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Abstract 23 

Evaluations of air pollutants and trace gas measurements over mountaintop sites and their 24 

application in inverse transport models to estimate regional scale fluxes are oftentimes 25 

challenging due to the influences associated with atmospheric transport at both local and regional 26 

scales. The objective of this study is to investigate the diurnal cycle pattern of CO mixing ratio 27 

over a low mountaintop influenced by: (1) two different convective boundary layer (CBL) 28 

regimes (shallow and deep) and associated growth rates over the mountaintop, (2) the combined 29 

effect of a deep CBL with and without diurnal wind shift, and (3) slope flows and associated air 30 

mass transport. For this purpose, we used simultaneous measurements of lidar-derived CBL 31 

heights, standard meteorological variables, and CO2 and CO mixing ratio from Pinnacles, a 32 

mountaintop monitoring site in the Appalachian Mountains. We used both water vapor and CO2 33 

mixing ratio as tracers for upslope flow air masses. We used case studies to focus on two 34 

different scenarios of daytime CO mixing ratio variability: (1) a gradual increase in the morning 35 

with a maximum in the afternoon, and (2) a gradual decrease in the morning with a minimum in 36 

the late afternoon. The second scenario is similar to the CO variability observed atop tall towers 37 

in flat terrain.  38 

Using the lidar-derived CBL height evolution and in situ CO, CO2 and meteorological 39 

measurements over the mountaintop, we found that the upslope flow air masses arriving at the 40 

mountaintop in the morning affect the CO mixing ratio variability during the remaining part of 41 

the diurnal cycle. These findings help introduce a conceptual framework that can explain and 42 

differentiate the opposite patterns (i.e. daytime increase versus daytime decrease) in the CO 43 

diurnal cycles over a mountaintop site affected by upslope flows and provide new roadmaps for 44 
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monitoring and assimilating trace gas mixing ratios into applications requiring regionally-45 

representative measurements.  46 

1. Introduction 47 

Trace gas measurements at mountaintop locations are valuable as they help determine 48 

background mixing ratios in the free atmosphere (FA) which are important for studies of long-49 

range impacts of upwind source regions. However, greenhouse gases (GHG) such as carbon 50 

dioxide (CO2) and trace gases such as carbon monoxide (CO) and O3 are affected by site-specific 51 

meteorological conditions in mountainous terrain (e.g., Schmitt and Volz-Thomas, 1997; Lee et 52 

al., 2015; Sullivan et al., 2017), synoptic scale transport, e.g., via frontal passages (e.g., Pillai et 53 

al., 2011), and thermally driven recirculation pattern in the mountain-valley atmosphere (e.g., De 54 

Wekker et al., 2009; Sullivan et al., 2016). Additionally, air pollutants in mountainous areas 55 

include harmful airborne substances that threaten human health, harm vegetation, animals or 56 

structures, or affect visibility (Whiteman, 2000). However, our knowledge of the effect of 57 

complex terrain on air pollution in mountainous areas remains limited due to sparse observations 58 

(Lee, 2015) and to difficulties with numerical simulations in these areas (e.g., Desai et al., 2010; 59 

Steyn et al., 2012; Lin et al., 2016).  60 

In mountainous regions, terrain-induced atmospheric processes can influence the diurnal cycle of 61 

trace gas mixing ratios. For example, flows along the valley and slopes are generated due to 62 

horizontal temperature gradients arising from heating and cooling of valley atmospheres and the 63 

atmosphere adjacent to sloping terrain. These flows are directed upvalley and upslope during 64 

daytime and downvalley and downslope at night (e.g., Whiteman, 2000). The mountaintop 65 

measurements of CO, CO2, O3, water vapor, aerosols, and other tracers are influenced by these 66 
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flows, i.e. upslope flows bring air from the adjacent lowland boundary layer up to the summits 67 

(e.g., Fischer et al., 2004). Several investigators (e.g., Keeling et al., 1976; De Wekker et al., 68 

2009) found that CO2 mixing ratio time series exhibited a pronounced afternoon minimum in 69 

summer, which they partly attributed to the transport of CO2 depleted air via upslope flows. 70 

Understanding these influences is important to better estimate the regional scale fluxes of CO2 71 

where CO is used to distinguish anthropogenic CO2 from biogenic CO2 (e.g., Andrews et al., 72 

2014).  73 

Previous studies focusing on CO and CO2 mixing ratio variability over high-altitude sites, 74 

including Jungfraujoch (~ 3500 m mean sea level (MSL)) in the Swiss Alps (e.g., Dils et al., 75 

2011), Nainital (~ 2000 m MSL) in the central Himalayas (e.g., Sarangi et al., 2014) and Mauna 76 

Loa (3397 m MSL) in Hawaii (e.g., Atlas and Ridley, 1996), illustrate that these sites mostly 77 

sample free atmospheric (FA) air except on days when the convective boundary layer (CBL) 78 

height is relatively large. The CO mixing ratio oftentimes reaches a maximum in the late 79 

afternoon hours (e.g., ~18:00 LST) due to the impact of upslope flows bringing polluted air from 80 

the adjacent valleys and plains (e.g., Dils et al., 2011). For low mountaintop sites like 81 

Ochsenkopf (1022 m MSL, situated in the Fichtelgebirge mountain range in Germany), the 82 

impact of upslope flow on the tracer mixing ratios is common throughout the year except in 83 

winter (Pillai et al., 2011). However, the role of CBL height variability over the mountaintop on 84 

CO mixing ratios on diurnal time scale has not been properly addressed using observational 85 

findings. Only recently have researchers emphasized a conceptual framework to illustrate CO 86 

diurnal cycle pattern over mountaintop sites (e.g., Bamberger et al., 2014, 2017; Lin et al., 2016) 87 

as was performed for CO2 diurnal pattern over flat terrain (e.g., Pino et al., 2012; Haszpra et al., 88 

2015). 89 
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Complex meteorology and lack of observations are important hurdles to study exchange 90 

processes in a mountain-valley atmosphere system. Empirical work illustrating the combined 91 

impacts of both meteorology and CBL height variability and relevant dynamics on the CO 92 

diurnal cycle is very limited. While several studies report CO variability on diurnal, synoptic and 93 

seasonal time scales, we are unaware of studies that demonstrate specifically the importance of 94 

continuously monitored mountaintop CBL heights on CO variability. Furthermore, the driving 95 

factors that yield contrasting patterns (i.e. daytime increase versus daytime decrease) in the 96 

diurnal cycles of trace gases, including CO, have so far not been explained. In this work, we 97 

emphasize a process-based framework by investigating CO mixing ratio measurements on a 98 

mountaintop monitoring site in the Blue Ridge Mountains in northwestern Virginia that we refer 99 

to as Pinnacles, (38.61 N, 78.35 W, 1017 m MSL). The objective of this study is to investigate 100 

diurnal CO patterns influenced by (1) daytime CBL height variability and growth rate, (2) the 101 

slope wind system in the mountain-valley atmosphere, and (3) prevailing synoptic settings 102 

including on site meteorological conditions, in particular, a horizontal wind shift. We use 103 

continuous high-resolution lidar measurements at Pinnacles to investigate the CBL height 104 

variability during four selected days. CO and CO2 measurements and other meteorological 105 

measurements were collected from a 17 m walkup tower that was established at Pinnacles in 106 

May 2008. 107 

2. Basic concept and hypothesis  108 

Based on the previous studies on trace gas measurements over complex terrain, we consider CO 109 

mixing ratios to be a good proxy for boundary layer mixing processes. Figure 1 presents a 110 

conceptual framework for the general mechanisms governing the CO diurnal cycle on a tall 111 

tower located in flat terrain and on a low mountaintop site. During the morning transition period,  112 
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 113 

