radiation and clouds.
studying atmospheric processes at the rural-urban interfac&Simulations were performed at 4 km horizontal grid spacing
An example of this was demonstrated in Fig. 8 (adapted fromand compared to ground measurements during the intensive
DiGangi et al., 2012), which shows the ambient concentra-BEACHON-ROCS and BEACHON-RoOMBAS measurement
tions of HG;,, ROp, NO and NQ in panel a and the corre- periods. These modeling studies focused particularly on or-
sponding wind speed and direction in panel ¢ during a rep-ganic aerosol (OA) formation from forest BVOC emissions,
resentative BEACHON-ROCS day (24 August 2010). In theand the influence of anthropogenic pollutants transported to
early morning, both H@ and RQ are very low (<20ppt), the site. To study OA formation, the WRF-Chem model was
accompanied by low wind speeds. During the day, the windconfigured as described in Fry et al. (2013) using the SOA
speed increases and becomes southeasterly with an accompaedule based on Hodzic and Jimenez (2011) for anthro-
nying increase in NO (likely from the Colorado Springs area, pogenic precursors and Shrivastava et al. (2011) for biogenic
~ 40 km SE of the site). At 10:30, there is an abrupt change precursors. To study the influence of anthropogenic pollution
in wind direction with air coming from the SW (where there on aerosol formation, the WRF-Chem model was configured
is little anthropogenic influence), accompanied by a sharp deas described in Cui et al. (2014). Back-trajectory calculations
crease in NO concentrations. Concentrations obHBO, based on WRF-Chem simulations confirm that these pollu-
then reach maximum values during the early afternoon, atants are advected from the Front Range urban area (Fig. 11).
which point the HQ concentrations become maximized and Elevated concentrations of N@fand SQ, not shown) mea-

the loss mechanism for RGs through the R@+ HO, chan-  sured onsite coincide with the arrival of polluted air masses
nel (Fig. 8b). These observations demonstrate that the fatbom Denver or Colorado Springs, whereas low concentra-
of RO, radicals at the site is dominated by reaction with tions are associated with cleaner air advected from the west.
HO, under clean-air conditions and by reaction with NO The effect of anthropogenic pollution on predicted OA com-
when influenced by urban air. The transitions between theposition suggests a fraction of modern carbon that is on the
two regimes can be quite sharp, making the site well suitedbrder of that measured. Figure 12 shows that 30 % or more

40.0-

for studying these types of transitions. of OA is influenced by anthropogenic species through ei-
ther the formation of secondary organic aerosols by night-
4.2 Coupled weather and chemistry modeling time NOz chemistry, increased OH and;©xidation, or the

direct transport of anthropogenic OA to the site. \N&éhem-
Three-dimensional coupled meteorology and chemistry simistry contributes to larger SOA concentrations at night when
ulations of MEFO and the surrounding region have been conthe boundary layer is shallow (Fry et al., 2013), but the over-
ducted using the Weather Research and Forecasting modall contribution to the actual aerosol column relevant to ra-
with chemistry (WRF-Chem; Grell et al., 2005; Fast et diative forcing is small (a 1 ug ¥ mass concentration rep-
al., 2006). These model runs include gas-phase and aerospésents a 100 pgm column density in a 100 m nighttime
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Modeled and measured total organic aerosol (TOA): Observations WRF-Chem simulation —
July 16-August 25, 2011 e o
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Figure 12. Modeled and measured average diurnal profiles of to- 01 ool L1 LT T :l :
tal organic aerosol (TOA) mass concentrations at MEFO during # i"T
BEACHON-ROMBAS 2011. Aerosol mass spectrometry (AMS) 500 F iii ie e
observations are shown as black circles (withvariability shown P il s80p89¢ ? T ??
in gray). Predicted TOA is indicated in yellow (with variability A i viats

shown by the yellow bars). The predicted TOA is the sum of
the contributions: primary OA (red), biogenic secondary organic Figure 13.29 July 2011 particle size distributions obseryapiand
aerosol (SOA) from OH and £chemistry (green), biogenic SOA modeled with WRF-Chenfb). White areas ir(a) indicate that no
from NOs nighttime chemistry (purple) and anthropogenic SOA counts were observed for that diameter particle at that tife.
(yellow). Each plot (starting with green) is additive (equal to that shows the observed (black) and predicted (red) CCN concentrations
process plus the sum of the processes below it): for example, thaveraged over the 10-15 August 2011 time period. The blue circles
purple plot shows the contributions from primary OA, biogenic are the simulations when nucleation is not included, which demon-
SOA from OH and @ and biogenic SOA- NO3. Biogenic SOA  strates the importance of particle nucleation for CCN formation.
(both day and night) are the largest contributors to TOA, but an-
thropogenic species (yellow) also make a significant contribution.

