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ABSTRACT

The variability of trace gases such as carbon monoxide (CO) at surface monitoring stations is affected by
meteorological forcings that are particularly complicated over mountainous terrain. A detailed understanding
of the impact of meteorological forcings on trace gas variability is challenging, but is vital to distinguish trace
gas measurements affected by local pollutant sources from measurements representative of background mixing
ratios. In the present study, we investigate the meteorological and CO characteristics at Pinnacles (38.61 N,
78.35 W, 1017 m above mean sea level), a mountaintop monitoring site in northwestern Virginia, USA, in the
Appalachian Mountains, from 2009 to 2012, and focus on understanding the dominant meteorological forcings
affecting the CO variability on diurnal timescales. The annual mean diurnal CO cycle shows a minimum in the
morning between 0700 and 0900 LST and a maximum in the late afternoon between 1600 and 2000 LST, with a
mean (median) daily CO amplitude of 39.2+23.7ppb (33.2ppb). CO amplitudes show large day-to-day
variability. The largest CO amplitudes, in which CO mixing ratios can change > 100 ppb in <3 h, occur in the
presence of synoptic disturbances. Under fair weather conditions, local- to regional-scale transport processes
are found to be more important drivers of the diurnal CO variability. On fair weather days with northwesterly
winds, boundary layer dilution causes a daytime CO decrease, resembling the variability observed atop tall
towers in flat terrain. Fair weather days with a wind shift from the northwest to the south are characterised by
an afternoon CO increase and resemble the variability observed at mountaintops influenced by the vertical
transport of polluted air from adjacent valleys.

Keywords: mountaintop monitoring, carbon monoxide, air quality, planetary boundary layer, vertical mixing,

horizontal wind shift

1. Introduction

Observations of atmospheric trace gas mixing ratios are
required for many applications, including air quality models
and inverse carbon transport models. An understanding
of the trace gas variability and the factors affecting this
variability is important for these applications (e.g. Seinfeld
and Pandis, 2006; De Wekker et al., 2009; Steyn et al.,
2012). A few hundred metres above the surface in flat
terrain, trace gas mixing ratios decrease in the well-mixed
convective boundary layer during the daytime. At these
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heights, measurements are representative of spatial scales
on the order of 10° km? in the afternoon (Gloor et al., 2001),
which has led to the establishment of a network of tall
towers with heights up to 500 m above ground level (agl).
Whereas much of the focus of the network is on monitor-
ing carbon dioxide (CO,) to help reduce uncertainties in
regional- to continental-scale carbon budgets (e.g. Bakwin
and Tans, 1995), carbon monoxide (CO) and a suite of other
trace gases are sometimes measured as well. CO is im-
portant because of its use as a tracer of anthropogenic
emissions and because it is the main sink for hydroxyl
radicals (OH) on the global scale (e.g. Thompson, 1992;
Henne et al., 2008).

Trace gas measurements are also increasingly being made
at mountaintops around the world (e.g. Levin et al., 1995;
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Henne et al., 2008; Thompson et al., 2009; Ramonet et al.,
2010; Andrews et al., 2014). Between 2004 and 2008, trace
gas measurements began at mountaintops in the continental
US in the Cascade Mountains (Jaffe et al., 2005), Rocky
Mountains (De Wekker et al., 2009) and Appalachian
Mountains (Lee et al., 2012). Mountaintops are often used
for the measurement of background, or free atmospheric
(FA) trace gas mixing ratios because, at times, mountain-
tops are located above the regional planetary boundary
layer (PBL). Within the PBL, CO mixing ratios are often
higher than within the FA because of near-surface anthro-
pogenic emissions, biomass burning (e.g. Crutzen and Andrea,
1990) and CO production, which occurs via methane
oxidation and the oxidation of organic compounds emitted
from vegetation (e.g. Zimmerman et al., 1978; Seinfeld
and Pandis, 2006). CO emissions within the PBL can be
transported to nearby mountaintops via multiple dynami-
cal forcings on a variety of spatiotemporal scales. Daytime
convective mixing, upslope flows (De Wekker et al., 2009),
mountain venting (e.g. De Wekker et al., 2004; Henne
et al., 2004, 2005) and wind shifts on the mesoscale (e.g.
Schmidt et al., 1996) to synoptic-scale (e.g. Zellwegger et al.,
2003) influence trace gas mixing ratios on timescales of up
to a few hours and reduce the degree to which mountaintop
trace gas measurements are representative of background
values (e.g. Brooks et al., 2012). Many studies have found
that these transport processes result in a daytime increase
in CO mixing ratios at mountaintops (e.g. Forrer et al.,
2000; Gao et al., 2005; Balzani Loov et al., 2008; Henne
et al., 2008; Obrist et al., 2008). Daytime increases are
also reported for other trace gases (e.g. Necki et al., 2003;
Weiss-Penzias et al., 2006) and aerosols (e.g. Baltensperger
et al., 1997; Lugauer et al., 1998).

Although previous work has focused on the trace gas and
aerosol variability observed at tall mountaintops and those
with high topographic prominence (e.g. Thoning et al., 1989;
Baltensperger et al., 1997; De Wekker et al., 2009), there has
also been considerable work describing the trace gas
variability at low mountaintops (e.g. Schmidt et al., 1996,
2003; Thompson et al., 2009; Ramonet et al., 2010; Pillai
et al., 2011). Whereas tall mountaintops typically remain
above the regional PBL away from local trace gas sources
and sinks (e.g. Baltensperger et al., 1997), low mountaintops
oftentimes lie at the transition between the regional PBL and
overlying FA. Thus, the trace gas variability at these
locations is very complex (e.g. Schmidt et al., 1996). For
many applications, it is important to differentiate periods
when these mountaintops sample clean, pristine air masses
from periods when local emission sources and transported
contributions are sampled. This knowledge can, for exam-
ple, provide an estimate of the contribution of fossil fuel
emissions to the in-situ CO, variability (e.g. Bakwin and

Tans, 1995) and improve the estimate of regional- to
continental-scale carbon sources and sinks from inverse
carbon transport models (e.g. Peters et al., 2007; Gerbig
et al., 2009; Schuh et al., 2010; Lac et al., 2013).