Fig. 1. Schematics of the general mechanisms governing the diurnal cycle variability of CO 114 
mixing ratio on a tall tower in flat terrain (a) and on a low mountaintop site (b). NBL, RL, and 115 

FA denote the nocturnal boundary layer, residual layer, and free atmosphere, respectively. C0, 116 
C1, and C2 denote CO mixing ratios in the NBL, RL, and FA, respectively. In the top figure, 117 
horizontal dashed lines mark the levels of the tower top and of the quasi-stationary height of 118 
daytime well-mixed CBL and vertically-aligned arrows mark the NBL, RL and FA. The curved 119 
dashed line and thick circular arrows in both figures illustrates the growing CBL and 120 

entrainment mixing at the CBL top, respectively. CO mixing ratios at the valley and at the 121 
mountaintop site just before sunrise are referred to as Cvalley_bottom and CM_Top, respectively. The 122 

diurnal cycle of CM_Top responds to the CBL dynamical processes, in particular, CBL height and 123 
air mass from adjacent valley transported via upslope flow. Type I and II scenarios refer to 124 
increase and decrease of CM_Top, respectively due to the combined impact of boundary layer 125 
dilution, slope flows (dashed arrow aligned along the mountain slope) and regional scale 126 

advection (horizontally aligned thick arrow).  127 
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polluted nocturnal boundary layer (NBL) air reaches the tower top, illustrating a morning peak in 128 

the CO mixing ratio variability. After the CBL begins growing, the CO mixing ratio at the tower 129 

top starts decreasing under the assumption that CO mixing ratio is higher in the NBL than in the 130 

residual layer (RL); CO continues to decrease due to the dilution effect until the late afternoon 131 

hours when the CBL attains a quasi-stationary state, yielding a daytime minimum mixing ratio 132 

until the evening transition period when the NBL starts developing. 133 

Similar to the CO diurnal cycle on a tall tower, mountaintop measurements are also affected by 134 

the CBL dilution effect via boundary layer growth and by horizontal advection. Additionally, 135 

vertical transport by upslope flow affects mountaintop trace gas measurements in mountainous 136 

regions and causes a daytime peak in the CO mixing ratio which is similar to the arrival of NBL 137 

air reaching the tall tower top during the morning transition. During nighttime, the top of a tall 138 

tower usually remains either in the RL or in the NBL depending on the NBL height. In contrast, 139 

mountaintops generally sample either FA or RL air depending on the daytime CBL height 140 

variability. This is because of the subsiding motions generated by downslope flows at the 141 

mountaintop that transport FA air to mountaintop level (e.g., Pillai et al., 2011). Therefore, a 142 

traditional NBL does not develop over a mountaintop and instead nighttime mountaintop 143 

measurements are considered representative of FA or RL measurements (Whiteman, 2000). 144 

Nevertheless, we hypothesize that the tall tower concept can be applied to explain the CO mixing 145 

ratio variability over a mountaintop site under certain conditions that require knowledge of the 146 

CBL height diurnal cycle at the mountaintop location. Additionally, for flat terrain, Pino et al. 147 

(2012) outlined the importance of considering near-surface CO2 mixing ratios in the early 148 

morning to interpret the observed CO2 variability during the afternoon over flat terrain. 149 

Similarly, the CO variability during the morning transition period at low mountaintops also 150 
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depends on the nighttime CO mixing ratios at the site before the arrival of adjacent valley air. In 151 

this context, low mountaintop sites refer to the ridges that are located around 500-1000 m above 152 

adjacent valleys or plains and include, e.g., Ochsenkopf (1022 m MSL, a monitoring station in 153 

the Fichtelgebirge Mountains of northern Bavaria in Germany) (e.g., Thompson et al., 2009), 154 

Hornisgrinde (1161 m MSL) in the Black Forest of Germany (Vӧgtlin et al., 1996), and 155 

Pinnacles in the Appalachian Mountains of the eastern US (e.g., Lee et al., 2012), the site we 156 

focus on in the current study. 157 

Figure 1 illustrates that during the morning transition period, the valley air with Cvalley_bottom 158 

reaches the mountaintop and mixes with the air with CM_Top. In general, CM_Top measurements in 159 

the morning before upslope flow arrives at the site help identify NBL-CO mixing ratio and 160 

determine which layer (RL or FA) of the atmosphere is being sampled. It is therefore considered 161 

a quantifiable tracer of the atmospheric dynamics occurring in the mountain-valley atmosphere. 162 

We consider two types of diurnal scenarios affected by mountaintop meteorological conditions 163 

and CBL regime: (1) daytime increase in CM_Top (type I scenario resembling NBL air reaching 164 

tall tower top in the morning), and (2) a decrease in CM_Top (type II scenario resembling CBL 165 

dilution effect in flat terrain). Additionally, we also hypothesize that, CM_Top during type I and II 166 

scenarios is influenced by the combined effect of (1) local meteorological conditions, (2) arrival 167 

of different air masses at the mountaintop via either upslope flow or horizontal transport, and 168 

finally (3) CBL height and growth rate. In this paper, we use some case studies to illustrate the 169 

processes playing a dominant role in governing the CO diurnal cycle for both type I and II 170 

scenarios.  171 

 172 
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3. Experimental site, instruments and data sets 173 

The data sets were collected on a 17 m walkup tower located at Pinnacles, a forested 174 

mountaintop site in the Shenandoah National Park (SNP) of the Blue Ridge Mountains of 175 

Virginia. The research station at Pinnacles was established in May 2008 along a ridgeline at an 176 

elevation of 1017 m (38.61°N, 78.35°W) in the north-central section of SNP. Further details on 177 

the infrastructure of the Pinnacles station, geography, and climatology of the region are reported 178 

in Lee et al. (2012, 2015). 179 

The tower is outfitted with a suite of instruments, including meteorological sensors and 180 

micrometeorological instruments, a Thermo Electron 48C Trace Level CO Analyzer for 181 

measuring CO mixing ratios at three levels (5, 10, 17 m above ground level (AGL)), and a Li-182 

COR 7000 closed path gas analyzer for CO2 mixing ratios at these same three levels (e.g., Lee et 183 

al., 2012; Andrews et al., 2014). The meteorological sensors include a Campbell Scientific 3D 184 

Sonic anemometer (CSAT3) combined with LI-COR 7500 open-path gas analyzer for CO2, 185 

latent, and sensible heat fluxes, Hukseflux four-component net-radiation sensor for incoming and 186 

outgoing short- and long wave radiation, MetOne 034B cup and vane anemometer for horizontal 187 

wind speed and direction, Vaisala HMP45 probe for humidity and temperature, a Vaisala CS105 188 

for pressure, and a TR-525I tipping bucket rain gauge. For each collected variable, a set of 189 

quality assurance and quality control procedures was implemented. More detailed information 190 

about the trace gas and meteorological data sets, as well as the quality control algorithms 191 

implemented, can be found in Lee (2015).  192 

When CBL height measurements over mountaintop sites are concerned, previous studies mainly 193 

used maximum CBL height derived from nearby rawinsonde profiles (Lee and De Wekker, 194 
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2016), from numerical model simulations (e.g., Pillai et al., 2011), from lidar measurements in 195 

an adjacent valley (e.g., Gallagher et al. 2012), or from combined lidar and radar observations 196 

from adjacent plains (e.g., Sullivan et al., 2016). However, the potential of continuous 197 

monitoring of CBL height using ground-based profilers (e.g., lidar, radar, sodar, wind profiler) 198 

over mountaintop sites for elucidating the CO diurnal cycle characteristics has not been 199 

addressed. At Pinnacles, a Leosphere ALS-300 eye-safe aerosol lidar was occasionally deployed 200 

at the site for monitoring CBL height over the region. The lidar system installed at the site 201 

operates at a wavelength of 355 nm (UV range) and provides profiles of relative particle 202 

backscatter at temporal and vertical resolutions of 1 minute and 15m, respectively. During post-203 

processing, profiles of range-squared corrected backscatter signal intensities were used to 204 

estimate CBL heights by applying the Haar wavelet algorithm (Pal et al., 2014, 2015).  205 

