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ABSTRACT 

MARINE ATMOSPHERIC INFLUENCES ON TRACE GAS OBSERVATIONS 

AND TRANSPORT DURING THE ICARTT 2004 CAMPAIGN 

by 

Shannon R. Davis 

University of New Hampshire, December, 2011 

The transport of pollutant trace gases and aerosols above coastal waters is of 

eminent importance to air quality and global climate processes. The research presented in 

this dissertation is a two-part investigation of this transport as observed during the 

ICARTT campaign, with focus devoted to the transit and evolution of trace gases in the 

lower marine atmosphere above the Gulf of Maine (GOM) and western North Atlantic 

Ocean. Part I advances a quasi-lagrangian case study of a plume emanating from the 

New York City source region. In this, analysis of airborne intercepts of the plume 

captured its transformation from a polluted airmass within a residual layer, to a well 

defined flow maintained within a stable internal boundary layer (SIBL). The SIBL was 

defined by sharp gradients in moisture, temperature and wind speed, and persisted 

throughout the NYC plume's transit. Further investigation showed that the SEBL 

measurably influenced trace gas variability and evolution. Despite its low altitude, the 
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SIBL strongly inhibited surface interactions, thus limiting removal processes. 

Pronounced vertical shear in wind speed generated frequent instances of Kelvin-

Helmholtz instability and turbulence within the plume layer. This resulted in a high 

degree of spatial variability in mixing ratios observed .within the plume, enhanced 

mixing, and contributions to its overall transit. Surface observations during the plume 

passage recorded pollutant mixing ratios equaling the most extreme measured that 

summer, a fact that motivated the further investigation of the SIBL pursued in Part II. In 

this, an extended analysis of the coastal SIBL was presented in the context of the entire 

campaign period. The SIBL was detected in the majority of low-altitude flights over the 

GOM, with its thickness varying significantly with fetch during the day and to a lesser 

extent at night. Nocturnal observations revealed the periodic detection of a low level jet 

within the SIBL. Overall, SIBL heights for both time period were higher than the 

predicted values determined from SIBL relationships established in related studies, 

suggesting that additional parameters like turbulent fluxes or surface roughness are 

required to determine SIBL development in the region. 
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CHAPTER 1: INTRODUCTION 

1.1 General Introduction 

The atmosphere above the North Atlantic Ocean is a principle pathway for the 

outflow of trace gases and aerosols from the United States and Canada. Recent estimates 

suggest that these emissions contribute between 15-23% to the world-wide inventory of 

traces gas pollutants which impinge on surface air quality downwind as well as 

negatively perturb large scale radiative processes that influence the global climate 

(Cooper et al., 2004). Three primary atmospheric mechanisms facilitate this continental 

outflow. Two of these mechanisms, deep convection and warm conveyor belt transport, 

are tied to the venting of pollutants high (>3km) into the upper troposphere where they 

are advected across the Atlantic on 3-5 day timescales (Stohl et al., 2001). The third 

mechanism and focus of the research presented here is low level outflow (LLO). This is 

achieved at lower altitudes (<3km), where coastal dynamics and the structure of the lower 

marine troposphere play an essential role in arranging the transport of polluted 

continental air in thin layers within or just above the marine boundary layer. This form of 

outflow is commonly observed across the Western North Atlantic, transiting in 5-8 day 

time spans (Owen et al. 2006) and often within pathways that pass through the Gulf of 

Maine (GOM) region. 
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Figure 1.1. Schematic of North American transatlantic outflow pathways prevalent in 

a) summer and b) winter with upper tropospheric pathways indicated in blue and lower 

tropospheric ones in red. 
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For both upper and lower level forms of outflow, previous work has established 

the prominent routes followed by polluted plumes as they cross the North Atlantic. Key 

among these was the 15-year climatology of lagrangian model simulation study 

conducted by Eckhardt et al. (2003), which revealed a strong similarity between the 

upper and lower tropospheric patterns, as well as a slight southward shift between 

summer and winter seasons. For both summer and winter seasons it is evident that each 

form of outflow follows the prevailing storm track across the Atlantic with a slight north 

to south modulation in the lower track between winter and summer. Importantly, the 

northeastern U.S. and in particular the GOM, can be seen to play a role in the low level 

transport in both seasons. A schematic of these outflow patterns is shown in Figure 1.1. 

However, what is not apparent from the figure is that the GOM itself is a downwind 

receptor region for continental and coastal plumes. This is an essential aspect to its 

importance and role in the LLO process. 

To some extent, this was discussed in a study by Angevine et al (2004), who 

related that most polluted plumes in the GOM region are transported instead of being 

formed locally. A clear example of this can be seen in the MODIS satellite imagery from 

July 20, 2004 presented in Figure 1.2, which captures the arrival of several diverse 

incoming polluted airmasses as well as low altitude outflow into the Western North 

Atlantic. Specifically visible in this satellite image are a Canadian wildfire/biomass 

burning plume described by Warneke et al. (2006), a low level coastal plume from the 

NYC source region (Davis et al. 2011, Real et al. 2008, Mao et al. 2006), as well as an 

accumulation of aged anthropogenic emissions (Millet et al. 2006, Neumann et al. 2006). 

3 
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Figure 1.2. MODIS Satellite imagery of mixed pollution plumes over the North Atlantic 
and East Coast on July 20, 2004. Identifiable are a) wildfires from Alaska and Western 
Canada, b) aged emissions over the Western Atlantic, and c) recently vented pollutants 
from the NYC source region traveling at low altitude over coastal waters. 

1.2 Region of Interest 

To examine the influences of the lower marine atmosphere on GOM trace gas 

behavior and pollution plume transport/outflow, a suitable region of interest was 

established. Specifically, a domain was defined between 40°-48° N in latitude and 63°-74° 
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W in longitude and as shown in Figure 1.3a. This domain includes the two dominant 

source regions in or adjacent to the GOM: Boston, MA and New York City, NY. Also 

identified in the figure are Massachusetts Bay and Long Island Sound, the prominent 

over-water pathways for regional plume transport. In the inset of the map are the 

locations of the AIRMAP surface data stations used (Figure 1.3b), as described below. 

1.3 Observational Data 

The primary data used in this study was obtained during the International 

Consortium for Atmospheric Research on Transport and Transformation (ICARTT) field 

campaign in 2004. As described in Fesenfeld et al. 2006, ICARTT was an extensive field 

experiment that spanned the entire North Atlantic region, with the involvement of an 

unprecedented array of research aircraft, research vessels, mobile wind profilers, balloon 

platforms, as well as the extensive surface networks of chemical and meteorological 

observations. For this study, the primary airborne observations used were obtained 

onboard the National Oceanic and Atmospheric Administration (NOAA) WP-3D Orion 

and the National Aeronautics and Space Administration (NASA) DC-8 research aircraft. 

On land, surface observations from the AIRMAP regional air quality network were used 

exclusively. Over the coastal and open ocean regions of the GOM, a mixture of 

observations recorded onboard the NOAA research vessel R/V Ronald H. Brown and 

measurements obtained from the National Data Buoy Center stations maintained in the 

region were used. Further details on the observational data and methodology are 

presented in the relevant chapters which are introduced below. 
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Figure 1.3. a) Maps of the Gulf of Maine and surrounding region, the domain of interest, 
and b) the AIRMAP air quality network. 

1.4 Study Goals 

With the use of the data described, the primary focus of this work has been to 

pursue an examination of coastal dynamical influences on trace gas observations and 
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transport in the GOM western North Atlantic. In this study, Chapter 2 advances a unique 

quasi-lagrangian analysis of a low levels plume through the GOM. Specifically, a 

recently ventilated plume is tracked from Long Island Sound to the northern GOM, and 

analyzed through multiple aircraft intercepts as it and the surrounding marine-

atmospheric layers transform over a three day period. Chapter 3 builds on this, with an 

extended investigation of the influences of a stable internal boundary layer on plumes and 

coastal trace gas variability. A summary of the key points, conclusions, and plans for 

future work is presented in Chapter 4. 

7 



CHAPTER 2: TRANSPORT AND OUTFLOW TO THE NORTH ATLANTIC IN 
THE LOWER MARINE TROPOSPHERE DURING ICARTT 2004 

Abstract 

An analysis of pollution plumes emitted from sources in the Northeastern U.S. 

was based on observations from the International Consortium for Atmospheric Research 

on Transport and Transformation (ICARTT) 2004 field campaign. Particular attention 

was given to the relation of these plumes to coastal transport patterns in lower 

tropospheric layers throughout the Gulf of Maine (GOM) and their contribution to large-

scale pollution outflow from the North American continent. Using measurements 

obtained during a series of flights of the NOAA WP-3D and the NASA DC-8, a unique 

quasi-lagrangian case study was conducted for a freshly emitted plume emanating from 

the New York City source region in late July, 2004. The initial development of this 

plume stemmed from the accumulation of boundary layer pollutants within a coastal 

residual layer where weak synoptic forcing triggered its advection by mean southwesterly 

flow. As the plume tracked into the GOM, analysis showed that the plume layer vertical 

structure evolved into an internal boundary layer form, with signatures of steep vertical 

gradients in temperature, moisture and wind speed often resulting in periodic turbulence. 

This structure remained well-defined during the plume study, allowing for the 

detachment of the plume layer from the surface and thus minimal deposition and plume-

sea surface exchange. In contrast, lateral mixing with other low-level plumes was 

significant during its transit and facilitated in part by persistent shear driven turbulence 
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which further contributed to the high spatial variability in trace gas mixing ratios. The 

impact of the plume inland was assessed using observations from the AIRMAP air 

quality network. This impact was noticeably detected as a contribution to poor surface 

ozone conditions and significant elevations of other major pollutants to levels equaling 

the highest observed that summer. Further contributions to larger-scale outflow across the 

North Atlantic was also observed and analyzed. 
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1. Introduction 

The composition and dynamics associated with pollution plumes released from 

coastal source regions is of eminent importance to regional air quality and larger scale 

continental outflow. Over the Northeastern coast of the U.S., this is especially true, where 

pollution plumes are regularly emitted from urban/industrial sources along the East Coast 

that directly impact downwind locations in coastal New England and Eastern Canada 

(Mao and Talbot, 2004a; Millet et al., 2006; Angevine et al., 2006; Mao et al., 2006; 

Chen et al., 2007). It has further been observed that frequently these plumes contribute to 

large scale pollution outflow, traveling 100s to 1000s of kilometers in stable lower 

tropospheric layers over the Atlantic Ocean, eventually adding to aggregated flows of 

pollutants that comprise North American continental outflow. Like the upper level forms 

of outflow (i.e. that facilitated by warm conveyor belts), these flows can measurably 

influence the composition of the marine atmosphere as well as surface conditions in 

western and central Europe (Stohl and Trickl, 1999; Stohl et al., 2001; Eckardt et al., 

2004; Simmonds et al. 2004). 