In the current study, we present CO and meteorological
observations from a recently established mountaintop moni-
toring site in the Appalachian Mountains that we refer to as
Pinnacles. The objectives of this paper are to (1) inves-
tigate the dominant meteorological drivers affecting the
diurnal CO variability at Pinnacles, and (2) contrast the
characteristics of the CO variability at Pinnacles with those
at other mountaintop sites, as well as with tall tower sites
located in flat terrain. Following a previous study focusing
on CO, observations from Pinnacles (Lee et al., 2012) and
studies at other mountaintop locations (e.g. Schmidt et al.,
1996; Pillai et al., 2011; Brooks et al., 2012), we hypothesise
that the largest CO changes occur (1) during air mass
changes that accompany cold front passages and (2) during
the daytime under fair weather conditions when convective
mixing and upslope flows transport CO-rich PBL air to the
mountaintop. To investigate these hypotheses, we use 4 yr
(2009-2012) of CO mixing ratio and meteorological mea-
surements from Pinnacles. Following a discussion of the on-
site measurements in Section 2, we provide an overview of
the monthly and diurnal cycles of the meteorological
variables and CO mixing ratios in Sections 3.1 and 3.2. In
Section 3.3, we compare the amplitudes of the mean diurnal
CO cycles at Pinnacles with the amplitudes observed at other
mountaintop CO monitoring sites around the world. In
Sections 3.4 and 3.5, we differentiate between days with the
largest and days with the smallest CO changes and in-
vestigate the dominant meteorological forcings on these
days. We conclude the paper with a discussion of our results
and possible implications in Section 4.

2. Data and methods

2.1. Site description

Pinnacles (38.61 N, 78.35 W) is located 1017 m above mean
sea level (msl) in the Shenandoah National Park (SNP)
along the crest of the Virginia Blue Ridge Mountains
in eastern US (Fig. la). The nearest potential CO emis-
sions source is Skyline Drive, a scenic tourist road oriented
southwest-northeast along the crest of the Blue Ridge
Mountains 120 m southeast of Pinnacles. Other nearby CO
emission sources include the town of Luray, with a popula-
tion of about 5000, located 15km west of Pinnacles in the
Page Valley. Washington, DC, the nearest metropolitan
area, is located 120 km northeast of Pinnacles. In addition
to anthropogenic emissions, other regional CO sources in-
clude CO emissions from biomass burning in upwind regions
(e.g. Crutzen and Andrea, 1990).
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Fig. 1. Topographic map (a) indicating the location of Pinnacles (white X) relative to Big Meadows and the Page Valley. Shading shows
elevation msl. The inset map at the top left shows the topography in a S km x 5 km box surrounding Pinnacles. The inset map at the top right
indicates the study location, denoted by a black box, in the eastern US. Topography data are from the US Geological Survey and have a 10 m
resolution. Panel (b) shows a web camera image taken at 1205 LST 23 Sept 2012 from the site showing the Page Valley northwest of Pinnacles.

2.2. Trace gas measurements Measurements are made through collaboration with the
Pinnacles is part of the NOAA Global Greenhouse Gas NOAA Earth System Research Laboratory (ESRL). CO
Reference Network (http://www.esrl.noaa.gov/gmd/ccgg/). and CO, mixing ratios have been measured at 5, 10 and
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17m agl since August 2008 along a 17 m tower at the site.
Both CO and CO, are sampled approximately every 10 min
at each height, and half-hour means of these data are used
in all analyses. In the present paper, we use data collected
during the first four full years of measurements from
1 January 2009 to 31 December 2012. The CO and CO,
data record over this period is 84% complete, as there are
occasional gaps due to on-site power outages and mis-
cellaneous system malfunctions.

CO and CO, are measured using a Thermo Electron
Corporation 48C CO analyser and Li-COR 7000 closed
path gas analyser, respectively. Instrumentation, calibra-
tion and measurement uncertainty are described in detail
in Andrews et al. (2014). The measurements are fully
automated, and NOAA-supplied field calibration stan-
dards are directly traceable to the World Meteorological
Organization’s mole fraction scales for CO and CO, main-
tained at the NOAA ESRL. The CO and CO, analysers
both suffer from baseline drift, so the analyser baseline is
measured every 30—40 min for CO and every 2 h for CO,.
The instrument calibration frequency has varied over the
duration of the measurement period. Currently, the CO
analyser is calibrated every 23 h using calibration standards
of 100 ppb and 350 ppb. The CO, analyser is calibrated
every 11 h using four standards: 350 ppm, 380 ppm, 410 ppm
and 460 ppm. Additional target cylinders track measure-
ment reproducibility at approximately 220 ppb (400 ppm)
for CO (CO,). Detailed uncertainty estimates and algo-
rithms are provided in the data files available from NOAA
ESRL (Andrews et al., 2014). Random and non-random
(i.e. systematic) measurement uncertainties are reported
separately during archival and post-processing. These uncer-
tainties come from three sources: atmospheric trace gas
variability, measurement uncertainty and scale uncertainty.
The total uncertainty is the sum of these three uncertainties

Table 1.

(Andrews et al., 2014). The atmospheric variability repre-
sents the standard deviation (SD) of the trace gas con-
centration over the 30-second period during which the trace
gas of interest is sampled. Measurement uncertainty is a
function of multiple systematic uncertainties, for example,
differences in moisture content of the samples which can
affect the measured trace gas concentration and extrapola-
tion uncertainties that arise when trace gas samples are
made that are outside the calibrated range of the monitor-
ing system. The scale uncertainty arises from the uncer-
tainties in the calibration standards themselves (Zhao and
Tans, 2006). Total uncertainties are typically <6 ppb for
CO and <0.1 ppm for CO, (Andrews et al., 2014).

In our analyses, we exclude data from periods when the
analysers were performing poorly, which are rare but may
occur, for example, during periods when the room temp-
erature fluctuates significantly or when the trace gas obser-
vations are highly variable. Therefore, we compute a total
uncertainty that is the quadrature sum of the non-random
measurement uncertainty and the SD over the measure-
ment period, which includes random analyser noise and
real atmospheric variability. At Pinnacles, 82.7% (98.2%)
of the CO measurements sampled at 17m agl have a
total uncertainty <5ppb (<10ppb), and 95.6% (99.9%)
of the CO, measurements have an uncertainty <0.1 ppm
(<0.2ppm). We remove CO measurements whose total
uncertainty exceeds 10 ppb.

2.3. Meteorological measurements

Meteorological measurements at Pinnacles began in July
2008 and include temperature, humidity, wind, radiation,
pressure and rainfall (Table 1). Data from a CSAT sonic
anemometer and a Li-COR 7500 water vapour and CO, gas
analyser are used to compute 30 min mean sensible heat,

Meteorological variable, sampling instrument, sampling height(s) and sampling technique for each meteorological variable

measured at Pinnacles. Data from the CMP3 pyranometer are used to compute CI.