Using aerosols as tracers for CBL mixing processes, the Haar wavelet algorithm has been used 206 

for nearly two decades to estimate CBL height from aerosol lidar observations (e.g., Cohn and 207 

Angevine, 2000; Pal et al., 2009, 2015). Based on a sensitivity test that is typically done for Haar 208 

wavelet method, we used a dilation of 150 m for the analysis; the time resolution between two 209 

profiles is 1 minute, and the range resolution in the backscatter data is 15 m. The dilation value 210 

depends on several factors: (1) temporal and spatial resolution of the lidar signal profiles, (2) 211 

signal to noise ratio; (3) atmospheric conditions revealing particle backscatter strengths, and (4) 212 

limit of wavelet covariance transform integration. We tested various dilations (a in the wavelet 213 

transformation equation, see e.g Cohn and Angevine, 2000; Pal et al., 2010) and found 150 m to 214 

be appropriate where multiple peaks in the wavelet coefficients were absent yielding the most 215 

appropriate location of maximum gradient in altitude, i.e. top of the CBL. For further discussion 216 
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on the wavelet application for determining CBL heights, readers are referred to Davis et al. 217 

(2000) and Pal et al. (2010). 218 

In this study, we use lidar measurements collected on selected clear sky days in 2009 to 219 

investigate the impact of CBL height on the CO mixing ratio variability on a diurnal time scale. 220 

Full overlap of the transceiver of the lidar system is attained at a height of ~ 200 m AGL, and 221 

thus estimates of CBL height below this height cannot be made with the lidar system (e.g., 222 

Behrendt et al., 2005; Pal, 2014).  223 

4. Meteorological conditions  224 

An overview of the near-surface meteorological conditions is presented in Table 1, which reports 225 

the daily maximum, minimum temperature, diurnal temperature range, clearness index based on 226 

the incoming solar radiation (Whiteman et al., 1999), regimes of diurnal wind shift, and times of 227 

sunrise and crossover of sensible heat fluxes (SHF) (i.e., the time when sensible heat flux 228 

changes sign). A clearness index of more than 0.6 was observed at the site on all the days 229 

confirming the absence of significant cloud cover during the daytime (Table 1).  230 

For obtaining a general overview on the prevailing synoptic settings for those case studies, we 231 

used 3-hourly surface reanalysis charts produced by NOAA-HPC. Prevailing synoptic conditions 232 

on all four selected days of interest were characterized by near-surface anti-cyclonic flow in the 233 

region around Pinnacles (Fig. 2). In particular, on 21 May and 21 October 2009, there was an 234 

anti-cyclone located over the Mid-Atlantic; on 5 and 14 September 2009, the anti-cyclone was 235 

positioned over the upper Midwest. 236 

Unfortunately, there were no rawinsonde observations from the adjacent Page Valley on any of 237 

the four case study days reported here. Lee and De Wekker (2016) used nearby rawinsonde 238 
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profiles to estimate maximum CBL heights in the Page Valley. Nevertheless, using only daytime 239 

maximum CBL heights, one cannot infer boundary layer transport and mixing processes of trace 240 

gases at a mountaintop site in detail. For instance, to understand the impact of CBL regimes on 241 

the CO mixing ratio during the entire diurnal cycle, it is important to have information on CBL 242 

growth rate, CBL height variability including entrainment processes, and upslope flows. Thus, a 243 

complete picture of daytime evolution of CBL heights over mountaintop, obtained in this study 244 

using continuous lidar measurements, is a pre-requisite to address our research goals.  245 

Table 1: A summary of the near-surface meteorological conditions on the four case study days. 246 

CI: Clearness index, Tmax: Daily maximum temperature, Tmin: Daily minimum temperature, DTR: 247 

Diurnal temperature range calculated by subtracting Tmin from Tmax, SHF: Sensible heat flux  248 

 249 

Date in 

2009 

Diurnal temperature 

parameters (˚C) 

CI Wind direction or 

observed wind shift 

Local standard time  

 

Sunrise  SHF 

crossover  Tmax Tmin DTR 

14 Sept  20.66 13.53 7.13 0.77 Westerly (no wind shift) 

with decreasing wind speed 

06:55 07:30 

21 May  20.34 13.28 7.06 0.85 Wind shift from NW to SE 06:05 06:25 

5 Sept  21.14 16.23 4.91 0.62 Wind shift from NNW to SE 06:50 07:55 

21 Oct  18.02 14.21 3.79 0.75 Wind shift from NW to SE 07:30 08:15 

 250 
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 251 

Fig. 2. Surface synoptic charts at 12:00 UTC (07:00 LST) on 21 May 2009 (a), 5 September 252 

2009 (b), 14 September 2009 (c), and 21 October 2009 illustrating fair weather high-pressure, 253 

anticyclonic synoptic settings on all four days. The location of Pinnacles is denoted by black 254 

triangle. Figures courtesy of <hpc.ncep.noaa.gov>. 255 
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5. Results and discussion 256 

5.1 Case I: Impacts primarily related to boundary layer dilution (14 Sept 2009) 257 

Case I on 14 September 2009 is characterized by clear-sky anticyclonic conditions with weak to 258 

moderate westerly winds (Fig. 3). In particular, wind speed observed at 17 m AGL at Pinnacles 259 

was rather constant around 1.2 ms
-1

 until 16:00 LST (LST=UTC-5:00); afterwards the wind 260 

weakened and remained around 0.5 ms
-1 

while there was a slight backing from northwesterly to 261 

southeasterly. Near-surface meteorological measurements reveal that the morning and evening 262 

crossover of sensible heat fluxes took place at 07:45 and 17:00 LST, respectively, while sunrise 263 

and sunset on this day were around 07:00 and 18:30 LST, respectively. The diurnal temperature 264 

range was 9 ˚C while daytime maximum temperature was 22.5 ˚C. 265 

The time-height cross-section of the lidar measured range-square corrected signals over 266 

Pinnacles on this day exhibits a clear-sky CBL regime over the site (Fig. 3). The CBL heights 267 

derived using Haar wavelet method on the lidar-derived aerosol backscatter profiles are overlaid 268 

(black solid line). Lidar measurements display a “textbook-style” CBL development over the site 269 

with a maximum quasi-stationary CBL height about 1250 m AGL. We have also compared the 270 

lidar-based CBL height estimates with the CBL height measured at the nearest rawinsonde site 271 

(Dulles airport, IAD); relevant results and discussion can be found in Appendix A.  272 
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 273 