gions in Indiana, USA (2.5 nnH; Pryor et al., 2010), and

) ) _ Finland (2.9 nm h; Jaatinen et al., 2009). It should also be
boundary layer). Daytime aerosol mass loadings contributg,steq that there is considerable variability in reported growth
much more to the regional aerosol mass due to the combing,es and this value is highly dependent upon the chosen di-
tion of the higher mass loadings and fully developed bound-geter range.
ary layer (2pg m? corresponds to 4000 ugTh in a 2km The impact of biogenic aerosols on clouds and precipita-
daytime boundary layer, a 40-fold increase column height). tjon was also investigated as part of the BEACHON project.
Small particle events_(see S_ect. 3.3) were correlated Wm"l:igure 13c shows the effect of new particle formation on

elevated S@ concentrations. Figure 13 shows the onset and.|5yd condensation nuclei (CCN) concentrations at the site
subsequent growth of particles at the site during one of thes%uring 5 days in August 2011. The observed CCN con-
events (29 July 2011) as observed (panel &) and the cor&senirations are compared with the predicted values, com-
sponding WRF-Chem simulation (panel b). Model results in-, teq with and without accounting for new particle forma-
dicate that initial particle formation is triggered by anthro- i1 in the model. These results show that modeled CCN
pogenic SQ, whereas subsequent particle growth is driven concentration predictions (at 0.5% supersaturation) signifi-
by condensation of BVOC oxidation products (Cui et al., cantly underpredict the actual measured concentrations un-
2014) as discussed in Sect. 3.3. Growth rates were calculatgss nycleation is taken into account. This demonstrates the
using the number mean diameter defined by (Matsui et al.jmportance of aerosol nucleation to accurately parameterize

2011) aerosol—cloud interactions. In future climate scenarios, it has
Dp. x N; been hypothesized that warmer temperatures (and potentially

Zl Di X Vi . . . .. . .
NMD = (1) higher biogenic emissions) could have a negative climate

2iNi feedback (Paasonen et al., 2013). This is because more ox-
whereDp; andN; are the diameter (nm) and number concen-idation products from BVOC emissions will be available for
tration, respectively. The model simulations estimated thatcondensation, resulting in higher CCN concentrations and
the average particle growth rates during these events (fronconsequently increased cloud cover. Other regional modeling
4 to 40nm mobility diameter) were 3.4nmh The ob-  efforts utilizing BEACHON-ROCS and RoMBAS data are
served values calculated from SMPS measurements (avestill underway to explore a variety of bio-hydro-atmosphere
age=2.0nmtl) are less than the simulated values, but in relationships.
reasonable agreement with other reports from forested re-
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5 Key findings from 2008-2011 field campaigns ence on gas-phase chemistry, aerosol properties and cloud
condensation nuclei have led to a number of interesting con-
The Manitou Experimental Forest Observatory has hostedlusions — some of which have been summarized herein.
three multi-investigator intensive measurement campaignsiigh-frequency turbulence measurements coupled with cor-
each designed to focus on specific aspects of bio-hydroresponding C@, water and energy fluxes at the site are now
atmosphere interactions. Measurements made during theeing incorporated into the land-surface schemes of climate
BEACHON-SRMO08 (Southern Rocky Mountains 2008) models to more accurately represent canopy influences. The
study provided an initial characterization of the site, pro- unique observational data are available for other model pa-
vided data (specifically aerosol number and mass concentraameterization and evaluation studies. The infrastructure ex-
tions, CCN and hygroscopicity) for evaluation of regional- ists to enable additional measurements and future scientific
scale model simulations examining aerosol—cloud interacmeasurement campaigns as well as for testing new instru-
tions, and enabled the identification of key scientific ques-ments, measurement intercomparisons, graduate and under-
tions that could be addressed during subsequent field cangraduate student development and other studies involving
paigns. The 2010 BEACHON-ROCS (Rocky Mountain Or- terrestrial-atmospheric exchange processes. MEFO is a col-
ganic Carbon) study focused on BVOC oxidation and as-laborative facility that is maintained through a cooperative
sociated implications for oxidant cycling and distributions. agreement between NCAR and the USDA Forest Service and
The results showed that while there are compounds in thgs available to the scientific community for training, model
ambient air not typically measured by standard techniquesdevelopment and evaluation, and scientific discovery.
there is evidence that missing OH sinks are associated with
oxidation products of known BVOC rather than primary
emissions of unknown BVOC. The study also demonstrated he Supplement related to this article is available online
that considerable BVOC oxidation takes place within the at doi:10.5194/acp-14-6345-2014-supplement
canopy air space. The following year (2011) the BEACHON-
ROMBAS (Rocky Mountain Biogenic Aerosol Study) took
place to characterize a multitude of aerosol processes at thécknowledgementsThe authors would like to acknowledge
site and incorporate the findings from the gas-phase measurgenerous field support from Richard Oakes (USDA Forest
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