Low level outflow (LLO) is a form of continental outflow which is achieved 

within the lower tropospheric layers and occasionally the marine atmospheric boundary 

layer (MABL) itself. In previous studies, LLO has been identified as pollutant flow 

leaving the continent and traveling below 3 km in altitude (Daum et al, 1998; Owen et al, 

2006). Such case of outflow can result from a variety of forcing mechanisms. Cooper et 

al (2002) identified the post-cold front air stream as one common mechanism of 

ventilation into shallow layers of the troposphere during the passage of weaker low 

pressure systems and full mid-latitude cyclones. Case studies of lower tropospheric 
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transport over the North Atlantic during the summer of 2003 by Owen et al. (2006) 

suggested a range of meteorological conditions may lead to the onset of LLO events. 

Employing Lagrangian model simulations in support of observations at PICO NARE, 

Owen et al. (2006) analyzed three cases of LLO in response to forcing of North American 

pollution into the lower free troposphere (0-2 km) by weak synoptic activity and the 

maintenance of shallow detached layers across the Atlantic. 

Most similar instances of LLO begin as regional scale processes where pollutant 

laden continental air masses undergo significant transformations at the coastal boundary 

as they move into the marine atmosphere. These transformations are forced by abrupt 

land-sea differences in roughness lengths, vertical moisture and heat fluxes, as well as 

surface temperature gradients present along the coastline (Angevine et al 1997, 2002, 

2006; Owen et al 2005; Millet et al., 2006). Numerous efforts have described such 

scenarios, including the recent study by Dacre et al. (2007) which connected shallow 

ventilation and boundary layer trace gas transport to local mesoscale processes such as 

the sea-breeze and regional coastal land-sea flow patterns. In such scenarios, pollutants 

are deposited into the shallow residual layers over cold North Atlantic waters. These 

residual layers often evolve into a stable internal boundary layer (SIBL) above the marine 

boundary layer and the cold North Atlantic waters (Garratt, 1990; Angevine et al, 2006). 

Importantly, this further implies that LLO and the shallow ventilation of boundary layer 

pollutants may then occur in the absence of strong, synoptic scale forcing events. 

Recent efforts have shown that influence of LLO events on regional as well as 

intercontinental transport has been significant. In regional analyses, Chen et al. (2007) 

employed principal component analysis in determining that 58% of the variance of the 
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airmasses influencing northern New England was associated with emissions from nearby 

coastal source regions such as Boston and NYC. Over larger scales, Li et al. (2005) 

concluded from extensive model simulations that 30% of the North American CO 

exported in the summertime occurs below 3 km in altitude. 

These findings provide motivation for the present study which builds upon 

previous efforts to better understand LLO and coastal circulation as transport pathways of 

the North American continental outflow, and the dynamics of the lower 

troposphere/MABL that facilitate it. The NOAA WP-3D flights in particular during the 

ICARTT campaign yielded invaluable observations of the composition and structure 

associated with low level pollution transport from the Eastern U.S. during the summer of 

2004. Of these flights, three sequential flights between July 20th and July 22nd provided 

the unique opportunity to observe flow of a freshly emitted plume along the northeast 

coast, into the Gulf of Maine (GOM) and its eventual outflow into the western North 

Atlantic. Specific objectives of our study were to employ these observations in a quasi-

Lagrangian manner to investigate the composition and dynamics of such regional plumes, 

influences of the local MABL on plume transport, and the contribution of such plumes to 

North American continental outflow. 

2. Data 

The primary trace gas observations in the coastal and marine atmosphere 

investigated here were obtained onboard the NOAA WP3-D Orion research aircraft (P-3). 

In its configuration for the ICARTT 2004 campaign (Fehsenfeld et al., 2006), carbon 

monoxide (CO) and sulfur dioxide (SO2) were measured from sensors on the wing pod 
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with a fast-response, high-precision vacuum ultraviolet (VUV) resonance fluorescence 

technique. Ozone (O3), nitric oxide (NO), and nitrogen dioxide (NO2) were measured 

onboard by chemiluminescensce methods. Total reactive nitrogen (NOy) was determined 

using a catalytic reduction technique with the aid of an AU converter. In-situ volatile 

organic carbon compounds (VOC's) were sampled using a proton transfer reaction mass 

spectrometer with additional can samples measured using a gas chromatograph - mass 

spectrometer. Chemical ionization mass spectrometers were used in the observation of 

peroxycarboxylic nitric anhydrides (PANs), nitric acid (HNO3), sulfuric acid (H2SO4), 

and the hydroxy 1 radical (OH). Corresponding observations of additional physical and 

chemical parameters taken onboard the NASA DC-8 were further used in the analyses 

made. This data was freely available at the NASA Earth Missions webpage: 

http://www.espo.nasa.gov/intex-na/. 

Surface observations from the AJRMAP measurement network 

(http://airmap.unh.edu) were used in the assessment of the out-flowing plume impact on 

coastal, near-coastal, and inland regions of the GOM. One minute averages of CO, 03, 

and NOy from the AIRMAP observatories at Appledore Island (AIS), Thompson Farm 

(TFR), and Castle Springs (CSP) during the ICARTT campaign were the primary surface 

data sets. The period of May, 1st to September 1st, 2004 was used in the statistical 

description of seasonal surface conditions at each site. 

Based on the aircraft observations of meteorological parameters, wind speed, 

wind direction, water mixing ratio, and potential temperature, further useful parameters 

were determined to gain insight into the stability and turbulent properties of the plume 

transport layers. Virtual potential temperature, 9V, is the theoretical potential temperature 

13 

http://www.espo.nasa.gov/intex-na/
http://airmap.unh.edu


of dry air that would have the same density as moist air and was calculated by the 

relationship: 

0v=0(l + O.6r-r,) (2.1) 

using potential temperature and water mixing ratio (r, water vapor mixing ratio and r,, 

liquid water mixing ratio) measurements. The vertical gradient of the virtual potential 

temperature was calculated from vertical profiles made during the WP-3D flights to 

provide information in the stratification stability. 

Using the 8V profiles and observations of vertical shear in the horizontal wind 

vectors, the gradient Richardson number, Rh was calculated using: 

x — (2 2) 

Ri is a nondimensional ratio that relates the buoyant production or consumption of 

turbulence to the shear production of turbulence within atmospheric layers. In this study, 

R( was used to gauge dynamic stability and the formation of turbulence within a layer. A 

value of Rj =0.25 has been established as a critical value separating laminar from 

turbulent behavior in most geophysical flows. This is based on solutions to the Taylor-

Goldstein form of the linearized Navier-Stokes equation quasi-2dimensional flows as 

described in Kundu (2004). Below the 0.25 value, shear driven Kelvin-Helmholtz 

instability is manifested forcing turbulent characteristics in the flow. 

Observations of wind speed (instantaneous and 5 second averages) and wind 

direction were also employed to calculate the turbulent kinetic energy (TKE) within 

layers: 
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£*£-=;= 0.5 (u'2 + v'2 + w'2) (2.3) 

As shown, this is the mean kinetic energy per unit mass associated with eddies and 

turbulent motion within a given layer. 

3. Results and Discussion 

A total of sixteen research flights were conducted by the NOAA P3 aircraft 

between July 5th and August 14th 2004 in conjunction with the ICARTT campaign. Three 

of these flights were flown between July 20th and July 22nd (hereafter flights 7/20, 7/21, 

and 7/22 respectively) to provide a quasi-Lagrangian vantage point of a fresh plume 

(hereafter the 7/20 plume) emitted from the NYC source region as it transited through the 

GOM and into the Western North Atlantic. 

3.1 Development of the plume 

The 7/20 plume case study was characteristic of a low-flowing fresh plume, 

ventilated into shallow tropospheric layers by weak synoptic forcing. Regional lower 

tropospheric conditions captured by the National Center for Environmental Prediction 

(NCEP) analyses of surface pressure, and 10 m wind vectors during the Lagrangian 

experimental timeframe reflect a slow southwesterly flow off the east coast from Virginia 

to Newfoundland (Figure la). This flow was established primarily under the influences of 

the Bermuda High to the southeast of the source region and the Canadian low pressure 
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Figure 2.1. NCEP Reanalysis of mean sea level pressure and surface wind vectors for a) 

July 20th, b) July 21st and c) July 22nd during the 2004 ICARTT campaign. 850mb 

geopotential heights are shown for the same respective dates in d), e) and f). 

system initially centered to the northwest along the northern edge of Hudson Bay. Upper 

level patterns similarly depicted the influence of these large-scale features within the 

region with the jet stream maintained northwest of the Great Lakes supplying a relative 

northeasterly flow aloft. The 'trigger' for the ventilation of the plume was the 
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development of a mild mesoscale low pressure trough between these larger synoptic 

features over the mid-Atlantic states developing near the surface as the Canadian Low 

translates progressively eastward during the 21st and 22nd (Figures 2.1 b, c). 

3.2 Day 1: Initial Characterization of the Low-Level Plume 

3.2.1 Chemical Composition near Long Island Sound 

Initial encounters by the P-3 with the plume occurred on July 20th. Departing at 

1400Z, this first mission in the three day experiment conducted an eight hour survey of 

the plume, making multiple crossings between Long Island Sound (LIS) and the southern 

GOM as depicted in Figure 2. During the flight, the physical and chemical signatures of 

the plume were distinct near the NYC source region and coastal atmosphere surrounding 

LIS. Above these waters and throughout the immediate Atlantic coastline, a series of 

vertical profiles between 1530Z and 1830Z observed the plume as a polluted airmass 

residing within a 1500m thick layer at a mean altitude of 1000m above the surface and 

flowing with a southwesterly trajectory. 