Variable Instrument

Sampling

height(s) (m agl) Sampling technique

Vaisala HMP45C
Vaisala CS105 pressure sensor

Air temperature and humidity
Barometric pressure

2, 5,10, 17 30 min means of 1 Hz samples
14 30 min means of 1 Hz samples

CO, flux, latent heat flux CSAT sonic anemometer, Li-COR 7500 water 17 30 min means of 10 Hz samples
vapour and CO, gas analyser
Incoming and outgoing shortwave  Hukseflux 4-component net radiometer 17 30 min means of 1 Hz samples
and longwave radiation

Incoming shortwave radiation Kip and Zonen CMP3 pyranometer 17 30 min means of 1 Hz samples
Rainfall TR-525I tipping bucket rain gauge 3 30 min total

Sensible heat flux CSAT sonic anemometer 17 30 min means of 10 Hz samples
Wind direction MetOne 034B windset 10, 17 30 min sample

Wind speed MetOne 034B windset

10, 17 30 min means of 1 Hz samples
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latent heat and CO, fluxes. To complement these measure-
ments, a web camera was installed 17 m agl in October 2009
facing northwest into the Page Valley (Fig. 1b). Images are
recorded every 15 min.

The meteorological data set is mostly complete ( >90%),
but there are occasional gaps in the data due to data logger
malfunctions and on-site power outages. Data quality
assurance and quality control procedures include filtering
the cup anemometer wind data by removing all wind
measurements made when the wind speed is Om s~ ! for
>30 min. Extended periods (sometimes >12h) of 0ms !
wind speeds are caused by rime ice on the instruments that
occasionally occurs between October and April. Wind
speeds of 0m s ! for >12 h also occurred when the cup
anemometer’s potentiometer malfunctioned for several
periods in summer 2009 and summer 2011. Because tem-
perature and humidity are measured at multiple levels along
the tower, we remove measurements that are unrealistically
different from the others, and we remove flux measurements
made during periods of precipitation.

Measurements of temperature, humidity, wind, insola-
tion and precipitation from Big Meadows (38.52 N, 78.44 W,
1079 m msl), a mountaintop air quality monitoring site
located 14 km south of Pinnacles (Fig. 1a), are used to fill in
occasional gaps in the Pinnacles data record. Because
frozen precipitation is not measured at Pinnacles but is a
routine occurrence between October and April, we use
precipitation data from Big Meadows (which has a heated
rain gauge) to determine precipitation patterns.

2.4. Trajectory model

We run the Hybrid Single Particle Lagrangian Integrated
Trajectory (HYSPLIT) model for a selection of cases
discussed in Section 3.2 to understand source regions for
periods of high CO mixing ratios. HYSPLIT is a kinematic
backward trajectory model (Draxler and Hess, 2004) that
we initialise using wind fields from the North American
Model (NAM) (e.g. Janjic et al., 2010, 2011). The NAM
has a horizontal grid spacing of 12km and 60 vertical
levels, 34 of which are below 5km. Sensitivity tests using
other meteorological models to provide the wind fields
for HYSPLIT indicate that the source regions identified
are unaffected by our choice of meteorological model. We
initialise trajectories every hour for the time periods of
interest and run trajectories backward for 72 h starting at
100m agl. We choose 100 m agl because previous work at
the site has shown that trajectory simulations with this
starting height agreed best with observations from the site
(Lee et al., 2012).

2.5. Reanalysis products

We use the North American Regional Reanalysis (NARR)
to assist with the interpretation of our observations.
NARR uses boundary conditions from the National Center
for Environmental Prediction (NCEP) global reanalysis,
NCEP Eta model, and surface and rawinsonde observa-
tions to generate meteorological fields over North America
at a 32km spatial resolution and 3 h temporal resolution.
There are 29 vertical levels, 17 of which are below 5km
(Mesinger et al., 2006). NARR data are obtained from ftp.
cdc.noaa.gov/NARR. Whereas higher resolution models
such as the NAM are also available, NAM compares well
with NARR over the region of interest (Lee, 2015) and thus
we are confident in our choice to use NARR.

3. Results and discussion

3.1. Meteorological characteristics of the site

The region around Pinnacles is classified as humid sub-
tropical in the Piedmont east of the Blue Ridge Mountains
and is humid continental along and west of the Blue Ridge
Mountains (e.g. Lee et al., 2012, 2014). At Pinnacles, mean
afternoon temperatures 17m agl range from —2°C in
January to 22°C in July (Fig. 2a). Water vapour mixing
ratios 17m agl are smallest (largest) in winter (summer),
with mean values around 3g kg ="' (11.0g kg™ }), and the
mean daily amplitude is about seven times larger in summer
than in winter. Rainfall is evenly distributed throughout
the year, and total annual rainfall in 2009, 2010, 2011 and
2012 is 1396, 1467, 1493 and 1079 mm, respectively.

Mean afternoon sensible heat fluxes range from <100 W
m ~2 in December to 250 W m ~2 in April (Fig. 2b). Latent
heat fluxes begin increasing in April and are larger than
the sensible heat fluxes from June to September, with the
highest values near 300 W m 2 in June. The latent heat
fluxes agree with those reported by Lee et al. (2012) during
the site’s first year of measurements and with measure-
ments reported at other mid-latitude continental locations
located in similar climate regimes as Pinnacles (e.g. Greco
and Baldocchi, 1996; Yi et al., 2001).

Mean wind speeds, averaged over 0000-2400 LST
(UTC-5), are strongest in the winter (5.2m s~ !) and
weakest in the summer (2.8 m s~ '), and night-time winds
are about 1m s~ ' larger than daytime winds (Fig. 2c).
Winds typically shift from the northwest at night to the
south during the late afternoon, contributing to the
bimodality in wind direction present in all seasons
(Fig. 3).
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Fig. 2.

Mean diurnal time series by month of temperature (7) (red line) and water vapour (g) (blue line) (a); shortwave radiation (SWR)

(black line), sensible heat (H) (red line) and latent heat (LE) (blue line) (b); wind direction (WD) (red line) and wind speed (WS) (blue line)
(c). Vertical grey lines distinguish different months. Means represent measurements from 1 January 2009 to 31 December 2012. All

measurements are made at 17m agl at Pinnacles. Sensible and latent heat fluxes < —20W m ~2 are not included in the mean cycle.
Because these are mean diurnal time series by month, the time series are discontinuous.