Fig. 3. Diurnal cycles of CO2, CO, water vapor mixing ratio (q), relative humidity at 17 m AGL 274 
on the tower, heat fluxes and incoming solar radiation, and horizontal wind speed and direction 275 

along with the lidar-measured CBL height at Pinnacles on 14 September 2009. The CBL on this 276 
day reaches a maximum quasi-stationary height of about 1250 m AGL. In the lidar-backscatter 277 

image, cold to warm color denotes lower to higher backscatter intensity. Vertically aligned 278 
dotted lines mark the morning and evening transition period determined using the heat flux 279 

crossover times.  280 
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We were not able to monitor CBL height <200 m at the site during the measurement period due 281 

to incomplete overlap as mentioned before. It can be seen that after 11:00 LST, the CBL height 282 

grew at a rate of about 240 m hr
-1

. Between the morning transition period and the early afternoon 283 

hours, the CO mixing ratio of 140 ppb at 07:45 LST decreased by 15 ppb to a quasi-stationary 284 

mixing ratio value of 125 ppb between 13:00 and 16:00 LST; this decrease is larger than the total 285 

uncertainty (i.e., < 6 ppb [Andrews et al., 2014]) of the CO measurements. This decrease of more 286 

than 10 % in CO mixing ratio is consistent with the boundary layer dilution effect. This type of 287 

CO diurnal cycle corresponds to the type II scenario (Fig. 1), which is very similar to the 288 

observed CO variability on tall tower tops in flat terrain (e.g., Popa et al., 2010). Additionally, 289 

measurements of both clearness index and sensible heat flux at the site on this day confirm the 290 

presence of a convectively driven boundary layer regime.  291 

After 13:00 LST when the CBL top reached its daytime maximum, the CO mixing ratio 292 

remained constant around 125 ppb. The CO diurnal cycle at other mountaintop locations often 293 

evinces a continuous increase in CO mixing ratios with a daytime maximum due to upslope 294 

flows advecting polluted low elevation air from adjacent valleys (e.g., Gao et al, 2005; Henne et 295 

al., 2008; Ou-Yang et al., 2014). For the observations presented here, the initial pre-sunrise CO 296 

mixing ratio in the atmosphere above the mountaintop is high (~ 140 ppb), and the CO mixing 297 

ratio does not increase further after the air mass from the adjacent valley reaches the 298 

mountaintop around 09:00 LST. This fact is also evident from the CBL height development, 299 

water vapor mixing ratio (q), and CO2 variability. In contrast, a decrease in the CO mixing ratios 300 

was observed from the morning transition period until the early afternoon, which suggests that 301 

due to the prevailing deep CBL over the site, the boundary layer dilution effect outweighs the 302 

effect due to upslope flows.  303 
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It should be noted that a steady rise in CO in the very early morning (i.e. between 00:00 and 304 

06:00 LST) might correspond to morning local vehicular traffic or campfires near the 305 

mountaintop site. One potential source for local vehicular traffic Skyline Drive, a scenic tourist 306 

road in the Shenandoah National Park that runs southwest-northeast about 100 m southeast of 307 

Pinnacles. However, any vehicular emissions from this road would be advected away from the 308 

site because of the northwesterly winds observed between 0000 and 0600 LST on this day. 309 

In general, q showed similar variability as the CO mixing ratios, with an increase/decrease in 310 

water vapor accompanied by an increase/decrease in CO levels. In particular, the decrease in CO 311 

is coincident with the simultaneous decrease in water vapor mixing ratio at the site. Water vapor 312 

is also conserved on time scales of CBL mixing, so we examine this tracer along with CO and 313 

perform regression analysis between these two parameters. The correlation coefficient (r) 314 

between the time series of CO and q for the period between sunrise and sunset was 0.59. Ou-315 

Yang et al. (2014) found similar variability in the seasonal mean diurnal cycles of q and CO for a 316 

high-mountain background station in East Asia, and Weiss-Penzais et al. (2006) also found this 317 

for Mt. Batchelor Observatory. However, they did not perform any correlation analyses; thus it 318 

was not possible to objectively compare their findings with the results presented here. We note 319 

that a daytime peak in CO2 is due to the absence of or only weak CO2 uptake via photosynthesis 320 

during the fall so that the air mass arriving at the site from the adjacent valley due to upslope 321 

flows is not CO2 depleted. This is unlike cases in summer months as discussed, for example, in 322 

De Wekker et al. (2009) where a decrease is observed in CO2 at a mountaintop site in the 323 

Colorado Rockies due to photosynthetic CO2 uptake.  324 

 325 
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5.2 Case II: Impacts corresponding to slope flows (21 May 2009) 326 

The lidar observations during case II on 21 May 2009 indicate the evolution of a shallow CBL 327 

over the site with a maximum CBL height of 550 m AGL around 12:00 LST remaining quasi-328 

stationary for more than 4 hours until 16:30 LST (Fig. 4). The morning CBL growth rate (90 329 

m hr
-1

) was slower than for case I (240 m hr
-1

). The CBL height at IAD using the 19:00 LST 330 

sounding on 21 May was 1306 m MSL, using the approach in Lee and De Wekker (2016); see 331 

Appendix A for further details.  332 

Starting at 06:30 LST in the morning, both CO mixing ratios and q exhibit an increasing trend 333 

until 12:00 LST when the CBL reached its daytime maximum value. This increasing trend 334 

illustrates the impact of upslope flow on the CO mixing ratios. The correlation between CO and 335 

q was higher (r = 0.75) than for case I. The CO mixing ratio increased from an initial value of 336 

116 ppb to 155 ppb at 13:00 LST. This large increase in CO mixing ratio may be attributed to 337 

transport from local upwind source regions and corresponds to type I scenario (Fig. 1). Also, in 338 

contrast to case I, the CO2 diurnal cycle for this case evinces noticeable impact of upslope flow 339 

and associated photosynthetic uptake on the diurnal variability with a more prominent decrease 340 

in daytime CO2 mixing ratios as discussed in previous studies for situations in the growing 341 

season (e.g., De Wekker et al., 2009; Lin et al., 2016). Additionally, to help determine local 342 

sources of CO, we have also investigated the possible local influences from a nearby road 343 

(Skyline drive) on the CO mixing ratio at Pinnacles (see Appendix B for further discussion).  344 

The increase indicates that CO mixing ratios in the valley air mass reaching the mountaintop via 345 

vertical transport and mixing were higher than at the mountaintop, so boundary layer dilution did 346 

not have a significant impact on the mountaintop trace gas mixing ratios until 13:00 LST. Thus, 347 
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 348 

Fig. 4. Same as Fig. 3 but for measurements on 21 May 2009 illustrating CO variability in the 349 

presence of a shallow CBL (~ 550 m AGL).Horizontal wind shift is marked by the black arrow in 350 

the third panel.  351 
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we infer that the mountaintop measurements are mainly influenced by valley air during a time 352 

period until 12:00 LST when continuous development of the CBL height over the mountaintop 353 

was observed based on the lidar measurements. In a very recent study, using the measurements 354 

from concurrent DISCOVER-AQ (Deriving Information on Surface Conditions from Column 355 

and Vertically Resolved Observations Relevant to Air Quality) and FRAPPE (Front Range Air 356 

Pollution and Photochemistry Experiment) campaigns in northern Colorado, Sullivan et al. 357 

(2016) also illustrated similar impacts of thermally driven flow throughout the day. Their study, 358 

which mainly reported on O3 concentrations, highlighted the role of slope winds on bringing 359 

pollutants from the Colorado Plains toward the foothills of the Rocky Mountains.  360 

In the afternoon hours between 13:00 and 17:00 when the CBL height remained quasi-stationary 361 

around its daytime maximum value, both CO and q mixing ratios decreased. In particular, the 362 