Figure 3 shows the initial structure of the 7/20 plume as distinguished in the 

1830Z vertical profile of its primary constituent species: CO, O3, SO2, and HNO3. The 

vertical center of the plume was detected at a height of 1300 m, coinciding with a peak in 

the CO mixing ratio (170 ppbv) and an accompanying elevation in O3 (76 ppbv). Further 

extremes in industrial/urban indicators were observed at this altitude, including 

17 



LON 

Figure 2.2. Flight tracks of the NOAA WP-3 and NASA DC-8 on 7/20, 7/21 and II22. 
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pronounced enhancements in toluene (798 pptv), methyl ethyl ketone (MEK) (1268 

pptv), and benzene (268 pptv) (Table 1) which are characteristically emitted from heavy 

industry (solvent use) and automobile emissions. An elevation to 2.9 ppbv in S02 in the 

plume's vertical center was also observed and likely derived from regional power plant 

emissions. 

Observations of enhanced mixing ratios of reactive nitrogen were similarly made 

in the plume's core over NYC, with NOy measuring 3.0 ppbv and predominantly 

comprised of HNO3 (2.8 ppbv). Following the method set forth in Kleinman et al. (2008) 

and more recently pursued in Slowik et al. (2011), the photochemical age of the plume 

was estimated in terms of these observations. Specifically, the NOx-NOy ratio was 

employed in the relation: 

age = - log([NOx] I [NOy]. (2.4) 

As detailed in the reference works, a value of 0 is indicative of fresh emissions while 1 

represents photochemical aging of 1 day or more. For the 7/20 plume, mean mixing ratios 

of NO and N02 were 0.035 ppbv and 0.16 ppbv respectively in the plume core over 

NYC. Mean NOx levels were then 0.195 ppbv establishing a mean NOx /NOy ratio of 

0.0676 and a corresponding approximate photochemical age of 1-2 days. Two-day 

NOAA HYSPLIT Lagrangian back trajectories supported this conclusion, indicating that 

the plume followed a shallow recirculation over coastal and eastern New York, 

Pennsylvania, and New Jersey during the two days prior to the initial P3 intercept as 

shown in Figure 4. 
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Figure 2.3. Vertical profiles of primary trace gas species and physical parameters 
observed near the NYC source region on 7/20. Shown are mixing ratios for a) O3, b) CO, 
c) SO2 and d) HNO3 (all in ppbv) along with e) potential temperature f) horizontal wind 
speed, g) turbulent kinetic energy, and h) Richardson number. Black lines correspond to 
the observations directly over the NYC region at 1830Z; grey dotted lines designate the 
evolution observed 130km downwind of NYC at 1920Z; and dark grey dashed lines mark 
observations 250km downwind at 20Z. 
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Figure 2.4. NOAA HYSPLIT lagrangian model simulations showing the probable a) back trajectories for two days prior to the initial 
encounter with the 7/20 plume by the WP-3D and b) forward trajectories for five days following the same encounter. 



The relationships between the primary trace gas constituents in the plume were 

further examined to provide additional insight into its origins and relative background 

mixing ratios of the species in the lower troposphere over LIS. Considering CO as a 

general indicator of combustion, its correlation with O3 was employed to gauge 

photochemical processing within polluted airmasses. Initial encounters with the plume on 

the 20th suggested that O3 and CO were well correlated (correlation coefficient of 0.83) in 

close proximity to the NYC source region above LIS. As shown in Figure 5a, O3/CO 

ratios within the plume profile near the source region displayed a strong linear 

relationship, with a regression slope of 0.21 and corresponding correlation coefficient (r2) 

of 0.53. This slope is slightly less than the 0.26 values observed by Daum et al. (1996) in 

similar low flying plumes emanating from the northeastern US and tracked over the 

Atlantic during the 1993 North Atlantic Regional Experiment (NARE) a decade earlier. 

This finding maintain the trend of O3/CO slopes being significantly less in plumes over 

the North Atlantic than over coastal and inland locations. Specific cases include Mao and 

Talbot (2004b) who observed mean summertime O3/CO slopes of 0.37 using three years 

of data from AIRMAP surface sites and Chin et al. (1994), who determined a mean 0.3 

slope to be typical within photochemically aged airmasses found in lower tropospheric 

layers above summertime North America. 

The 03/NOy relationships derived from the same vertical profiles similarly 

exhibited correlation between the species. However, some variability resulted from 

probable depositional losses of NOy species and possible mixing of aged and fresher 

emissions within the plume given its two day history. In the 1830Z intercepts, it was seen 
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Figure 2.5. Selected trace gas relationships with the plume layer and parameters for corresponding linear fits. Shown are 03/NOy, 
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that a weaker linear relationship (î = 0.63) was observed between O3 and NOy, (Figures 

5 c, d) suggesting that a mixture of airmasses may have been intercepted during initial 

plume encounters. At higher NOy levels (>8 ppbv), the correlation is clearly higher 

(0.68), and reflective of recent emissions, while at lower mixing ratios of NOy (<5 ppbv), 

the correlation was less (0.49), more suggestive of photochemically aged airmasses and 

loss of NOy through deposition. The CO/NOy relationship exhibited clear linearity, with a 

fitted slope of 9.583 (r2 =0.95) as seen in figure 5e. Such close correspondence between 

CO and NOy is indicative of a common combustion source such as automobiles (Daum et 

al, 1996). 

Analysis of whole air samples (WAS's) obtained during the near-source region 

vertical profiles provided insight into 74 additional chemical species within the 7/20 

plume (Table 2.1). Halocarbons in these samples were of particular interest, since they 

are generally found well mixed in the troposphere except in close proximity to source 

regions (Blake et al, 2004). Many halocarbons also have relatively long lifetimes, with 

their primary removal mechanism being their reaction with OH (Thomson et al., 2005). 

Halocarbon species function well as urban industrial tracers and as seen in this analysis, 

are a means of tracking the 7/20 polluted airmass. Specific halocarbons observed in the 

7/20 plume included the industrial solvent dichloroethane (C2H4CI2), observed at 5.37 

pptv within the plume layer, relative to a background mean of 31 pptv observed 

throughout the remaining flight. Similar enhancements in the level of the dry cleaning 

agent tetrachloroethylene (C2CI4) were observed at 188 pptv near the source region. 

These levels can be compared to a background of 22 pptv determined in other segments 
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of the flight. The heavily used industrial rubber/plastic chloromethane (CH3C1) also had 

an enhanced mixing ratio of 531 pptv. Other non-halocarbon anthropogenic indicators 

were also present in the NYC WAS's, including the refining byproducts ethane (~ 2840 

pptv) and ethene (~936 pptv), along with industrial fuel tracers propane (~1650 pptv), 

and acetylene/ethyne (-1063 pptv). 

Correlations between the anthropogenic tracers in the plume WASs and CO were 

determined as shown in Table 1. At the 95% confidence level, the correlation coefficients 

calculated between the two of the most abundant anthropogenic halocarbons within the 

plume (CH2CI2, C2CU) and CO were above 0.95. Within the same confidence interval, 

correlation coefficients between tracers ethane, ethyne, benzene, and propane and CO 

also exceeded 0.95, further reflecting the anthropogenic origin of the plume and the close 

proximity to the source region. 

Mixing ratios of non-anthropogenic indicators near the source region in the 

WASs also supplied insight in terms of plume history and structure. Isoprene, an 

indicator of air mass exchange with continental vegetation was observed at 800 pptv 

while dimethyl sulfide (DMS), an indicator of contact with marine surfaces, was detected 

at a mean of only 12 pptv within the plume. These observations suggest that during the 

previous days prior to the aircraft intercept, the plume air mass likely experienced some 

level of exchange with the land surfaces it passed over while only having limited contact 

or exchange with the sea surface during the same period. This detachment from the ocean 

surface was more apparent in the vertical profiles of the physical parameters as discussed 

below. 
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0543 

0568 
0558 

0522 

0593 
0507 

0160 
0518 
0435 
0483 

0583 
0500 
4433 

12 333 
26500 

200500 

Table 2.1. Analysis of Whole Air Samples taken within the plume layer over NYC on 
7/20 as well as over the GOM on 7/21 and 7/22. Included are maximum and mean values 
for each species and correlations with CO calculated to the 95% confidence level in each 
case. 
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3.2.2 Physical Structure of the Plume Layer 

The noticeable detachment of the 7/20 plume from adjacent vertical layers was a 

key aspect in its behavior as well as its evolution as a low level flow. Model back 

trajectories (Figure 2.4a) and synoptic charts support the hypothesis that the detachment 

and ventilation of the 7/20 plume was linked to the entrainment of continental boundary 

layer pollutants into a coastal residual layer formed in the lower troposphere rather than 

through the forcing of a single weather event. In this, the residual layer served as a 

shallow reservoir for continental pollutants and facilitated their outflow above the marine 

boundary layer in a detached plume-like fashion over LIS on 7/20. Similar observations 

of residual layer influences have been established in previous studies, particularly near 

land-sea transition regions, where buoyancy driven flows such as the land/sea breeze 

contribute to their development in the coastal atmosphere (Hsu, 1988). Over LIS, residual 

layers have frequently been found in summer months, when land-sea temperature 

contrasts are larger (Tardiff, 2005) and observed as reservoirs for boundary layer trace 

gas pollutants during air quality episodes along the East Coast (Zhang et al., 1998). In the 

study conducted here, data further suggested that the residual layer facilitated the long-

range transport achieved by the plume through its advection into the lower troposphere 

and over the marine boundary layer, thus detaching it from surface interactions in a 

similar fashion to that described by Dacre et al (2007) and Foeschetto et al. (2001). 