3.2. Seasonal CO cycle

Between 2009 and 2012, the mean CO mixing ratio at 17 m
agl at Pinnacles was 144.3 +23.8 ppb. Annual mean (median)
CO mixing ratios at 17m agl in 2009, 2010, 2011 and 2012
were 139.2 ppb (137.7 ppb), 148.8 ppb (146.6 ppb), 145.1 ppb
(144.0 ppb) and 144.7 ppb (144.8 ppb), respectively. Monthly
mean CO at 17m agl ranges from 160.3 ppb in March to
126.8 ppb in October (Table 2). CO mixing ratios are
slightly higher near the surface. Mean CO mixing ratios
measured at Sm and 10m agl are 146.6+24.4ppb and
145.4424.1 ppb, respectively, and exhibit the same diurnal
and seasonal trends as the measurements at 17m agl. In
this paper, we focus on CO measurements made at 17 m agl.

The seasonal CO cycle is caused by the seasonality of
OH, which peaks in the summer, and larger anthropogenic
emissions during the winter (e.g. Novelli et al., 1998), and is
consistent with other continental mid-latitude sites (e.g.
Popa et al., 2010). The CO cycle is consistent from year-to-
year (Fig. 4), but there are multiple times when the half-
hour mean CO mixing ratio remains above one SD from
the mean for > 1 diurnal cycle. For example, over the period
7-11 August 2010, CO mixing ratios remained above
180 ppb, resulting in mean monthly CO mixing ratios that
were higher in August 2010 than in other Augusts.

During these and other periods such as in late June 2012
(when CO mixing ratios remained >170ppb for about
24 h), the elevated CO mixing ratios were mainly due to a
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Fig. 3. Wind distribution at 17m agl at Pinnacles in winter
(DJF) (a), spring (MAM) (b), summer (JJA) (c) and fall (SON) (d)
from 1 January 2009 to 31 December 2012. Data completion
percentage is 83.2%, 86.8%, 58.5% and 79.2%, respectively.

combination of emissions from forest fires in the region
and by the build-up of polluted air caused by weak synoptic
forcing. We use output from the satellite-borne Moderate
Resolution Imaging Spectroradiometer (MODIS), which
provides information on the timing and locations of fires
(e.g. Justice et al., 2002; Giglio et al., 2003). Output from
MODIS indicates that forest fires were present a few tens to
a few hundred kilometres upwind of Pinnacles during the

periods of elevated CO mixing ratio. Furthermore, web
camera images from Pinnacles showed hazy skies and
reduced visibility over these periods, and synoptic analyses,
as well as HYSPLIT backward trajectories, further corro-
borated weak near-surface anti-cyclonic flow.

In addition to cases when CO mixing ratios remain high
for >1 diurnal cycle, there are multiple times when CO
mixing ratios increase to values 2—3 times larger than the
mean. These events happen on timescales <3 h; examples
of these events are discussed in more detail in Section 3.4.

3.3. Diurnal CO cycle

On diurnal timescales, CO increases during the daytime,
beginning around 0900 LST in the winter and 12 h earlier
in the other seasons (Fig. 5). In all seasons, there is a maxi-
mum in the late afternoon-early evening that is followed by
a night-time decrease. The mean diurnal CO cycle has
the largest amplitude in the winter (7.1 ppb) and smallest
amplitude in the summer (4.0 ppb). Mean daytime CO
increases of this magnitude have been reported at other
mountaintops (e.g. Forrer et al., 2000; Henne et al., 2008;
Obrist et al., 2008) and are attributed to the vertical mixing
and transport of valley PBL air to the mountaintop during
the daytime. Nocturnal CO decreases at other mountain-
tops have been attributed to sinking motions that transport
cleaner air from the FA to the mountaintop (e.g. Schmidt
et al., 1996; Balzani Lo6v et al., 2008).

In contrast with what we find at Pinnacles, previous
studies reported larger mean daily CO amplitude in the
summer than in winter because convective mixing is strongest
during the summer (e.g. Atlas and Ridley, 1996; Forrer
et al., 2000; Gao et al., 2005; Balzani L66v et al., 2008; Henne
et al., 2008). For example, at Mount Kenya (3678 m msl)

Table 2. Monthly mean and median CO; monthly mean and median afternoon (1200—-1600 LST) CO; monthly mean and median night-
time (0000-0400 LST) CO; and monthly maximum and minimum CO. All values are measured at 17m agl at Pinnacles for the period

1 January 2009-31 December 2012.

Mean (median) Mean (median) Mean (median) Maximum Minimum
Month CO (ppb) afternoon CO (ppb) night-time CO (ppb) CO (ppb) CO (ppb)
Jan 156.7 (151.1) 156.6 (150.7) 155.6 (151.0) 335.7 101.5
Feb 158.4 (156.5) 158.5 (156.5) 159.5 (157.2) 250.4 98.3
Mar 160.3 (159.2) 160.3 (159.0) 161.0 (159.6) 241.5 108.3
Apr 159.3 (156.4) 157.5 (154.8) 161.1 (157.7) 448.9 94.9
May 146.3 (144.9) 148.0 (145.1) 146.3 (145.2) 240.9 94.6
June 140.8 (136.9) 140.9 (136.8) 140.7 (137.6) 224.8 82.8
July 135.9 (131.5) 138.1 (133.6) 134.6 (131.6) 229.3 80.8
Aug 140.8 (137.9) 141.2 (137.1) 140.1 (138.6) 289.5 76.6
Sept 131.8 (130.4) 132.4 (129.6) 132.0 (131.2) 274.8 68.1
Oct 126.8 (124.7) 127.0 (125.5) 125.9 (124.4) 254.5 80.4
Nov 138.4 (134.9) 139.7 (136.9) 137.9 (134.4) 251.7 65.7
Dec 141.4 (139.4) 142.7 (139.8) 140.6 (138.5) 289 96.4
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Fig. 4.

Half-hour mean CO at 17 m agl at Pinnacles in 2009 (a), 2010 (b), 2011 (c) and 2012 (d) (black line). Data gaps have been filled in

using data from 5m and 10 m agl (grey line) when available. Superimposed red and blue lines represent monthly means for all years and the
individual years, respectively, for months with >50% data completion. Data completion at 17m agl for 2009, 2010, 2011 and 2012 is
89.2%, 74.7%, 93.1% and 78.3%, respectively. Measurements with an uncertainty > 10 ppb are not shown.

in Africa, the amplitude of the mean diurnal CO cycle in
the late summer (i.e. the dry season) is nearly double
the amplitude of the mean diurnal cycle in the late winter
(i.e. the wet season) (Henne et al., 2008). Larger diurnal
CO amplitudes in the warm season have also been reported
at tall mountaintops such as Mauna Loa (3397 m msl) in
Hawaii (Atlas and Ridley, 1996), Jungfraujoch (3580 m
msl) in the European Alps (Balzani Loov et al., 2008).