CO mixing ratio decreased by around 20 ppb due to the dilution effect. Thus, on a day with a 363 

relatively shallow CBL over the mountaintop, the CO mixing ratio is affected by upslope flows 364 

during the growing CBL regime and by the dilution effect when CBL reaches its daytime 365 

maximum until the late afternoon. However, in the deep CBL scenario (i.e. case I), the CO at the 366 

mountaintop was influenced mainly by the CBL dilution effect.  367 

The CO diurnal cycle feature during the morning transition period observed for case II is similar 368 

to the CO measurements at the tops of tall towers in flat terrain: vertical transport and mixing of 369 

polluted NBL air to the tower top increases the CO mixing ratio until the time when the CBL 370 

height reaches the tower height during the late morning or early afternoon hours (e.g., Yi et al., 371 

2000; Pal et al., 2015; Pal and Haeffelin, 2016). However, for tall tower measurements in flat 372 

terrain, the tracer mixing ratios remain in their equilibrium level during the quasi-stationary CBL 373 
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regime whereas for the mountaintop site the CO mixing ratios continue decreasing due to CBL 374 

dilution until 17:00 LST. 375 

The CO diurnal cycle feature for Case II is unlike the diurnal cycle reported by, e.g., Gao et al. 376 

(2005) at Mount Tai in China where they attributed the elevated afternoon mixing ratios of CO to 377 

the transport of boundary layer pollution to the summit of the mountain due to daytime upslope 378 

flows and the growth of CBL. In that case, the dilution effect was not able to overcome the 379 

increase in CO due to upslope flows. Nevertheless, Gao et al. (2005) did not investigate the 380 

mountaintop CBL evolution as we have presented here using continuous lidar measurements. 381 

Additionally, it should be noted that the CO mixing ratio between 01:00 and 04:00 LST appears 382 

to be as large as during the daytime upslope regime on this day, which suggests that during a 383 

time period without upslope flows, near peak CO is sampled which most likely can be attributed 384 

to the RL CO mixing ratio at the site. Then, between 03:00 and 06:00 LST, i.e. near sunrise but 385 

before upslope flow can properly occur, CO begins to decrease. This decrease occurs 386 

simultaneously with a wind shift from northwesterly to southeasterly illustrating the impact of 387 

local-scale transport processes on the CO mixing ratio at the monitoring site. This suggests air 388 

masses being transported downslope by the cold drainage flow at night affecting the CO mixing 389 

ratio at the site in the early morning. Water vapor mixing ratio also decreases by 2 g kg
-1

 during 390 

the same period (i.e. between 03:00 and 06:00 LST). 391 

5.3 Case IIIa: Impacts corresponding to horizontal transport (5 September 2009) 392 

Very different meteorological conditions and trace gas variability were observed during case IIIa 393 

on 5 September 2009 than during the previous two cases. During this case, a clearly visible 394 

daytime horizontal wind shift from northwesterly to southeasterly occurs at the site (Table 1 and 395 
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Fig. 5). Using 4-years long measurements, recently, Lee et al. (2015) concluded that the 396 

horizontal transport of CO outweighs the dilution effect resulting in a daytime increase in the CO 397 

mixing ratio due to wind shift. In the present context, CO variability during case IIIa at Pinnacles 398 

(i.e. CM_Top mentioned in Fig. 1) corresponds to type I scenario (section 2) where a clearly visible 399 

increase in CO mixing ratio is revealed starting around 12:00 LST. The temporal variability of 400 

CBL height over the site and its influence on the CO mixing ratios were not investigated in Lee 401 

et al. (2015). In addition, Pal et al. (2014) found for a valley location that regular wind shifts due 402 

to thermally driven valley flows affect the variability of ultrafine aerosol particles where 403 

advection outweighs the contribution of CBL mixing. These two recent studies motivated us to 404 

further investigate the impact of wind shifts on the CO mixing ratio on diurnal time scales using 405 

concurrent lidar and meteorological measurements at Pinnacles. Consequently, we selected two 406 

cases with well-defined diurnal wind shift. 407 

Lidar measurements were not available during case IIIa for the period between midnight and 408 

noon. However, CBL height measurements during the afternoon reveal the development of a 409 

deep CBL over the site. The CBL height shows a daytime maximum of 1500 m AGL around 410 

15:00 LST when low level clouds appeared at the site. At this time, the horizontal wind started 411 

backing from northwest to southeast. Very low wind speeds (~ 0.5 ms
-1

) were observed during 412 

the first half of the day. After 16:00 LST, the wind speed increased from 0.5 to 1.5 ms
-1

 and 413 

remained southeasterly until midnight.  414 

The observed wind shift at the site around 12:00 LST (northwesterly to southeasterly) is most 415 

likely not suggestive of slope flows on this day at the site. For instance, the occurrence of the 416 

low-level clouds influenced both the sensible and latent heat fluxes as well as the near-surface 417 

temperature measurements. In particular, the diurnal cycle of sensible heat flux was disrupted on  418 
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 419 

Fig. 5. Same as Fig. 3 but for measurements on 5 September 2009 for case IIIa revealing the 420 

influence of daytime horizontal wind shift from (northwesterly to southeasterly) on the CO 421 

variability. The development of a deep CBL (1500 m AGL) on this day over the site is also 422 

visible. Horizontal wind shift is marked by the black arrow in the third panel.  423 
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this day, contrary to the two previous cases. The daytime maximum and nighttime minimum 424 

temperatures were 21 ˚C and 16 ˚C, respectively, and showed no prominent diurnal cycle that 425 

had been observed in the other cases. Additionally, synoptic surface analyses also indicated 426 

similar wind shift at other sites over the adjacent plains (not shown).  427 

During case IIIa, the CO mixing ratio increased by 10 ppb between 08:00 and 11:00 LST 428 

whereas during the afternoon between 12:00 and 15:00 LST, a relatively larger increase (15 ppb) 429 

in CO was observed, and CO mixing ratios peaked at 150 ppb. The q variability was similar to 430 

the CO variability with a maximum q of 11 g kg
-1

 at 16:00 LST, remaining high until midnight. 431 

The correlation between CO and q variability was higher during this case study than during the 432 

two other cases, with r of 0.82.  433 

This case appears to completely conflict the mechanism described in Case I that also had a deep 434 

CBL over the site. Specifically, we did not observe dominant signatures of boundary layer 435 

dilution effect on CO diurnal cycle exhibiting daytime decrease during case IIIa. We investigated 436 

the role of the shift in the horizontal wind (northwesterly to southeasterly) to the increase in CO 437 

mixing ratio starting at 10:00 LST. To this end, we performed a trajectory analysis of case IIIa 438 

using the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler 439 

and Hess, 2004), which we initialized using 12 km wind fields from the North American Model 440 

(NAM) as displayed in Fig. 6. We ran HYSPLIT backward 72 hr using a starting height of 100 m 441 

AGL following previous studies in the region (i.e., Lee et al. 2012; Lee et al. 2015). We 442 

performed two runs: one for the morning when northwesterly winds were observed at Pinnacles, 443 

and another for the afternoon when southeasterly flows were present. Both runs yield the 444 

differences in wind direction early on in the backward trajectory analysis and the trajectory goes 445 

over a very different area. However, both runs suggest the Northeast is a source region here. 446 
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Similar findings on the impact of horizontal transport on CO measurements at Pinnacles were 447 

previously reported by Lee et al. (2012). These results suggest that the CO and q variability were 448 

mainly governed by the transport of a different air mass associated with the horizontal wind shift. 449 

In particular, along with the primary maximum in the CO mixing ratio in the late afternoon (~ 450 