Directly above the source region, the physical state of the atmosphere surrounding 

the plume was characterized by well-stratified structure with stability evidenced by the 

profiles of 9 (Figure 2.3e). The plume containing residual layer itself was distinguished 

by a jet-like increase in wind speed centered about a vertical peak of the plume (1300m), 
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with a maximum of 10.9 m s"1. This enhanced wind speed was observed in conjunction 

with a -30° shift in wind direction and a 20% increase in the water vapor mixing ratio 

compared to the layers surrounding the plume. The mean dew point temperature of the 

layer reached 19.3°C. Despite this near saturation of the plume layer, shear produced by 

the sharp vertical gradient in wind speed and direction appeared to also give rise to clear 

instances of periodic turbulence within it. 

A value of 0.25 is considered to be the critical point for the R, separating 

turbulent and non-turbulent regimes in the atmosphere (Garratt, 1990; Stull, 2008). 

Conditions favoring turbulence in the plume layers were observed in the near source 

region profiles, as indicated by values of R, between 0.16 and 0.30 (Figure 2.3h). Coupled 

with this, an increase in vertical velocities was observed, ranging from 0.3-0.5 ms'1 (not 

shown). The enhanced vertical motion was also observed with in the plume layer, which 

coupled with the vertical gradient in the horizontal wind speed, contributed to significant 

increases in TKE at the upper and lower bounds of the plume layer (1700m and 980m 

respectively) (Figure 2.3g). These observations are further consistent with the diagnosis 

of mechanically driven turbulence in the layer, often taking the form of overturning 

motions associated with Kelvin-Helmholtz instability and leading to the development of 

small sub-grid scale eddies. The presence of this turbulence is inherent residual layers, 

and has been seen to influence air quality, via the down-mixing of pollutants during the 

growth of the mixing layer in the morning (Neu et al., 1994) while Mahrt et al (1999) 

suggested that transport within the residual layer is ensured by similar sporadic bursts of 

turbulence. 
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Additional aircraft intercepts on 7/20 captured the downwind transformation of 

the plume from an airmass residing in a residual layer to a shallow defined flow en route 

to the GOM. Induced through the influences of the intense wind shear observed in the 

lower marine troposphere, radiative cooling by the underlying sea surface, and the onset 

of the 7/20-7/21 nocturnal transition, initial stages of this transformation were observed at 

1920Z, 130 km downwind of the NYC profile. Subsidence of the plume's vertical center 

down to 980m was evident in the profiles of 03,CO, SO2, and HNO3 (Figures 2.3a-d, 

dotted lines). While horizontal wind speeds were reduced from their NYC magnitudes, 

periodic elevations in TKE were recorded in the plume profile and corresponding drops 

in the R, values (Figures 2.3e-h, dotted lines) marked episodes of shear driven turbulence 

as seen earlier. Continued evolution was observed 300 km downwind as seen in profiles 

of trace gases and physical parameters observed at 20Z (Figures 2.3a-h, dashed lines). 

Between Narragansett Bay and Buzzards Bay, the aircraft observed the 7/20 plume as a 

distinct low level flow, detached from the surface layer and moving steadily out of the 

southwest. In this new configuration, the plume exhibited a 500m thickness, as 

distinguished in the trace gas profiles. The vertical center could be seen at 250-300m 

above the sea surface, where peaks of O3, CO, SO2, and HNO3 reached 103 ppbv, 337 

ppbv, 6 ppbv, and 14 ppbv respectively. A further distinguishable characteristic was a 

marked increase in horizontal wind speed, with maximum amplitudes reaching 12-13 

m/s. Resulting horizontal shear contributed greatly to increased TKE (130 J/kg) as well as 

the persisting low Rx values (0-0.3) within the layer, strongly suggesting the continued 

presence of turbulent motion during the plume's transit. 
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3.3 Low-Level Plume Transit and Evolution on 7/21 and 7/22 

Forward trajectories computed by the HYSPLIT model are shown in Figure 2.4b, 

projected a southwesterly track for the 7/20 plume over the 48 hours following the initial 

encounters by the P-3. This path was confirmed by Mao et al. (2006) through the analysis 

of SMART balloon observations which tracked the 7/20 plume from the source region to 

Newfoundland. Further verification of this trajectory was also achieved by multiple 

intercepts by the P-3 and DC-8 aircraft on 7/21 and 7/22, which additionally provided 

observations for the assessment of the plumes transformation. As discussed further 

below, clear differences in the plume's characteristics and its transformation were 

observed over the coastal as well as the "open ocean" waters of the GOM region. 

3.3.1. (7/21~Day 2) 

The NYC plume was readily identifiable during the flights on 7/21 through the 

analysis of the WASs obtained in the lower marine troposphere. As seen in Table 1, the 

signature of a high correlation between anthropogenic halocarbons and CO observed near 

the NYC source region was retained in the samples taken within the plume layer over the 

GOM on 7/21 and 7/22. The CH2C12-C0 and C2CL,-CO, and C2HCl3-CO correlations 

remained nearly unchanged on 7/21, each exceeding 0.9 at the 95% confidence level and 

facilitated tracking the plume while over the GOM region. Additional correlations 

determined between ethyne, propane, butane, benzene were similarly high, within a range 

of 0.8 to 0.9 with the same confidence interval. Yet, while continued to evolve 

significantly during the preceding 24 hours of its continued transit, with distinct 
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differences in its characteristics over the coastal GOM versus the open North Atlantic. 

Despite coalescing to one-quarter its near-source region thickness, large 

enhancements in the primary species still distinguished the plume layer over the GOM, 

where CO levels peaked in the coastal region at 246 ppbv, 0 3 at 83 ppbv, S02 at 4.2 

ppbv, HNO3 at 5.8 ppbv , and benzene at 109 pptv (Figures 2.6a-d). A subsequent profile 

made 5 hours later to the northeast revealed the full lateral expanse of the plume as well 

as significant differences in its characteristics farther out to sea. As seen in Figures 2.6e-

h, peak mixing ratios in the primary species over the open North Atlantic were similar to 

those observed nearer the coast, as CO reached 337 ppbv, O3 103 ppbv, SO2 7.2 ppbv, 

and HNO3 12.9 ppbv. This difference appeared to be linked to reduced cooling (i.e. 

slightly warmer temperatures) of the plume layer further out to sea as well as the 

presence of more vigorous turbulent motion indicated by the larger amplitudes (roughly 

2x)ofTKE (Figures 2.7k). 

Turbulent characteristics remained apparent throughout the majority of the 

vertical profiles over the GOM with R, values persisting well below the 0.25 (Figure 2.7f 

and 1) indicative of instances of dynamic instability. Spikes in TKE (Figure 2.7e) marked 

the upper and lower limits of the plume layer in much the same way that was observed 

near the source region; However, with the subsidence of the plume to a near surface 

altitude, the plume layer more closely resembled a coastal internal boundary layer (IBL) 

over the GOM than the residual layer encountered over NYC. 

Internal boundary layers are frequently generated in the lower atmosphere and 

arise primarily from discontinuities in surface properties. In the case of the marine 

atmosphere, coastal IBL's result from air masses advected across the coastline, where 
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large differences in surface roughness and surface buoyancy (heat and moisture) fluxes 

are present on either side. In the case of the NYC plume, warm continental air trapped 

above the convective boundary layer in a residual layer was eventually advected into the 

lower marine troposphere. A resulting IBL formed based on significant differences in 

airmass between the plume and its new marine environment. This scenario was recently 

addressed by Dacre et al. (2007) while coastal IBL transport has been identified as a key 

aspect of regional transport particularly over the GOM in during a number of previous 

summer campaigns (Angevine et al., 1996; Smedman et al., 1997; Gong et al., 2000; 

Angevine et al., 2006). 

A unique quality of this study was the Lagrangian observation of the plume with 

respect to the development of an IBL structure and the resulting impacts on trace gas 

processing and transport. In terms of physical characteristics, horizontal transects made 

by the P3 on 7/21 and 7/22 observed that many properties of the plume layer/TBL were 

remarkably constant over extensive distances across the GOM. As shown in Figures 2.8a-

b, wind speed and potential temperature each exhibited smooth gradients within the 

plume layer, during a 160 km transect made over the southeastern GOM. A second 160 

km transect performed to the northeast along the GOM-open North Atlantic transition 

region provided observations that similar structure persisted further out to sea. In each 

case, winds within the IBL/plume layer were consistently southwesterly, ranging from 2 

to 5 m s"1. Temperatures of the layer were similar as well, with a mean of 297.2 K, while 

the water vapor mixing ratio ranged from 10 to 14 g/kg. 

In contrast, trace gas observations made during the same transects exhibited high 
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Figure 2.8. Physical characteristics of the NYC plume layer observed during transects by 
the P-3 on 7/21 and 7/22 over the GOM. Shown are a) horizontal wind speed b) potential 
temperature c) water vapor mixing ratio, d) vertical wind speed e) turbulent kinetic 
energy and f) wind direction. Cyan lines designate observations from the coastal GOM 
transect on 7/21, magenta lines the oceanic GOM transect on 7/21, and black lines the 
central GOM transect on 7/22. 
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Figure 2.9. Trace gas observations in ppbv of a) 03, b) CO, c) HN03, d) S02, e) MEK 
and f) Benzene within the NYC plume layer as observed in horizontal transect performed 
by the P-3 on 7/21 and 7/22. Cyan lines designate the coastal GOM transects and 
magenta lines the open ocean GOM transects on 7/21. Black lines designate observations 
made during a transect over the central GOM on 7/22. 
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degrees of spatial variability and with two distinct regimes being apparent over the 

coastal and open ocean waters. As shown in Figures 2.8a-b, O3 and CO of the 7/20 plume 

varied significantly, even over short spatial intervals. Within the same southern GOM 

transect discussed earlier, CO mixing ratios oscillated 160 ppbv about a mean value of 

205 ppbv, and O3 ranged +/- 70 ppbv about a mean value of 117 ppbv. Similar behavior 

was observed in HNO3, SO2, MEK and Benzene (Figures 2.8c-f). In comparison, wide 

fluctuations in trace gas mixing ratios over the western GOM-open Atlantic suggested 

lower values but characterized similar behavior. Mixing ratios of CO were generally 

below 200 ppbv with O3 and HNO3 correspondingly less than 100 ppbv and 12 ppbv 

respectively. 