To put our findings from Pinnacles into the context of
findings from other mountaintops, we determine the
relationship between the amplitude of mean diurnal CO
cycle and the mountaintop’s elevation above mean sea level
using studies from seven other global mountaintop mon-
itoring sites which report the mean diurnal CO amplitude

as a function of season. We find a positive relationship
between elevation and the mean diurnal CO amplitude
(Table 3), indicating that taller mountaintops have higher
CO amplitudes. The taller mountaintops are more strongly
and/or more frequently influenced by FA air, which is
cleaner than air in the adjacent valley PBL, particularly
at night. Thus, on days when valley PBL air affects the
mountaintop, which typically occurs during the daytime in
the summer (e.g. Baltensperger et al., 1997; Lugauer et al.,
1998), there is a larger change in the CO mixing ratio than
there is when the mountaintop is unaffected by valley PBL
air, which is typically during the winter.

However, there are many other factors besides elevation
that affect the observed trace gas variability, including
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mountaintop shape (e.g. Igarashi et al., 2006), meteorolo-
gical variability (e.g. Cooper and Moody, 2000; Lee et al.,
2012; Pandey Deolal et al., 2014), PBL heights (Lee, 2015),
and proximity to local emissions sources (e.g. Gao et al.,
2005). For example, a mountaintop such as Mount Tai
(1534m msl) in China’s Shandong province, despite its
relatively low elevation, has a large mean diurnal CO cycle
in the summer with a CO amplitude > 100 ppb due to the
site’s proximity downwind of anthropogenic CO emissions
(Gao et al., 2005). The effect of PBL heights is investigated
in detail by Lee (2015), where he found increasing CO
amplitudes at Pinnacles with decreasing boundary layer
heights. The importance of meteorological variability to the
diurnal CO behaviour is further investigated in the next
section.

3.4. Daily CO amplitude variability

During the 4-yr period of interest, the CO amplitude, which
we define as the difference between the daily maximum and

daily minimum half-hour CO mixing ratio, ranged from
10.4 ppb to 293.7ppb, and the mean (median) amplitude
was 39.2+23.7ppb (33.2ppb) (Fig. 6). Daily CO ampli-
tudes are typically largest in winter (44.4+26.2 ppb) and
smallest in summer (36.7 4+ 18.4 ppb) but show much vari-
ability around the mean. Daily amplitudes above the 90th
percentile (i.e. >67ppb), and therefore also the largest
mean daily CO amplitudes, occur most often during the
winter. Note that the daily CO amplitudes are much larger
than the amplitude of the mean daily CO cycles because
averaging removes some of the day-to-day CO variability.

We compare the days with the largest ( >90th percentile)
and the smallest CO amplitudes ( < 10th percentile) to deter-
mine the dominant meteorological forcings affecting CO
variability during these types of days. Because of seasonal
differences in CO mixing ratio and daily CO amplitude, we
differentiate among seasons. Within any season, days with
the smallest (largest) CO amplitudes occur on days with the
largest (smallest) amounts of incoming shortwave radiation
and the largest (smallest) diurnal temperature ranges, which
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Table 3. CO amplitude in different seasons from other mountaintops in the literature at which CO has been studied. CO amplitudes are

not available (NA) in all seasons at all sites.

Elevation Winter CO Spring CO Summer CO Fall CO

Mountaintop (m) Amp. (ppb) Amp. (ppb) Amp. (ppb) Amp. (ppb) Reference
Mount Kenya 3678 9 15 25 20 Henne et al., 2008
Jungfraujoch 3580 3 10 11 5 Forrer et al., 2000
Lulin Atmospheric 2862 22 16 20 23 Ou-Yang et al., 2014

Background Station
Mount Bachelor 2763 NA 8 NA NA Weiss-Penzais et al., 2006
Mei-Feng, Taiwan 2269 50 20 10 75 Lin et al., 2011
Whistler 2182 3 3 5 3 MacDonald et al., 2011
Mount Tai 1534 NA NA 110 100 Gao et al., 2005
Pinnacles 1017 7 5 4 6 This study

is in contrast to previous studies on the diurnal CO
variability at other mountaintops (e.g. Gao et al., 2005).

Independent of season, the largest diurnal CO changes
oftentimes occur on timescales <3 h and are independent
of time of day. For example, CO increased from 145 ppb
to 241 ppb between 0600 and 0800 LST on 11 April 2009.
Synoptic analyses reveal that a cold front passed through
the region during this time, inducing a wind shift from
the southwest to northwest that resulted in a short-lived
CO increase, during which CO mixing ratios remained
> 200 ppb for 2 h. Analysis of other variables measured on-
site indicates that this CO increase was accompanied by a
CO; increase and water vapour decrease. HYSPLIT back-
ward trajectories (not shown) indicate that the prefrontal
air originated over the southeastern US and had less con-
tact with surface emissions than the post-frontal trajec-
tories that passed over polluted regions in the northeastern
US prior to arriving at Pinnacles.

Another example of a large CO change was on 26 January
2011 when CO mixing ratios increased from 176 ppb to
322 ppb between 1400 and 1600 LST during the passage of a
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Daily CO Amplitude (ppd)
Fig. 6.  Frequency distribution of daily CO amplitude, defined as

the difference between the daily maximum and minimum half-hour
CO mixing ratio, from 1 January 2009 to 31 December 2012 at
17m agl at Pinnacles. Each bin size is 5 ppb.

coastal winter storm east of Pinnacles. Consistent with the
11 April 2009 frontal passage, the CO increase during the 26
January event coincided with a CO, increase and water
vapour decrease. HYSPLIT trajectory analyses show that
the CO, CO, and water vapour changes were caused by an
air mass change that occurred as the coastal storm moved
away from Pinnacles, resulting in polluted air from the
northeastern US being transported to Pinnacles.