150 ppb around 15:00 LST), several secondary peaks were also present. Therefore, it is likely 451 

that the boundary layer dilution effect during the late afternoon did not have a clear impact on 452 

the trace gas variability at the site for case IIIa as was evident for case I, although in both cases a 453 

deep boundary layer (1200 m AGL) prevailed. 454 

 455 

Fig. 6. 72 Hour backward trajectory based on NOAA HYSPLIT model using NAM (12 km 456 
horizontal resolution) meteorological data, initialized 100 m AGL for 13:00 UTC (08:00 LST, 5 457 
Sep 2009), (left) and 21:00 UTC (16:00 LST), (right). Model vertical velocity was used for 458 
vertical motion calculations for both scenarios. Height of trajectory AGL is shown in the bottom 459 

portion of the figure. Source of the images http://ready.arl.noaa.gov/HYSPLIT.php.  460 

 461 

 462 

 463 

http://ready.arl.noaa.gov/HYSPLIT.php
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5.4 Case IIIb: Impacts corresponding to horizontal transport (21 October 2009) 464 

To further illustrate the role of horizontal wind shift on CO mixing ratios, we considered another 465 

case (i.e., case IIIb, 21 October 2009). During case IIIb, a similar wind direction shift was 466 

observed at the site but occurred during the morning transition period around 10:00 LST (Fig. 7). 467 

Case IIIb was characterized by cloud free conditions with a clear diurnal cycle in the incoming 468 

solar radiation, sensible heat flux, and other meteorological variables at the site (Table 1). 469 

However, the CBL was shallower than in previous case (case IIIa) with a daytime maximum 470 

CBL height of ~ 500 m AGL. 471 

The prevailing northwesterly wind started backing at 10:00 LST and became southeasterly at 472 

around 12:00 LST. Between 09:00 and 17:00 LST, CO mixing ratios steadily increased from an 473 

average value of around 90 ppb to a maximum value of around 120 ppb; thus corresponds to type 474 

I scenario (Fig. 1). The increase in CO mixing ratio of more than 30 ppb is larger than the total 475 

uncertainty (i.e., < 6 ppb) of the instrument. The water vapor mixing ratio increased in a very 476 

similar way as CO from its early morning value of 2.5 g kg
-1

 to a quasi-steady afternoon value of 477 

5.5 g kg
-1

. A correlation coefficient between CO and q of 0.91 confirms their similar (or almost 478 

identical) temporal variability between sunrise and sunset on this day. After 17:00 LST when the 479 

horizontal wind became westerly, both CO and water vapor mixing ratios started to decrease due 480 

to downslope flows transporting cleaner FA air masses to the site.  481 

One general conclusion from the above results is that, due to a shift in the wind direction (from 482 

northwesterly to southeasterly), horizontal advection of a different air mass increases the CO 483 

mixing ratio at the site. However, increases in CO mixing ratios in both cases appear to be 484 

similar but not identical. In particular, (1) two different CO increases were observed: 20 ppb and 485 



27 
 

 486 

Fig. 7: Same as Fig. 3 but for measurements on 21 October 2009 (case IIIb) illustrating the 487 

impacts of both wind directions shift during the morning transition period and a shallow CBL 488 

(600 m AGL) over the site during the afternoon hours. The initial CO mixing ratio was very low 489 

(90 ppb). Horizontal wind shift is marked by the black arrow on the third panel.  490 
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35 ppb for case IIIa and case IIIb, respectively; (2) the initial CO mixing ratios (i.e. CO mixing 491 

ratio in the NBL at the site) for case IIIa and case IIIb were 130 and 85 ppb, respectively, so 492 

more polluted air masses were present during case IIIa than during case IIIb, and (3) lidar 493 

measurements confirmed a higher daytime maximum CBL height during case IIIa (1500 m 494 

AGL) compared to case IIIb (500 m AGL). Although for both cases the CO mixing ratio 495 

variability was substantially influenced by the air mass transported to the site, it appears that the 496 

boundary layer dilution effect had more impact on CO mixing ratio during case IIIa than during 497 

case IIIb. Thus, a larger increase and more accumulation in CO (35 ppb) were observed for case 498 

IIIb than for case IIIa. These results clearly underscore the importance of continuous monitoring 499 

of CBL height variability at a mountaintop site like Pinnacles.  500 

Additionally, we have performed HYSPLIT analyses for case IIIb (21 Oct 2009) which showed 501 

clear evidence that different air mass source regions influenced the site during the daytime. 72 502 

hour backward trajectories initialized at 0800 LST show descending trajectories that originated 503 

over the Midwest. Backward trajectories initialized at 1600 LST had shorter flow paths and had 504 

more contact with surface emissions over central Virginia, thereby helping to explain the marked 505 

increase in CO mixing ratios observed at the site during the afternoon. 506 
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 507 

Fig. 8. Same as Fig. 6 but for 72 Hour backward trajectory, initialized at 100 m AGL for 13:00 508 

UTC (08:00 LST, 21 Oct 2009), (left) and 21:00 UTC (16:00 LST), (right). Source of the images 509 

http://ready.arl.noaa.gov/HYSPLIT.php.  510 

6. Generalization of the case studies  511 

Using lidar-derived CBL height variability over a mountaintop site, we demonstrated for the first 512 

time the relation between CBL height and CO mixing ratio for a typical well-characterized 513 

situation at a low mountaintop site (Pinnacles). This investigation helped us provide detailed 514 

information on diurnal cycles of CO mixing ratios, in particular, contrasting CO diurnal cycles: 515 

daytime decrease (case I with daytime maximum CBL height of around 1200 m AGL) versus 516 

daytime increase (case II with daytime maximum CBL height of around 500 m AGL). 517 

Additionally, two cases (cases IIIa and IIIb) with diurnal wind shift illustrate the role of transport 518 

of a different air mass to the site on the elevated afternoon levels of CO and water vapor mixing 519 

http://ready.arl.noaa.gov/HYSPLIT.php
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ratios as was reported by Lee et al. (2015) although their work did not provide detailed 520 

information on the CBL height evolution at the site.  521 

In recent studies, researchers have started examining the implications of using nocturnal versus 522 

daytime mountaintop measurements of GHGs and trace gases within model simulations (e.g. Lin 523 

et al., 2016). Additionally, very recently, Bamberger et al. (2017) investigated the application of 524 

mountaintop measurements to find regional representativeness GHG mixing ratios. Our findings 525 

further illustrate CO mixing processes in complex terrain, in particular over a site significantly 526 

perturbed via local scale flows. Two key aspects of the results presented in Section 5 are 527 

generalized here by evaluating four-year (2009-2012) long measurements of CO and 528 

meteorological conditions at Pinnacles: (1) correlation between daytime CO and water vapor 529 

mixing ratio evolution, and (2) general pattern of diurnal contrasts in CO mixing ratios.  530 

6.1 Correlation between daytime CO and water vapor mixing ratio evolution 531 

A linear regression analysis was carried out between CO and water vapor mixing ratio variability 532 

from sunrise to sunset on each day of the four-year period that we performed for the case studies 533 

presented in Section 5. Frequency distributions of the correlation coefficients (r) for different 534 

years are shown in Fig. 9. As discussed in Section 5, positive (negative) correlation coefficient 535 

implies that both CO and q vary similarly (differently). Numbers of cases vary from one year to 536 

the other; however, at least 70 % of the days in a year are covered (except in 2010 where number 537 

of days is 205).  538 

Nevertheless, it can be concluded that 70 % (30 %) of the times in a year, CO and q shows a 539 

positive (negative) correlation coefficient illustrating the fact that like q, CO could be considered  540 
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 541 