The high degree of spatial heterogeneity in the mixing ratios appeared to be a 

direct result to the persistent turbulence inherent to the IBL structure. Despite this near 

static appearance of the physical state of the plume layer observed on 7/21, frequent 

variations in vertical wind velocities (Figure 2.8d) were recorded in each of the transects 

made in the plume as well as isolated peaks in TKE, indicating instances of turbulent 

activity. To some extent this was expected, with previous works firmly establishing that 

similar turbulent features and inherent characteristics of the growth of an IBL as a 

balance between the mixing of cool air by turbulence generated through shear driven 

TKE and an increase in the stable stratification due to buoyancy driven heat-loss to the 

surface is ultimately achieved (Garrett, 1987). As previously mentioned the impacts of an 

IBL on surface mixing ratios of O3 around the GOM has been explored in a number of 

works, yet none have captured the full magnitude and scale of the IBL-turbulence impact 

on a passing airmass' as seen in the aircraft observations of the 7/20 plume. 
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3.3.2. (7/22~Day 3) 

In the absence of new synoptic influences entering the GOM, the IBL-like 

structure surrounding the plume remained nearly constant throughout day 3 of the plume 

study. As seen in Figure 2.8, horizontal transects made within the plume layer on 7/22 

observed that the majority of its physical characteristics remained unchanged. As on 7/21, 

winds maintained a southwesterly flow (a mean 230° in direction) within the layer, with 

the only exception being an average 2m/s increase in wind speed on the 22nd. This 

increase contributed to increased vertical shear in wind speed within the plume and 

adjacent lower tropospheric layers, and facilitated the continued low Rt values (Figures 

2.7f and 1) well below the critical level, thus indicating frequent shear-driven turbulence 

and a higher probability of enhanced mixing on 7/22. 

These conditions continued to have considerable impact on trace gas mixing 

ratios and chemical processing rates within the plume that day. As suggested in Mahrt et 

al (1999) and Dacre et al. (2007), the overturning motion is pervasive throughout similar 

low altitude plumes/IBL layers and contributes significantly to the transit of the plume as 

well as mixing within it. On 7/22, this appeared to be realized as more concentrated 

elements of the plume arrived from upwind. Aircraft observations also provided evidence 

of mixing with recent emissions over the GOM, particularly in the coastal region. As seen 

in horizontal transects of the plume on 7/22 (Figure 2.9), the primary trace gas species 

retained their high spatial variability. On average, 20% higher mixing ratios were 

observed, as CO mixing ratios approached 400 ppbv and O3 exceeded 100 ppbv. 

However, NOy remained relatively unchanged at ~6 ppbv with fresh emissions mixing 
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Figure 2.10. Cross-platform observations of the plume by the NASA DC-8, Shown are 
profiles of a) primary trace gas mixing ratios of O3, CO and Benzene as well as b) HNO3, 
SO2, and N02. Profiles of signature halocarbons CH3CI2 and C2CI4 are shown in c) With 
physical parameters of wind speed and potential temperature in d). 

into the plume and reduced deposition resulting from the detached nature of the plume's 

transit. 

The third day of the plume study provided a unique cross-platform look at the 

plume with both the P3 and DC-8 intercepting it over the GOM. These encounters 

observed the trace gas enhancements clearly in relation to the plume's vertical structure. 
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Profiles by the DC-8 over the western GOM on 7/22 are shown in Figure 2.10, and 

compared closely with the corresponding profiles by the P-3 presented in Figures 2.6 and 

2.7. The vertical distribution of the halocarbon species used in tracking the plume was 

further seen in the DC-8 observations as well Particularly evident were the 

enhancements in CHC13 (16pptv), CH3CCI3 (24 pptv), C2CI4 (23 pptv), and CH2C12 (52 

pptv). 

Much of the enhancement in key species mixing ratios resulted from processing 

within the plume and mixing with fresher emissions. In particular, the enhancement in 

ozone mixing ratios appeared to be a function of the sustained reduction in O3 loss 

facilitated by the IBL structure. As seen in Figure 5, the plume O3/CO ratios increased 

substantially from their source region values on 7/20 and particularly on 7/21 where the 

O3/CO ratios exhibited best fitted slopes of 0.38 and 0.41 respectively. While these slopes 

were constant over the coastal waters on both days, a decrease from 0.41 to 0.34 was 

observed farther out to sea. This difference was one indication that lateral mixing may 

have occurred between the plume and local airmasses over the coastal region between 

7/21 and 7/22. This was further suggested from significant changes in the 03/NOy ratios 

which, over the same period, showed a significant rise over the coastal region and a 

substantial decrease towards the open ocean. 

3.4 Inland and Trans-Atlantic Impacts of NYC Plumes 

The initial impact of the plumes passage was observed on surface conditions 

around New England and evolved over the course of 3 days (7/21-7/23) as seen in the 

times series of trace gas observations made at the three AIRMAP stations (Figure 2.11). 

As shown, initial detection was made along the coast, where the plume arrived at AIS 
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and TFR in a sequence of peaks in mixing ratios between 7/21 and 7/22. The first of these 

was sharp rise to 88 ppbv in 0 3 at AIS between 1800Z on 7/20 and 0600Z on 7/21 with a 

coincident elevation to 63 ppbv at TFR. These were accompanied over the same interval 

by a similar enhancement of the CO mixing ratios, reaching 190 ppbv and 280 ppbv at 

AIS and TFR respectively. Analysis of hourly canister observations at AIS and TFR 

showed enhancements coincided with elevations in halocarbon species used to track the 

NYC plume (Figure 2.11 c and d). These observations further captured the oscillating 

nature of the arrival of the plume indicated by higher levels of halocarbons at TFR than 

AIS as seen in Figure 2.1 lc. This may be derived from increased mixing experienced by 

the plume as the plume progressed inland. Such phenomena has been observed between 

AIS and TFR during the New England Air Quality Study (NEAQS) of 2002 (Darby et al., 

2006) as well as in the investigation of extreme ozone episodes in the summer of 2001 

(Mao and Talbot, 2004a). 

Further inland, a lag of 3-6 hours in the detection of the plume was observed at 

CSP. The inland arrival of CO from the plume manifested as monotonic increase until the 

morning of the 22nd when levels at CSP peaked at 395 ppbv. Ozone at the CSP showed a 

similar phase lag with the coastal observations, while the influence of the plume on the 

observed 0 3 mixing ratios at CSP was seen as a significant enhancement in its diurnal 

cycle. O3 mixing ratios observed at 1200Z on July 22 at CSP equaled the highest 

observed that summer, representing the regional impact of the plume. During the plume's 

passage, CO mixing ratios at AIS, TFR, and CSP exceeded the 90th percentile of levels 

measured between May 1, 2004 and September 1, 2004. This was also the case for the 

observations of O3 and SO2. 
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Castle Springs Thompson Farm Apptedore Island 

Figure 2.11. Surface observations from the ICARTT campaign and observation statistics 
for the summer of 2004. Shown are measurements of a) O3 and b) CO at three AIRMAP 
stations: TFR (red), AIS (green), and CSP (blue). Canister observations of c) C2CI4 and 
d) CH2CI taken at TFR and AIS are also shown for the same time period. Statistics of the 
surface O3 (in ppbv) for the summer of 2004 and the relative impact of the 7/20 plume 
are presented in d). Green lines indicate the peak values observed at each station during 
the7/20 plume's influence which were equivalent to the maximum values measured at 
each station that summer. 
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Figure 2.12. a) HYSPLIT model trajectory for the 7/20 plume (blue) upon leaving the 
GOM on 7/22 and b) model altitudes. Also shown are model trajectories for similar 
plumes encountered by the P3 over the GOM on 7/9, 7/11, 7/15, 7/25, 7/31, 8/3, and 8/7. 
c) 90th percentile values of 03 and CO observed within these other potential LLO plumes 
observed by the P3 over the GOM are reported. 
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One remarkable aspect of the 7/20 NYC plume, was not only the quasi-lagrangian 

manner in which it was observed between NYC and the GOM, but also that its transit and 

impact were eventually measured over the United Kingdom. Upon leaving the GOM, 

forward trajectories computed by the HYSPLIT model indicated its continued flow along 

a southwesterly course across Nova Scotia, Newfoundland as seen in Figure 2.12. By 

7/25, these model trajectories tracked theplume to the west coast of Ireland and the 

British Isles, all while transiting within the lower marine troposphere. This trajectory and 

timeline was confirmed by intercepts of the plume of the western UK on 7/25, as detailed 

in Real et al. (2007). Further analysis of the plumes transit within the lower marine 

troposphere was also explored in this work, with the aid of the UKMet's lagrangian 

model analysis as detailed in Metven et al, 2006. 

This low level means of outflow achieved by the 7/20 plume study raises 

significant questions as to the frequency and impact of similar plumes across the Atlantic 

achieved in the lower marine troposphere. While the 7/20 plume was an extreme case 

within the context of ICARTT 2004, many similar transport events were observed during 

the course of the campaign. The dates and observed maxima in CO and 0 3 mixing ratios 

recorded within additional low level plumes intercepted over the GOM between 7/15 and 

8/07 are indicated in Figure 2.12c. Figures 2.12a and b present the HYSPLIT model 

forward trajectories for these added encounters, suggesting the possible frequency of 

7/20-like plume/outflow events occurring that summer. 

4. Summary and Conclusions 

In this work, focus has been devoted to a distinct case of LLO that was observed 

in the GOM region by airborne and surface platforms beginning on July 20th, 2004. This 
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event was triggered by weak synoptic forcing, and was initially seen as a plume of 

concentrated industrial and urban pollution vented into shallow tropospheric layers above 

LIS. In a quasi-Lagrangian manner, multiple intercepts of the plume by the NOAA P-3 

were made on subsequent days enabling it to be tracked during transit over the GOM and 

open western Atlantic waters. 

Over the course of a three day quasi-Lagrangian experiment, the 7/20 plume was 

seen to evolve, with clear linear correlations developing between signature species CO, 

O3 and NOy. More specifically, O3/CO relationships were consistently indicative of 

efficient photochemical production of O3. 03/NOy relationships near the source region 

showed signs of fresh emissions mixed with photochemically aged air. As the plume 

arrived in the designated coastal and outflow regions on 21st and 22nd, only the signature 

of fresh emissions was retained. The close correlation of CO/NOy contributes to the 

argument that the plume experienced minimal interaction with the surface over the course 

of its transit into the GOM and western Atlantic. Much of this detached transit was 

facilitated by SIBL-like properties of the plume containing layer. 