From these examples, as well as from other cases not
discussed, we conclude that the largest diurnal CO changes
occur in the presence of synoptic disturbances, which in-
duce wind shifts that transport air from polluted upwind
source regions to Pinnacles. This finding is consistent with
our hypothesis stated in Section 1, as well as with previous
studies in flat terrain (e.g. Hurwitz et al., 2004) and at
mountaintops (e.g. Zellwegger et al., 2003; Brooks et al.,
2012) including Pinnacles (Lee et al., 2012). However, our
finding that days with the smallest CO amplitude typically
occur on days with strong insolation appears counter-
intuitive and is contrary to our hypothesis. Strong insola-
tion is expected to facilitate the vertical transport of air
from upwind valleys to nearby mountaintops by convective
mixing and upslope flows, processes which induce large
changes in pollutant concentrations on diurnal timescales
(e.g. Baltensperger et al., 1997; Lugauer et al., 1998). To
better understand this apparent contradiction, we isolate
fair weather days and investigate the CO variability on
these days in the next section.

3.5. CO variability on fair weather days

We identify fair weather days by calculating a clearness
index (CI) for each day in the 4-yr data set using solar
radiation measurements. Following Whiteman and Allwine
(1986), we calculate the maximum total incoming solar
radiation that could be received at Pinnacles (i.e. the
theoretical maximum). We then sum the total amount of
incoming solar radiation measured at Pinnacles and divide
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this value by the theoretical maximum to determine the
CI (Whiteman et al., 1999a). We find that CO amplitude
decreases as a function of CI. This pattern is most apparent
when binning the CO amplitude into different categories
based on CI. Days with the smallest CI have both the
largest mean CO amplitudes and largest interquartile ranges.
Furthermore, the 90th percentile of these cases have CO
amplitudes >80 ppb, whereas the clearest days have CO
amplitudes approximately half this value (Fig. 7). Days
with low CI are typically cloudy, rather than hazy, based
on web camera images from the site, and have stronger
winds than days with high CI. Mean 17 m wind speeds on
days with the lowest (highest) CI are around 5.3m s~ '
(3.8m s ') because cloudy days are more prone to the
impacts of synoptic disturbances, which induce higher wind
speeds, and result in larger daily changes in CO mixing
ratios (c.f. Section 3.4). In contrast, days with higher CI are
not impacted by synoptic disturbances, and thus the CO
amplitudes on these days are usually smaller. We classify
days with a high CI as fair weather days, using a CI
threshold of 0.6 (i.e. above the 50th percentile). We note,
though, that our results are not significantly impacted by
our choice of the CI threshold.

Our analyses reveal that there are fair weather days with
large diurnal CO amplitudes and with small diurnal CO
amplitudes, and thus we further investigate the factors
causing this variability. Since advective processes are a
major factor in determining the local rate of change of a
trace gas mixing ratio, we focus next on a discussion of the
role of horizontal wind speed and direction on the CO
variability. Previous work has found that diurnal wind
direction changes are an important component of the
climatology at other mountaintop monitoring sites (e.g.
Atlas and Ridley, 1996; Kleissl et al., 2007). These wind
direction changes are attributed to thermal circulations and
are associated with the transport of pollutant-rich PBL air
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Fig. 7. Daily CO amplitude as a function of clearness index,
divided into 12 bins (N =78) for each bin), from 1 January 2009 to
31 December 2012. Black X’s represent 50th percentile; lines
extend out to 25th and 75th percentiles; black circles represent the
10th and 90th percentiles.

to nearby mountaintops (e.g. Baltensperger et al., 1997;
Lugauer et al., 1998). Thus, to help understand the
impact of wind direction changes on the CO variability at
Pinnacles, we determine the mean CO mixing ratio as a
function of wind direction. Winds from the east, southeast
and south (southwest, west and northwest) happen 32%
(45%) of the time and correspond with a mean CO mixing
ratio of 147.5ppb (141.8 ppb) (Fig. 8). Southerly winds
have already been shown to correlate with higher CO and
CO, mixing ratios during the cool season in previous
studies at the site (Lee et al., 2012), which is consistent with
other seasons as well. Because wind shifts to the south are
an important part of the climatology at Pinnacles (c.f. Fig. 2c)
and are associated with higher CO mixing ratios, we
hypothesise that the CO variability on fair weather days
can be explained by the presence or absence of a wind
shift to the south during the daytime. Therefore, we use
Pinnacles’ wind measurements and classify fair weather
days based on the presence or absence of a southerly wind
shift. We first determine the mean wind direction for four
6-hour periods: 0006 LST, 06—-12 LST, 12-18 LST and
18—-00 LST. Ninety percent of the 628 fair weather days
had a CO record >50% complete during the day and are
investigated further (Table 4). Forty-nine percent of these
days have a steady wind direction throughout the day, i.e.
the wind direction varied by <90°. Consistent with the
climatology discussed in Section 3.1, northwesterly winds
are most common and occur predominantly during the
winter months. Of the fair weather days with a constant
wind direction, 67% have northwesterly winds throughout
the day, whereas 4% have mean winds from the northeast.
Since northwesterly winds are most common and because
CO varies as a function of wind direction (Fig. 8), we
classify days as Type I if the mean wind direction in each
6-h period is from the northwest.
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Fig. 8. Mean CO mixing ratio +1 standard deviation as a
function of wind direction for all days from 1 January 2009 to 31
December 2012 at 17m agl at Pinnacles. Numbers shown are the
percentage of the total. Numbers do not add to 100% because of
rounding.
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The remaining 51% of the fair weather days have a wind
shift. A wind shift from the northwest during the first half
of the day (00—12 LST) to a different wind direction during
the second half of the day (12-24 LST) is most common
and happens on 48% of this subset of days. On 56%, 35%
and 9% of this subset of days, there is an afternoon counter
clockwise wind shift to the southwest, southeast and
northeast, respectively. We classify days with an afternoon
wind shift to the southwest or southeast as Type II days.
The remaining fair weather days have a wind shift other
than what is differentiated here; they are classified as
neither Type I nor Type II and are revisited in Section
3.5.3. In summary, 33 and 22% of all fair weather days are
classified as Type I and Type II days, respectively.

Type I and Type II days have the similar mean CI (0.75).
Mean afternoon (1200—1600 LST) shortwave radiation for
Type I and Type II days is 624 W m 2 and 633 W m 2,
respectively, whereas mean afternoon sensible heat fluxes
on Type I and Type II days are 171W m 2 and 206 W
m ~2, respectively. There are no seasonal differences in the
occurrences of Type I or Type II days, although days with
strong (weak) mean winds are most common in winter
(summer) (Table 5) which is consistent with the climatology
(c.f. Fig. 2). Synoptic analyses indicate that Type I days
are most common following cold front passages, and mean
winds are 0.7m s~ ' higher than on Type II days. The
diurnal behaviour of wind direction on Type I and Type 11
days at Pinnacles also happens at Big Meadows and nearby
monitoring sites in flat terrain.