Fig. 9. Distribution of r based on regression analyses between daily time series of CO and q 542 

between morning transition period to late afternoon on different days between 2009 and 2012. 543 

Number of cases in different years, two different r distributions with number of days and 544 

percentages with respect to the total number of days when observations were available are 545 

reported in each panel. Vertically-aligned solid grey line marks r = 0 showing no correlation 546 

between CO and q. 547 
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a good tracer for studying boundary layer mixing processes including the impact of upslope 548 

flows in the mountainous regions. For instance, in 2009, positive (negative) r was found on 187 549 

(81) days among 268 days. In section 5, it was found that available lidar-derived CBL height 550 

variability helped understanding the boundary layer regimes at the site for those cases. However, 551 

we do not have continuous lidar measurements for the four-year period (2009-2012). In future 552 

studies, we will therefore use model simulations of CBL height diurnal cycles and available 553 

meteorological measurements to illustrate possible mechanisms governing the nature of 554 

correlation coefficients on different days and seasons at the site. 555 

6.2. General pattern of diurnal contrasts in CO mixing ratios 556 

In this study as well as in a number of past studies, it was found that due to upslope flow 557 

contribution, CO mixing ratio at the mountaintop sites increases after morning transition and 558 

yields a daytime maximum peak (case II). However, within the case studies presented here, we 559 

demonstrated that for some situations the boundary layer dilution effect outweighs the upslope 560 

flow contribution in governing CO diurnal cycle and yields a daytime minimum (case I). Thus, 561 

using the four-year long measurements at Pinnacles we demonstrate how frequent the two 562 

different types of CO diurnal cycles (i.e. type I and type II scenarios in Fig. 1) occur at the site 563 

using daytime versus nighttime CO differences on different days. We believe these results would 564 

provide important information on the interplay between the nocturnal CO mixing ratios at the 565 

mountaintop versus the upslope flow contribution and boundary layer dilution. 566 

First of all, daily mean nocturnal (daytime) CO mixing ratio is determined by averaging CO 567 

variability observed between 00:00 and 04:00 LST (12:00 and 16:00 LST). We refer to the 568 

difference between nighttime and daytime CO as the “CO contrast” on diurnal time scale. The 569 
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daily CO contrast is obtained by subtracting the daytime mean from nighttime mean CO mixing 570 

ratio. As explained in section 5, a positive CO contrast implies a decrease in CO mixing ratios 571 

during the day, most likely explaining the impact of boundary layer dilution while a negative CO 572 

contrast implies an increase in CO mixing ratios during the day, most likely explaining the 573 

impact of upslope flows bringing more polluted adjacent valley air mass or via transport of a 574 

different air mass to the site.  575 

 Results obtained for the CO contrasts on different days between 2009 and 2012 are summarized 576 

in Fig. 10. For instance, in 2009, the number of days or cases showing a daytime increase (156 577 

days among 322) is very similar to the number of cases showing a daytime decrease (166 days 578 

among 322) at the site illustrating comparable situations for both the impacts of upslope flows or 579 

transport processes and boundary layer dilution effect. It can also be seen that in other years 580 

these contributions remain comparable (i.e. ~ 50 %) suggesting the importance of continuously 581 

monitoring both meteorological conditions and CBL heights over the low mountaintop sites like 582 

Pinnacles. These results will help demonstrate the implications of assimilating nighttime versus 583 

daytime measurements within numerical models for low mountaintops. In future studies, using 584 

long-term measurements of CO contrasts and model-simulations of CBL height and 585 

meteorological conditions, we will investigate in detail the diverse nature of the reported CO 586 

contrasts.  587 

 588 
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 589 

Fig. 10. CO contrasts calculated by subtracting daytime mean CO mixing ratio from nighttime 590 

mean CO mixing ratio on different days for the period between 2009 and 2012. Numbers of 591 

cases in two different regimes of CO variability with their occurrences are also reported in each 592 

panel.  593 
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7. Summary, conclusions and outlook 594 

In the present study, we used selected case studies to investigate the impact of CBL dynamics on 595 

the diurnal variability of CO mixing ratio at a low mountaintop site. We hypothesized that CO 596 

diurnal cycle at the mountaintop site is affected by the combined impact of meteorological 597 

condition, slope flows, boundary layer depth and associated growth rate, and regional scale 598 

advection. We also considered two well-defined clearly two scenarios in the CO diurnal cycle: 599 

Type I scenario for increasing CO, and type II scenario for decreasing CO. Using three different 600 

cases, we find that the CO diurnal cycle during case I (decreasing CO), case II (increasing CO), 601 

and case III (increasing CO) is significantly affected by deep CBL mixing, upslope flow, and 602 

regional scale advection, respectively. A summary of the findings for the three cases is illustrated 603 

in Fig. 11 which clearly outlines the fact that one needs to untangle the influences of competing 604 

physical processes affecting mountaintop CO measurements to understand and simulate 605 

mountaintop tracer measurements. Investigating the three cases using the available observations 606 

facilitated a better understanding of the impacts of CBL dynamics on the CO diurnal cycle over 607 

the mountaintop site Pinnacles. In particular, we introduced a conceptual framework for the 608 

pollutant mixing processes in the mountain-valley atmosphere using the results based on case 609 

studies (Fig. 11).  610 

For the first time, continuous and simultaneous lidar and CO measurements during the entire 611 

diurnal cycle were performed over a low mountaintop site. We found the following two main 612 

results: (1) for a case with initial CO mixing ratios of ~120 ppb in the morning and with a 613 

shallow afternoon CBL ~ 550 m AGL, a daytime increase in CO is observed, illustrating the  614 
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 615 

Fig. 11: Summary of the findings for three cases presented in section 5. A decrease in CO mixing 616 
ratio (referred as CM_Top in schematic) during case I occurs mainly due to deep CBL (a), an 617 
increase in CO during case II occurs due to slope flows marked with the black solid arrow (b), 618 
and an increase in CO during case IIIa and IIIb occur due to regional scale advection as marked 619 
by the horizontally aligned arrow (c). The curved dashed line and thick circular arrows in all 620 

panels illustrate the growing CBL and entrainment mixing at the CBL top, respectively. 621 
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impact of upslope flow contribution (scenario I in schematic presented in Fig. 1). In another case, 622 

with initial CO of ~ 140 ppb and daytime CBL height of 1200 m AGL, the CBL dilution 623 

outweighs the upslope contribution, illustrating the impact of deep CBL mixing over the site 624 