The observation of SIBL-like properties in association with the plume layer in 

both the coastal and outflow regions is a unique finding that explains much of the 

efficiency of the 7/20 plumes transport and its eventual impact around the GOM and 

across the North Atlantic Ocean. On both days of the plume's transit across the GOM, the 

SIBL structure facilitated widespread observations of periodic turbulence with the plume 

layer. This turbulence appeared to drive the high levels of spatial heterogeneity in trace 

gas mixing ratios observed in the plume layer. Future studies which are fortunate to 

gather similar Lagrangian data from a transiting plume within an IBL would benefit with 
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micrometeorological measurements more capable of resolving the fine spatial scales of 

the inherent turbulent structures within them. Such observations would also facilitate 

analysis of other features that also influence low-level transport in the marine atmosphere 

in conjunction with SIBLs, including low level coastal jets, internal gravity waves and 

turbulent eddies. Thus, the observations of the 7/20 plume further motivate efforts to 

better understand the complex lower atmospheric influences that facilitate and shape 

plume transport over extended distances. 

46 



CHAPTER 3. THE SIBL AND MARINE-ATMOSPHERIC CONTROLS ON 
TRACE-GAS VARIABILITY IN THE GULF OF MAINE. 

Abstract 

A coastal stable internal boundary layer (SIBL) was observed over the coastal and 

central Gulf of Maine regions during fourteen separate research flights by the NOAA 

WP-3D in course of the ICARTT campaign. In these encounters, the upper and lower 

bounds of the SIBL were defined by sharp gradients in wind speed, wind direction, water 

vapor mixing ratio, and temperature. These limits were also marked by local minima in 

turbulent kinetic energy (TKE), which tended to increase within the SIBL layer itself. As 

expected, thickness/height of the SIBL varied significantly with fetch, particularly during 

daytime encounters. However, this variation was less during nocturnal encounters, which 

also yielded observations of a low level jet within the SIBL layer itself. A review of 

previous SIBL studies suggested three established expressions may prove useful tools in 

the prediction and evaluation of the SIBL heights measured during the campaign. 

Comparisons exhibited some agreement nearshore (0-1 Okm) but at moderate to extreme 

fetches (15-500km), they consistently underestimated the ICARTT SIBL heights. An 

empirical power function was fitted to the observed values if SIBL height via a least 

squares method. Potential mechanisms responsible for the differences between the 

empirical fit/observed SIBL heights and previously established expressions were then 

explored. 
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1. Introduction 

The analysis of the NYC plume transit made in Chapter 2 clearly established that 

lower marine tropospheric dynamics are not only crucial for the ventilation of boundary 

layer pollutants, but also for influencing their long range transport as well. This chapter 

extends that effort, presenting a further investigation of key lower marine tropospheric 

influences on trace gas behavior as observed during the ICARTT campaign. Particular 

focus is given to the persistence of a stable internal boundary layer (SIBL). While this 

feature was observed during the transit of the NYC plume, it was also consistently 

detected in the majority of the low altitude aircraft observations made over the coastal 

and central GOM regions during the campaign period, and is the focus of the research 

presented in this chapter. Specifically an analysis of the variability and characteristics of 

the SIBL is pursued, with attention given to the feature's behavior during both day and 

nighttime regimes. Consideration of the influence of the SIBL as a controlling 

mechanism on the vertical mixing of trace gases was evaluated as well as its bearing on 

low-level continental outflow. This includes the facilitation of pollutant transport via an 

observed nocturnal low-level jet and frequent instances of Kelvin-Helmholtz instability 

within the SIBL. In broader terms, the numerous observations of SIBL height were also 

evaluated with respect to theoretical/empirical relationships derived for SIBL phenomena 

in previous studies. Results from this analysis were further employed in comparison to a 

simple empirical relationship derived from the data. These efforts were also extended to 

map out a more accurate physical relation for the SIBL growth in the context of the 

ICARTT/GOM data and to better characterize underlying mechanisms for frequent SIBL 

development in the region. 
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An analysis of SIBL phenomena necessarily begins with consideration of the 

pronounced static stability which prevails over the North Atlantic in summer months. 

This characteristic is established through strong stratification, one of the most salient 

characteristics of the summertime North Atlantic MABL, as low sea surface temperatures 

(SST) cool near surface layers and maintain static stability under most synoptic 

conditions (Roll, 1965). Angevine et. al. (2006) recently examined this structure and the 

processes leading to the formation of a highly stable MABL over the GOM. Within six 

weeks of ship launched balloon soundings, they observed remarkably similar profiles in 

the lowest 1-2 km of the coastal atmosphere. Yet, as this study noted, the coastal 

processes varied significantly with flow patterns and time of day. Specifically, mid-day 

and afternoon outflow exhibited a deeper mixed layer and therefore greatest 

transformation as it left the New England coast and entered the marine atmosphere. 

Within 10 km of leaving the coast, it was estimated that the outgoing air mass 

experienced a cooling of 5-15 K and contributed to the formation of a newly formed 

stable layer 50-100 m above the surface. This significant cooling results in a discontinuity 

in the surface convective fluxes, and often the formation of a thermal internal boundary 

layer (TIBL) as continental airmasses are advected into the marine boundary layer/lower 

marine troposphere. A schematic of this process is shown in Figure 3.1. 

Thermal internal boundary layers are one form of internal boundary layer created 

by flow over surface discontinuities. Based on the strong static stability over North 

Atlantic, the term TIBL is often used interchangeably in the literature with the 

designation SIBL used here. Measurements of SIBLs and their influence over the local 

atmosphere over the GOM have been made more than six decades, beginning with a 
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Figure 3.1. Schematic diagram of a coastal thermal (stable) internal boundary layer, 
developing in the scenario of warm continental air at temperature Oiand advected out by 
prevailing wind of speed u over a colder sea at temperature 8sea. The SIBL height, h, can 
then be expressed as a function of fetch from shore, x. 

series of studies by Craig (1944, 1946) and Kerr (1951). In efforts to predict the SIBL 

heights over Massachusetts Bay, Mulhearn (1981) advanced an early analytical 

expression for SIBL heights in the region, where SIBL height (h) could be estimated as a 

function of fetch (x) from land. Angevine et al (2006) discussed the application of 

similar relationships over the GOM, adopting an empirical expression from Garratt 

(1992). However, the authors found Garratt's expression underpredicted SIBL heights 
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during the 2004 ICARTT campaign, and was consequently of limited application in 

evaluating SIBL influences on trace gas behavior. 

Indeed, the impact of SIBLs on trace gas behavior around the GOM region has 

received attention in a growing number of studies made in the past fifteen years. Gong et 

al (2000) observed the propagation of internal gravity waves within a shallow SIBL to 

enhance vertical mixing of O3 at Chebogue point during the NARSTO-CE 96 field 

experiment. Angevine et al.(1996) and later Mao et al. (2003) both observed the 

maintenance of a nocturnal low level jet over GOM waters during enhanced ozone 

episodes in northern New England, an atmospheric phenomena frequently fostered by the 

presence of and SIBL. More recently, low-altitude intercepts of coastal power plant 

plumes by Brown et al (2007) found boundary layer vertical gradients of relative 

humidity and aerosol surface consistent with SIBL patterns. These observations were also 

highly correlated with steep gradients in N2O5 hydrolysis, thus having direct bearing on 

the lower atmospheric transport or loss of O3 and NO,. Fairall et al (2006) presented 

similar findings, determining that internal boundary layers formed near the coast were 

responsible for significantly reduced vertical fluxes of O3 and a general lack of vertical 

exchange with the near-surface and overlying layers over the GOM throughout the 

ICARTT campaign. These authors also observed numerous instances of shear driven 

turbulence over the GOM, with R, values in the lower 1000 m frequently dropping below 

the critical 0.25 level. 

It has thus been the focus of this work to pursue the further investigation of the 

coastal SIBL, as frequently observed over the GOM and its influence upon trace gas 

variability as well as plume transit. Details of the aircraft and surface observations used 
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during the extensive number of SIBL encounters are described in Section 2. Also within 

this section, three established expressions for SIBL development are described. Section 3 

presents a detailed analysis of the SIBL structure at near and extended fetches from 

shore. This includes an evaluation of significant differences between daytime and 

nocturnal behavior of the SIBL, as well as the observation of prominent SIBL-related 

features, such as the nocturnal low level jet. Final stages of the analysis engage in an 

evaluation of established analytical expressions for SIBL height in relation to the 

ICARTT/GOM observations. Final remarks and conclusions drawn from the analysis are 

presented in Section 4. 

2. Methodology 

2.1 Observational Data 

Observations from the NOAA WP-3D as configured during the ICARTT 

campaign were used in similar fashion to that described in Fehsenfeld et al. (2006) and 

detailed further in Chapter 2. Trace gas and meteorological parameters over on land were 

observed through the AIRMAP regional network previously described as well. 

Additional observations of sea-surface conditions across the GOM were obtained from 

the National Data Buoy Center (NDBC) network. Specific buoys used included Station 

44007 located at 43.531N, 70.144W (Portland, ME); Station 44013 located at 42.346 N, 

70.651W (Boston Harbor); and Station 44005 located at 43.189N, 69.140W (central 

GOM). 

Further parameters that were calculated and employed include virtual potential 

temperature (0V), the gradient Richardson Number (R,), and turbulent kinetic energy 
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(TKE) as cited in chapter 2. The additional parameter of the Brunt-Vaisala frequency N 

was used where: 

N-M-
0 5z . (3.1) 

Here 6 is potential temperature, g is the local acceleration of gravity, z is altitude, and 

SB 
— describes the stratification of the layer. N is then the natural frequency and at which 

Sz 

an air parcel oscillates after being displaced from its original vertical position. This 

parameter was used to gauge changes in buoyancy and stability in the vertical profiles 

made through the SIBL, with N^O implying stable stratification and conversely N2<0 

indicative of unstable stratification within the observed layer. 