We use NARR to characterise the synoptic conditions on
Type I and Type II days and to investigate the underlying
causes of the wind shift on Type II days. Both Type I days
and Type II days have a near-surface anticyclone southwest
of Pinnacles. Consistent with Type I days, composites of
the 900 mb (i.e. the approximate elevation of Pinnacles)
wind fields at 0900 UTC (0400 LST) on Type II days
indicate the presence of northwesterly flows across Virginia
(Fig. 9a). Consistent with the observations, NARR com-

Table 4. Number and percentage of fair weather days with steady
winds and fair weather days without steady winds

posites of the 900mb wind fields indicate a counter
clockwise wind shift on Type II days, with southwesterly
winds in the afternoon. This wind shift is most pronounced
in the lee of the Appalachian Mountains, (Fig. 9b). This
diurnal wind shift is also present in the surface (10m agl)
NARR composites. The mean v-component of the wind
along and immediately east of the Blue Ridge Mountains is
—1ms~ ! (northerly) in the 0900 UTC NARR composites,
but is +2m s~ ' (southerly) on the 2100 UTC NARR
composites (not shown). These wind shifts have been
documented in previous studies in other mountainous
regions, for example, the European Alps (e.g. Lugauer
and Winkler, 2005) and Rocky Mountains (e.g. Whiteman
et al., 1999b), and have been attributed to the diurnal cycle
of diabatic heating (e.g. Whiteman, 2000). The wind shift
that we observe is also present several hundred kilometres
away from the Appalachian Mountains, and it is not clear
if these wind shifts are caused by the diabatic heating of the
mountain slopes in this region or by other processes such
atmospheric tides (e.g. Mass et al., 1991).

3.5.1. Type I days. On Type I days, both the mean and
median diurnal CO cycles exhibit a decrease between 0000
LST and 0800 LST when winds are from the northwest,
consistent with the diurnal CO cycles shown in Fig. 5.
Following a short-lived mid-morning CO maximum, CO
decreases to a minimum between 1400 and 1800 LST and
closely follows the diurnal cycle in water vapour (Fig. 10).
Following the afternoon CO minimum, CO begins increas-
ing due to pollutants accumulating within a stabilising PBL.
Differentiating by mean wind speed, we find that there is a
short-lived CO and water vapour maximum around 1000
LST that likely coincides with the arrival of valley PBL air at
the mountaintop on days with weak winds (and thus less
synoptic forcing). Following the short-lived CO increase,
mixing and dilution within the growing daytime PBL result
in a late afternoon CO minimum at Pinnacles.

Table 5. Occurrence of Type I and Type II days as a function of
season

Percentage of fair

Classification of fair weather days Number weather days

>50% data coverage 565 100
Steady winds 277 49
Steady northwesterly winds 187 33
(Type I)
Days with a wind shift 288 51
Days with a wind shift from 126 22
northwesterly to southerly
(Type 1D)

Days that are not Type I or Type 11 252 45

Winter  Spring  Summer  Fall
Type 1, all 14.2 15.8 10.9 10.7
Type I, light winds 4.2 7.6 9.0 4.9
(<39ms )
Type I, strong winds 9.7 8.2 1.9 5.8
(>39ms ")
Type 11, all 9.2 11.4 8.4 9.1
Type 11, light winds 1.7 33 6.5 5.5
(<33ms ")
Type 11, strong winds 7.5 7.1 3.0 2.7
(>33ms )
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The observed CO variability on Type I days contrasts of valley PBL air causes a daytime trace gas and aerosol
with findings on the diurnal trace gas and aerosol vari- increase (e.g. Baltensperger et al., 1997; Weiss-Penzias et al.,
ability at other mountaintops at which the vertical transport 2006) and also contrasts with the mean seasonal diurnal
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cycles of CO at Pinnacles. The presence of constant wind
directions throughout the entire diurnal cycle at Pinnacles is
an important characteristic of the diurnal CO variability on
Type I days with a daytime CO minimum. This diurnal cycle
has been reported for other trace gas species. For example,
peroxyacetic nitric anhydride (PAN), which depending on
ambient temperature has a relatively long atmospheric
lifetime (e.g. Seinfeld and Pandis, 1996) that enables it to
be transported over long distances (e.g. Fahey et al., 1986),
was sampled at a mountaintop monitoring site approxi-
mately 360 km southwest of Pinnacles in the late 1980s (e.g.
Roberts et al., 1995). Consistent with our findings in the
diurnal CO cycle on Type I days, the mean diurnal cycle in
PAN during the summertime shows a daytime decrease
(Roberts et al., 1995). This daytime decrease is consistent
with the diurnal cycle of trace gas variability over flat
terrain (e.g. Popa et al., 2010). A few hundred metres above
the surface in flat terrain, there is oftentimes a short-lived
mid-morning trace gas increase due to the arrival of
polluted air contained within the nocturnal PBL (e.g.
Schmidt et al., 2014). As the PBL increases in depth,
turbulent mixing within the PBL causes trace gas mixing
ratios to decrease (e.g. Popa et al., 2010; Schmidt et al.,
2014). The PBL depth represents the height to which
turbulent mixing dominates and is an important driver
of trace gas and aerosol variability over flat terrain (e.g.
Seibert et al., 2000; Gibert et al., 2007) and in valleys (e.g.
Pal et al., 2014).

Based on the findings in the present study, the PBL
height is similarly expected to be another important driver
of the CO variability at mountaintops like Pinnacles, in
particular on Type I days. Continuous PBL height obser-
vation platforms for Pinnacles and its immediate surround-
ings are not available for the entire study period. The
sounding station nearest Pinnacles where twice-daily raw-
insonde observations are available is Dulles Airport (IAD),
which is located 90 km northeast of Pinnacles. If we assume
that PBL heights from the IAD rawinsonde observations
are the same as at Pinnacles, we find that days with deep
PBLs (i.e. those exceeding the mountaintop height) have a
daytime CO decrease, consistent with what we find for
Type I days. In a forthcoming paper we investigate in more
detail how PBL heights near Pinnacles affect the mountain-
top trace gas variability.