(scenario II); (2) Comparison of two cases with and without horizontal wind shift, (case III and I, 625 

respectively), confirm the potentially dominant role of a wind shift and illustrates how elevated 626 

afternoon levels of CO and water vapor mixing ratios can be due to the transport of a different air 627 

mass to the site with no significant impact of the CBL dilution effect. 628 

For typical meteorological conditions and CBL (e.g. case I with daytime maximum CBL height 629 

of 1250 m AGL), mountaintop CO measurements have characteristics of monitoring sites in flat 630 

terrain. On the other hand, for shallow CBL regime (case II with daytime maximum CBL height 631 

of 550 m AGL) over mountaintop, there are some similarities but also some differences with tall 632 

tower measurements. For instance, for tall tower measurements, CO mixing ratios remain in their 633 

equilibrium level during the quasi-stationary CBL regime in the early afternoon hours whereas 634 

for the mountaintop measurements the CO mixing ratios continue decreasing due to CBL 635 

dilution until very late in the day (17:00 LST in our case). This knowledge could be used in 636 

applications requiring regionally representative CO mixing ratio values. 637 

Results presented in this work can help define fruitful criteria for emission regulations and create 638 

better quantitative information for the regulatory community. The wind shifts result in different 639 

upwind emission sources being sampled and can help estimate emissions and reduce flux 640 

estimate uncertainties over upwind areas.  641 

This study suggests that the interpretation of observed CO diurnal cycles near the surface at 642 

mountaintop sites requires knowledge of the relationship between local CBL dynamics involving 643 
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mountaintop and adjacent valleys and associated meteorological characteristics given the 644 

difficulty in resolving the terrain and flows in complex terrain. For instance, regression analysis 645 

between CO and q time series between sunrise and sunset showed positive r in all the cases. We 646 

carried out an investigation of the long-term data sets of both quantities and found that CO and q 647 

evinces a positive correlation coefficient on ~70 % of the days in any given year. Additionally, 648 

since the present study is based on four different cases with particular behavior in CO variability, 649 

one may wonder about the frequency of these two contrasting CO diurnal cycle features (daytime 650 

increase versus decrease in CO mixing ratios). Based on the investigation on the differences 651 

between the daily NBL CO and the daytime mean CO mixing ratios, we found that nearly 50 % 652 

of the days in any given year, mountaintop CO diurnal cycle exhibit a daytime increase and the 653 

rest of the days in a year exhibit a daytime decrease.  654 

One of the limitations of the results presented here is that the aerosol lidar measurements at 655 

Pinnacles only account for daytime evolution of the CBL heights over the site as the full overlap 656 

of the lidar transceiver is attained at a height of 200 m. Thus, it was not possible to determine 657 

NBL height and consequently explore further the nighttime CO variability. Additionally, long-658 

term continuous lidar measurements were not available at the site. Although this study is based 659 

on four selected cases illustrating concurrent observations of lidar-derived CBL heights, CO 660 

mixing ratio and meteorological measurements, it nonetheless underscores the important role of 661 

the impact of CBL height variability and slope winds on the CO mixing ratio at the mountaintop. 662 

In future work, we will continue to broaden and generalize the results from the selected case 663 

studies by evaluating long-term measurements of CO available at the site in combination with 664 

estimates of nearby rawinsonde measurements of CBL heights. Such a study will be able to 665 

reveal the impact of regional scale CBL height relative to the mountaintop on CO variability. 666 
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Nevertheless, the present study provided detailed insights into the important factors and physical 667 

processes occurring in a mountain-valley atmosphere system. Such insights are helpful for 668 

addressing an important and compelling issue: can mountaintop measurements provide high 669 

quality data and spatial representativeness similar to a tall tower in a flat terrain? Within future 670 

studies, we will use numerical simulations (e.g., the Weather Research and Forecasting (WRF) 671 

model) to further examine the role of upslope flows on the mountaintop CO and CO2 mixing 672 

ratios. Finally, while the present study has focused solely on the dynamical processes affecting 673 

the mountaintop CO mixing ratios, additional studies are needed to help quantify the potential 674 

role of atmospheric chemistry processes on the CO diurnal pattern at low mountaintops. 675 
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Appendix A: CBL height derived using lidar at Pinnacles versus rawinsonde at IAD  687 

There were no rawinsonde measurements from the adjacent Page Valley on any of the four case 688 

studies presented here. However, we took an advantage of the nearby rawinsonde measurements 689 

ftp://ftp.hpc.ncep.noaa.gov/sfc/
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taken at 19:00 LST (00:00 UTC) at Dulles airport (IAD), located approximately 90 km northeast 690 

of Pinnacles near Washington, DC.  691 

The CBL height at Dulles airport may be ill-defined around 19:00 LST, considering that NBL 692 

evolution has started around that time. Lee and De Wekker (2016) explained that near-surface 693 

stability is an important issue that needs to be considered in order to correctly estimate the 694 

afternoon CBL height using measurements at 19:00 LST. In their study, they hypothesized that 695 

the residual layer height observed at 19:00 LST is equivalent to the daytime maximum afternoon 696 

CBL height (Stull, 1988). Therefore, based on an objective method, they excluded the first few 697 

hundred meters of stable boundary layer measurements to derive the CBL height from the 19:00 698 

LST rawinsonde measurements. We used their methodology to derive afternoon CBL height in 699 

this study. The CBL height based on IAD rawinsonde measurements can differ from the CBL 700 

height over Pinnacles because of the horizontal distance between the two sites (~ 100 km) and to 701 

the two different sampling times of these measurements. Lee and De Wekker (2016) showed 702 

typical differences of the CBL height between Dulles and the Page Valley of 200-400 m (higher 703 

over the Page Valley than at IAD). 704 

For case I (14 Sep 2009) lidar measured daytime maximum CBL height was found to be ~ 1250 705 

m AGL over Pinnacles (i.e. ~ 2250 m MSL), whereas CBL height from rawinsonde 706 

measurements at 19:00 LST, computed using the bulk Richardson number approach (Lee and De 707 

Wekker, 2016), was 1625 m MSL. For Case II (21 May 2009), the CBL height at IAD (1306 M 708 

MSL) was also lower than lidar-derived CBL height (~ 1600 m MSL) at Pinnacles. These 709 

differences in CBL height between the mountaintop and at IAD are consistent with findings by 710 

Lee and De Wekker (2016) who observed spatial heterogeneity in the CBL heights and discussed 711 
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in detail the different factors responsible for these differences, including the distance between the 712 

two measurement sites and the effects of underlying land surface forcing.  713 

Appendix B: Possible impact of local sources of CO at Pinnacles 714 

One notable local source for CO measurements at Pinnacles is Skyline Drive, a scenic tourist 715 

road in the Shenandoah National Park that runs southwest-northeast about 100 m southeast of the 716 

monitoring site. As Skyline Drive is directly upwind of Pinnacles throughout much of the 717 

daytime on 21 May and 21 Oct, one may expect these local emissions to affect the mountaintop 718 

trace gas measurements. However, previous studies from the site have suggested that vehicular 719 

emissions from Skyline Drive are unlikely to have a significant effect on the mountaintop trace 720 

gas measurements from Pinnacles (i.e., Lee et al. 2012, 2015), as well as other nearby 721 

mountaintop monitoring sites, i.e. Big Meadows (e.g., Poulida et al., 1991; Cooper and Moody, 722 

2000). For example, Lee et al. (2012) found that, despite weekends having 2-3 times the volume 723 

of traffic on weekdays, there were no statistically significant differences in trace gas mixing 724 

ratios by Skyline Drive. Additional analyses by Lee et al. (2015) confirmed this finding as well. 725 

They found that, even though vehicular emissions are typically higher during the summer and 726 

fall tourist seasons, CO increases occurred only several hours after the traffic maximum along 727 

Skyline Drive. 728 

To investigate transport from more regional resources, e.g. upwind fires, we used Moderate 729 

Resolution Imaging Spectroradiometer (MODIS) (e.g. Justice et al. 2002) to determine the 730 

presence of fires in the region around Pinnacles on days when there is a marked CO increase 731 

(e.g., 21 May 2009 and 21 Oct 2009). Analyses of MODIS data for 21 May (Fig. A1a) and for 21 732 

Oct (Fig. A1b) indicate the presence of fires upwind of Pinnacles that could have contributed to 733 

the daytime CO increase. 734 
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 735 

Fig A1: Locations of fires (grey dots) identified in MODIS relative to Pinnacles (black triangle) 736 

on 21 May 2009 (a) and 21 Oct 2009 (b). 737 
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