2.2 Internal Boundary Layer Expressions 

Sutton (1934 and 1953) showed that the diffusion equation applied to flow 

offshore could take the form 

ud0/dx = Kd20/dx2 (3.2) 

where K is a constant eddy diffusivity, u is the wind velocity at the top of the SIBL and 

80/dx is the temperature gradient moving from shore to sea. The solution of this then 

took the form: 

1/2 ( Y 
0 -0 o =(0 , -0 o )e r / ( z j j i * xJ ) (3.3) 
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with z the aerodynamic roughness of the sea surface, and erf is the well known error 

function erf = —j=-\e~'dt. Sutton further advanced that under the assumption of 

stationarity, this solution could be simplified to: 

h = 0.lS(Kx/uf2. (3.4) 

Here, three modified forms of Sutton's expression for SIBL height (h) were 

employed for evaluation of observed SIBL heights. These expressions were chosen based 

on the similarity of their origin to North Atlantic conditions and their ubiquity in SIBL 

literature. The first of these was advanced by Mulhearn (1981), based on the analysis of 

observed profiles of moisture and temperature above Massachusetts Bay. For fetches (x) 

between 5 and 500 km, the author found that an internal boundary layer height (h) could 

be represented by the expression: 

Ad 
h = 0M5u 

^-"2 (3.5) 
8e xm 

where SIBL height (h) at distance x, could be determined from the wind speed at the stop 

of the SIBL, u, and the temperature difference between upwind and downwind surfaces, 

A6 (with 8 being the mean upwind temperature). 

The second expression arose from the evaluation of SIBL behavior in four 

separate field campaigns by Hsu (1983). In this, the author employed a more generalized 

expression with h dependent only on fetch. For near-shore fetches (20m-8km) 

h = l.9xm. (3.6) 

For further fetches (8km-500km), the author observed less convective influence upon 

SIBL development and advanced that SIBL height followed a more gradual curve, with 
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h = 0.57JC1/2 . (3.7) 

The third and one of most commonly used expression for SIBL growth originated 

from a study of offshore flows in the Australian coastal atmosphere by Garratt and Ryan 

(1989). This expression considered the IBL growth in terms of changes in buoyancy 

described by 9V: 

h = 0.02M 

where g is gravitational acceleration and 6V and u are measured in atmospheric mixed 

layer over land that flow out onto the sea with surface virtual potential temperature 6VS 

3. Results 

3.1 The Daytime SIBL 

A SIBL was observed emanating from the New England coastline during fourteen 

individual research flights by the NOAA P3 over the course of the ICARTT campaign. 

Flight tracks and dates for these encounters are shown in Figure 3.2 with further 

indication of whether these were day or nighttime missions. Most of the aircraft 

encounters were made during the initial and final stages of the flights and thus over 

coastal waters and fetches between 15 and 80 km from the shoreline. However, during 

flights on 7/31 and 8/11, rare observations of the SIBL and its features at extensive 

fetches (>400km) were also made. 

In each encounter, the SIBL was consistently identifiable by several distinct 

features in the aircraft data. Representative profiles of daytime encounters derived from 

g-
A0„-0„, 

fl, n a\ 
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Figure 3.2. Flight paths for NOAA P3 encounters with the SIBL over the GOM. Shown 
are the dates and tracks for the a) daytime encounters and the b) corresponding nocturnal 
encounters made by the aircraft. 

observations made on 7/09 are shown in Figure 3. In these, it was evident that the top and 

bottom of the SIBL layer were bounded by abrupt changes in wind speed, wind direction, 
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as well as a local minimum in TKE (Figure 3.3e, f, and g). Between these minima, the 

SIBL was characterized by a significant increase in the water vapor mixing ratio (Figure 

3.3d) relative to the overlying layers as well as vertical band of increased TKE, likely 

signifying Kelvin-Helmholtz (K-H) driven turbulent mixing. This turbulent quality was 

further suggested by the low Richardson number values (0.02-0.24) sustained throughout 

the layer (Figure 3.3h). 

As in the case of the NYC plume, the greatest difference between the daytime 

SIBL characteristics at near-shore (fetches <100 km, blue lines) and those further out sea 

(fetches > 100km, red lines) was its height or thickness. This is clear in the July 9th 

profiles of selected trace gas mixing ratios and physical parameters and shown in Figure 

3a-c, where a comparison is presented between the SIBL observed at 37 km from the 

shore and 160 km further out to sea. Here near-shore thickness suggested by the profiles 

of CO and S02 mixing ratios was roughly 50 m, while at the extended fetch, profiles of 

the same species indicated a layer thickness of 150 m. The aforementioned mechanical 

mixing driven by the K-H instability appeared to be the principle mechanism responsible 

for the difference, as the increase in layer thickness was accompanied by a large increase 

in the TKE within the SIBL layer observed further out to sea. 

This aspect of SIBL growth over the GOM is consistent with some theories of 

SIBL growth as a function of turbulent fluxes/mixing (Garratt, 1987; Rogers et al, 1995). 

In these, continental air within the SIBL is mechanically mixed through K-motions, 

eventually reaching a quasi-equilibrium state with the new marine environment. An 

increase in TKE accompanies this process, as wind shear increases. This develops into a 

57 



c > 600 

120 140 160 180 200 
CO 

50 55 60 66 
03 

10 11 12 13 
WO Mix 

10 
(mfc) 

600 

450 

400 

350 

300 

250 

200 

150 
0.1 02 03 

Ri 
260 270 280 290 0 50 100 

Degrees (Jfl<g) 

Figure 3.3. Daytime vertical profiles of physical parameters and trace gas mixing ratios 
observed on 7/09. Shown are observed mixing ratios in ppbv of CO, O3, SO2 and H2O 
vapor in a)-d) respectively. Vertical profiles of wind speed, wind direction, TKE and R; 
are shown in e)-h). Blue lines represent observations at 37km from shore and red lines 
indicate observed values 160m from shore. 
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Figure 3.4. Nocturnal vertical profiles of physical parameters and trace gas mixing ratios 
observed on 7/09. Shown are observed mixing ratios in ppbv of CO, O3, SO2 and H20 
vapor in a)-d) respectively. Vertical profiles of wind speed, wind direction, TKE and R, 
are shown in e)-h). Blue lines represent observations at 67 km from shore and red lines 
indicate observed values 130m from shore. 
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cycle, where stability is decreased, the layer thickened and the process repeated until the 

surface buoyancy flux approaches zero. 

3.2 The Nocturnal SIBL 

It was generally observed that the SIBL thicknesses observed during nocturnal 

intercepts were larger than their daytime counterparts. However, the difference in SIBL 

thickness was more invariant with fetch during the nocturnal intercepts. Representative 

nocturnal profiles were taken from observations obtained during the August 7th 

encounters and are presented in Figure 3.4 where this is clearly evident. In comparison of 

the profiles of CO and water vapor mixing ratio (Figure 3.4a and 4d), the difference 

between the SIBL thickness at 67 km and that at 130 km offshore is relatively small. 

Despite this, the internal characteristics of the SIBL exhibited several key deviations. 

While low wind speeds (Figure 3.4e) characterized the SIBL in both locations, vertical 

shear in wind speed was more prominent further out to sea. It can also be seen that at this 

point that the SIBL layer exhibited greater stability, with R, values predominantly above 

the 0.25 value. 

Much of the increased nocturnal stability stemmed directly from a reduction in the 

surface buoyancy fluxes as well as the turbulent fluxes within the SIBL itself. Evidence 

of this was particularly clear further out to sea, where the magnitude of TKE at night 

(Figure 3.4h), was at least 80% smaller than that observed during the day. The only 

exception to this observation was seen during periodic detection of a nocturnal low level 

jet(LLJ). 
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Observation of the periodic LLJ was a crucial difference observed between the 

SIBL feature during the day versus night. As seen in figure 3.5, a clear observation of this 

feature was made during profiles made on night of August 11th. The defining 

characteristic of this profile is the smooth gradient in wind speed between 10 and 540m 

in altitude with a maximum of 19.3 m/s reach at that height (Figure 3.5c). Presence of the 

LLJ and its inducement of turbulence within the SIBL are further signified by the 

increased band of TKE seen in Figure 3.5e, which is on the order of 2-3 time greater than 

the values observed in other day and nighttime encounters. This is consistent with 

previous studies which have tied level jets to patchy and intermittent shear instabilities 

observed within the SIBLs. One of the first studies to attribute increased O3 mixing ratios 

in the stable layer to turbulence was conducted by Samson (1978), who related localized 

increases O3 mixing ratios to a nocturnal LLJ. More recently, studies by Reitebuch et al. 

(2000), Corsmeier et al. (1997) and Beyrich et al. (1996) confirmed the importance of the 

LLJ in generating sufficient turbulence to mix O3 stored in nocturnal residual layers to 

the surface over periods of several hours. 

3.3 Analytical Comparisons 

Applying the aircraft observations in conjunction with the AIRMAP and NDBC 

buoy measurements, predicted SIBL heights were computed using the three SIBL 

expressions described in section 2.2. The observed/predicted comparison is shown in 

Figure 3.6, where it can be seen that that the established expressions consistently 

underestimated the SIBL heights in the GOM in terms of the ICARTT measurements. 