3.5.2. Type II days. On Type II days, an afternoon shift
in wind direction has a significant effect on CO variability,
and the amplitude of both the median and mean CO cycle
is about twice the amplitude of Type I days (Fig. 11),
illustrating the dominance of horizontal advection over
vertical mixing. During the night-time, CO decreases. As
winds begin to shift towards the south during the late
morning, CO and water vapour begin increasing and peak
around 1900 LST. Strong mechanical mixing causes smaller
CO peaks on days with strong winds compared to days
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with weak winds. Following the daytime increase, CO
decreases as winds shift towards the west.

Unlike Type I days, the observed pattern of CO varia-
bility on Type II days is more consistent with the mean
diurnal CO cycles shown in Fig. 5 and with the mean diurnal
CO cycles reported at other mountaintops (e.g. Weiss-
Penzias et al., 2006; Henne et al., 2008; Obrist et al., 2008).
Lee et al. (2012) found that high CO and CO, on days with
south and southeast winds is caused by the near-surface
transport of air masses southward from the Northeast and
Mid-Atlantic and then northwestward to Pinnacles. Thus,
the transport of emissions from these arecas may be explain
the high CO mixing ratios observed at Pinnacles during the
afternoon on Type II days. However, Skyline Drive, a
tourist road through SNP, is also directly upwind of
Pinnacles during the afternoon on Type II days. To inves-
tigate the possible effect of Skyline Drive on the CO mea-
surements, we select Type 11 days with weak winds, i.e. when
Skyline Drive is expected to have the largest impact on the
CO measurements, and differentiate among the seasons due
to seasonal differences in traffic volume. Although emis-
sions are typically higher during the summer and fall
because of larger traffic volumes, we find no evidence of a
larger afternoon peak in these seasons compared with other
seasons. Furthermore, the CO maximum occurs several
hours after the peak in traffic along Skyline Drive. Thus, we
infer that there is no significant influence of Skyline Drive on
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CO mixing ratios measured at Pinnacles, which is consistent
with previous studies in the region which also found no
significant relation between traffic volume and CO, at
Pinnacles (Lee et al., 2012), or CO (e.g. Poulida et al., 1991)
and O; (e.g. Cooper and Moody, 2000) at Big Meadows.

3.5.3. CO variability on other fair weather days. Analysis
of fair weather days not classified as Type I or Type II
underscores the importance of wind shifts to the Pinnacles
CO variability. On the days not classified as Type I or Type
IT (45% of the remaining fair weather days), the wind
direction change differed from the Type II classification.
Fair weather days with wind shifts to the northwest have
CO decreases because, as previously discussed, northwest
winds are associated with lower CO mixing ratios than
southerly winds. Conversely, fair weather days with south-
erly wind shifts have daytime CO increases. These char-
acteristics of the CO variability on days not classified as
Type I or Type II highlight the finding that, when wind
direction changes occur at Pinnacles, they have a greater
impact on the diurnal CO variability than PBL dilution.

4. Conclusions and implications

In this study, we presented an overview of 4 yr (1 January
2009-31 December 2012) of meteorological and CO
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measurements from Pinnacles, a new mountaintop mon-
itoring site in the Appalachian Mountains, and investigated
the hypothesis that the largest CO variability occurs during
cold front passages and on fair weather days due to the
transport of polluted PBL air to the mountaintop. We found
that CO typically increases from a minimum between 0500
and 0900 LST to a maximum between 1600 and 2000 LST.
Consistent with our hypothesis, the largest CO changes,
with half-hourly means up to 320 ppb, occur in the presence
of synoptic disturbances, as previously found for CO,
changes at the site (Lee et al., 2012). Contrary to our
hypothesis, though, the smallest CO changes happen on
fair weather days (i.e. days with a CI > 0.6 and about 50%
of all days), which we further investigated by classifying
fair weather days into two regimes based on the presence or
absence of a wind shift. On days with steady northwesterly
winds at the site (Type I days or 33% of the fair weather
days), mixing and dilution within the daytime PBL is the
dominant driver of CO variability. Thus, daytime PBL
heights are an important driver of the trace gas variability
at the site and are investigated in detail in a forthcoming
study.

On days with a wind shift from the northwest to the
south (Type II days or 22% of the fair weather days), the
CO increase is about twice the magnitude of the CO change
on days without wind shifts, and the site samples different
upwind source regions. From these analyses, we conclude
that the diurnal CO cycle at Pinnacles is largely driven by a
daytime wind shift to the south which causes a daytime CO
increase. This wind shift happens not only on Type II days,
but is an important part of the climatology (Fig. 2¢) and is
partly driven by synoptic-scale forcings (i.e. frontal pas-
sages) and by local- to mesoscale forcings (i.e. diurnal
mountain circulations).

The results in this study provide new insights into the use
of trace gas measurements from low mountaintops like
Pinnacles in applications that require background trace
gas measurements. The nighttime CO decrease and daily
minimum between 0500 and 0900 LST present in the mean
diurnal CO cycle indicate the transport of FA air to the
site. Therefore, pre-dawn trace gas measurements, particu-
larly those in winter, are likely to be most representative of
background CO values.

When we differentiated between fair weather days with a
wind shift and days without a wind shift, we found that the
diurnal CO variability is analogous to findings from other,
taller mountaintops (e.g. Forrer et al., 2000; Balzani L66v
et al., 2008; Henne et al., 2008; Obrist et al., 2008) on fair
weather days with a wind shift. The wind shift results
in different upwind emission sources being sampled
and may allow trace gas measurements from Pinnacles
to help estimate emissions and reduce uncertainties in
flux estimates (e.g. Schuh et al., 2010), provided that the

models accurately represent atmospheric transport over
complex terrain.

Finally, our findings are the first to indicate that, in other
conditions (i.e. fair weather days with steady winds), CO
mixing ratios at low mountaintops like Pinnacles decrease
during the daytime, which is nearly identical to what
happens at tall towers in flat terrain. As noted earlier, there
is a short-lived late morning CO increase that occurs both
atop tall towers and at Pinnacles. Whereas the increase atop
tall towers is caused by the arrival of polluted nocturnal
PBL air (e.g. Yi et al., 2001; Pal et al., 2015), the increase
at mountaintops is caused by the arrival of polluted PBL
air contained within the nocturnal valley PBL. As the PBL
depth increases, CO decreases at the tops of tall towers and
at low mountaintops like Pinnacles. Thus, local impacts
on afternoon trace gas measurements made during these
situations (i.e. about 60% of the days without clouds) are
expected to be minimised, and mountaintop trace gas mea-
surements can be considered along with tall tower measure-
ments in applications requiring regionally representative
values.
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