A breakdown to daytime and nighttime cases (Figure 3.6b and 3.6c), showed 
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Figure 3.5. Selected vertical profiles of physical parameters and trace gas mixing ratios 
observed made during the observation of a nocturnal low-level jet within the SIBL on 
August 11th. Shown are mixing ratios of CO and O3 in a) and b). Profiles of wind speed, 
wind direction and TKE are shown in c)-e). 

slightly better agreement with the nocturnal observations. Hsu's first generalized 

expression generated the closest estimates of SIBL heights, with a root mean square 

(RMS) error between the observed and predicted values of 172 m. Considerably larger 

RMS errors for the Mulhearn and Garratt predicted values were found, at 426 m and 211 

m respectively. It can be seen from the plot of absolute difference between predicted and 
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Figure 3.6. Comparisons between observed SIBL heights as observed by the aircraft in the ICARTT campaign and heights 
calculated from the three established SIBL height expressions taken from the literature. Shown are comparisons for a) day and 
night combined observations, b) day only observations, and c) night only observations. For all cases, blue circles mark 
observed heights, red stars represent heights from Mulhearn's relation, black stars heights from Garratt's relation, while the 
green and blue lines are Hsu's original and corrected formulae. 
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Figure 3.7. Absolute differences between observed and calculated SIBL heights during 
the ICARTT campaign versus fetch. Shown are comparisons with calculated values using 
relationships from Mulhearn (red), Hsu and modified Hsu (magenta and cyan), and 
Garratt (black). 

observed values shown in Figure 7 that these large errors/differences increased with 

fetch. This is surprising, particularly in the case of the Mulhearn expression, derived from 

data taken above Massachusetts Bay. 
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Following the comparison with established expressions, a new empirical 

relationship was derived for the ICARTT SIBL heights. Applying the method of least 

squares, a simple power fit of the form: 

h = a*xb (3.9) 

to the observed SEBL heights was made. Results of this generated the relation: 

/2 = 4.083-JC037 (3.10) 

fitted to the 95% confidence level and an R-square of 0.70. The resulting RMSE of this 

relation was 68 m. The form of this power function fit to the ICARTT SIBL height data 

over the GOM in essence preserved the SIBL height as a function of x 3/2 relation set 

forth by Sutton (1934 and 1953) and subsequently adjusted in many recent studies. Like 

Hsu's relation (1983) however, this expression is empirical in nature and limited by its 

lack of consideration of the physical state variables in the lower atmosphere and the 

nature of the underlying surfaces affecting the flow within the SIBL. 

The close correspondence between trace gas distributions and SIBL thickness 

frequently seen in the ICARTT/GOM observations motivate further concerns the use of a 

single expression. During the observations made within the daytime SIBL at a 370 km 

fetch on August 7th (Figure 3.8a) the relationship between SIBL height and mixing ratios 

appeared very clear. However, upon closer inspection (Figure 3.8b), the SIBL thickness 

appeared to vary somewhat with species. Specifically, based on the profiles of O3, SO2, 

and HN03, an estimated height of 650m would be determined while based on the profiles 

of CO, a lower height of 540m would be estimated. This variability of height with species 

was observed more pronounced at shorter fetches where more mixing was observed, and 

thus made nearshore SIBL height determination cumbersome by this method. It is likely 
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that the effectiveness of using similar trace gas mixing ratio profiles as well as the 

observation of physical variables would be maximized if used in robust framework/model 

which considers the dynamical influence of turbulent and convective fluxes on SEBL 

development. Some works in which this has been pursed include those by Renfrew et al. 

(2000), Fairral et al (2003) and Rowe et al. (2011). 
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Figure 3.8. Daytime profiles of primary trace gas mixing ratios (in ppbv) during the 8/07 

SEBL encounter. Shown are a) O3, b) CO, c) SO2, d) HNO3 and e) NOy and zoomed in 

upon for the same profile and species in f) through j). 
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4. Conclusions 

Based on extensive aircraft encounters, the behavior of a persistent coastal SIBL 

over the GOM was studied during July and August of 2004. It was seen that daytime 

characteristics such as the height of the SIBL varied significantly with fetch from shore. 

SIBL height was more invariant during nighttime regimes, but characteristics within the 

SIBL layer still varied considerably from coastal to more open ocean locations. Strong 

mechanical mixing generated by shear driven K-H instability was observed, impacting 

the vertical profiles of trace gas mixing ratios and the overall layer thickness. A nocturnal 

LLJ was also observed within the SIBL layer, which is a feature that has strong bearing 

upon the long distance transport of trace gas pollutants over water. 

Three established SIBL relations consistently underpredicted the SIBL heights 

during the ICARTT period. This suggests that additional influences should be considered 

in efforts to predict SIBL development in the region. The effect of shear driven 

turbulence was pervasive in the observations, and thus a very likely influence that should 

be considered in that regard. 
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CHAPTER 4. SUMMARY AND CONCLUSIONS 

A study of the lower marine troposphere and its influences upon trace gas 

variability and transport has been presented, with an analysis based largely on the 

observations obtained during the ICARTT 2004 campaign. Through a preliminary 

examination of this data, evidence revealed a persistent flow of trace gas pollutants at low 

altitudes above the Gulf of Maine (GOM) which appeared to contribute to regional air 

quality episodes as well as low level continental outflow (LLO) over the North Atlantic 

Ocean. The maintenance of this low level flow throughout the six week summer 

campaign motivated the central theme of this work: to identify and characterize particular 

features in the lower atmosphere which strongly shape the evolution and transit the 

polluted plumes/airmasses over the GOM and the western North Atlantic. In Chapter 2, 

this was pursued by means of a case study. Specifically, a quasi-lagrangian analysis of a 

newly emitted plume emanating from New York City was employed. As the plume made 

its way in low altitude layers over Long Island Sound, into the GOM, and eventually 

across the entire North Atlantic, it was observed that its transformation and transit were 

greatly influenced by a stable internal boundary layer (SIBL) formed at the GOM land-

sea transition. A more detailed examination of this SIBL and its influences upon trace gas 

behavior was then made in an ensuing study presented in Chapter 3. Particular findings 

included that the SIBL significantly influenced the vertical partitioning of trace gas 

species. This included inhibition of vertical mixing with adjacent layers above and below 
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the SIBL, enhanced mixing within the SIBL itself, and long range transport achieved by a 

nocturnal low level jet. 

The case study presented in Chapter 2 was based on a series of research flights 

which provided a nearly unprecedented observation of a plume's transit and 

transformation over the GOM/North Atlantic. As the chapter related, the specific 

sequence of the plume's evolution in the lower marine troposphere was discernable, 

beginning with the plume's origin as a polluted airmass characterized by high levels of 

industrial and urban species, residing in a residual layer above Long Island Sound. As the 

airmass was advected northeastward, wind shear and convective cooling from the sea 

surface below contributed to the plume layer evolution into an SIBL over the GOM. In 

this, the NYC plume was observed between 100 and 200 m thick over the coastal New 

England waters and up to four times thicker further out to sea. Parameters such turbulent 

kinetic energy, the gradient Richardson number, and virtual potential temperature were 

employed to diagnose constant stability in the atmosphere surrounding the plume, despite 

the frequent manifestation of shear driven turbulence within the plume layer itself. 

The physical characteristics of the NYC plume/plume layers while over the GOM 

significantly shaped its eventual impact in New England as well as across the North 

Atlantic. The SIBL structure significantly inhibited vertical exchange with the surface, 

thereby minimizing loss by deposition and allowing the plume to maintain much of its 

near-source region signature throughout the days it was tracked. Lateral exchange 

between the NYC plume and recent emissions from the Boston source region were 

observed enhancing its heavy industrial/urban trace gas composition and its eventual 

impact on surface conditions regionally and intercontinentaly. In northern New England, 
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this impact was extreme, with AIRMAP observations of CO, O3 and SO2 exceeding the 

90th percentile and reaching the maximum levels of those measured that summer. 

Lagrangian model simulations projected the NYC plume's course across the North 

Atlantic and to the west coast of Britain within lower levels of the marine troposphere. 

This was confirmed in related works, through aircraft intercepts made over the United 

Kingdom five days later. Further exploration of low-altitude intercepts of additional 

plumes over the GOM in the summer of 2004 showed that the NYC plume was one of 

many coastal plumes in the LMT that impacted the surface conditions around northern 

New England. Based on lagrangian model simulations, it was also seen that these added 

plume exhibited significant potential for making their way across the North Atlantic as 

well, contributing to the continental outflow of pollutants to marine and European 

locations far downwind. 

The significant impact of the NYC and related plumes warranted a closer look at 

the processes shaping its evolution over the GOM. This took the form of a process study 

of the SIBL during the ICARTT campaign, as presented in Chapter 3. Further analysis of 

the aircraft data demonstrated that the SIBL appeared to be a relatively consistent feature 

observed in the majority of low altitude measurements over the coastal and central GOM 

during the campaign period. It was shown that the SIBL in these encounters maintained 

many of the characteristics of the SIBL/plume layer seen in the NYC case study. This 

included the vertical partitioning of trace gas species, minimization of surface influences 

upon trace gas mixing and removal, as well frequent episodes of shear-driven turbulence. 

However the addition of nocturnal intercepts revealed that the SIBL height was more 

invariant with fetch at night. Nocturnal encounters provided observations of a low level 
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jet, facilitated by the SIBL layering and contributing to the extended transit of pollutants 

at lower altitudes. In broader terms, the SIBL behavior during the ICARTT campaign 

was consistent with similar phenomena observed in related works. However, established 

expressions that used in situ observations of temperature, wind speed, and SST to predict 

SIBL height underestimated the heights observed during the campaign. This discrepancy 

grew larger as a function of fetch from land and that suggested further parameters should 

be considered in SIBL height determination over the GOM. 

The ICARTT data set provides a unique wealth of information concerning the 

lower marine atmosphere and the dynamic relationship between the physical features and 

trace gas behavior therein. It has been the goal of this work to use this data to explore 

selected cases and phenomena, particularly in their application to regional air quality and 

low level continental outflow from North America. The general findings of this study 

strongly motivate further consideration of LLO and its impact on intercontinental air 

quality episodes as well as the global climate system. More specifically, the analysis 

advanced here has demonstrated through unique aircraft observations that the nature of 

LLO events is complex, where the influence of smaller spatial and temporal scales of 

coastal atmospheric dynamics must be considered. Within the case studies pursued, these 

coastal influences were manifested in the form of residual layers, stable internal boundary 

layers, Kelvin-Helmholtz turbulence, and nocturnal low-level jets. Further investigation 

determined that these features shaped trace gas variability, promoted mixing within 

plume layers while inhibiting any significant exchange or deposition with the sea surface. 

Over time scales of several days, it was further evident that these features also 

contributed to longer distance transport of the pollutant trace gases, and with favorable 

71 



synoptic conditions, evolved into large scale outflow events to the western North Atlantic 

region and more distant downwind locations across Europe. 
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