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ABSTRACT

MOORE, THOMAS CLARK. Vertical Distribution of Oxides of Nitrogen in the Semi-
Urban Planetary Boundary Layer: Mixing Ratios, Transport and Sources. (Under the

direction of Viney P. Aneja.)

The role of the family of reactive oxides of nitrogen, NOy [composed primarily in
the lower troposphere of nitric oxide (NO) + nitrogen dioxide (NO,) + peroxyacetyl
nitrate (PAN) + nitric acid (HNOs) + particulate nitrate (NO;")], in the photochemical
production of and correlation with tropospheric ozone is thought to be well known. Thus
a knowledge of the distribution, transport and sources of tropospheric NO and NOy is
critical to the understanding of the effectiveness of ozone precursor control strategies, and
to the development of accurate regional and global atmospheric models, particulaﬂy over
rural areas. In this study, measurements of the mixing ratios of NO and NOy were made
over a semi-urban area of central North Carolina at the surface (10 meters) and on a tower
at a height of 250 meters (820 feet) and 433 meters (1420 feet) above ground level (AGL)
from December 1994 to February 1995. These measurements were compared with
synoptic weather data, daily upper air soundings from Greensboro, NC, and upper air
soundings from North Carolina State University (NCSU) in a effort to characterize NO
and NOy in the planetary boundary layer in terms of their vertical distribution, diurnal
profile, and related transport/production mechanisms. In particular, the primary goal of

this research was investigation of the relationship between the observed vertical




distribution of mixing ratios of NO and NOy and specific morning transport mechanisms
within the boundary layer (i.e., downward mixing).

The results suggest a pronounced decreasing vertical gradient in both NO and NOy
mixing ratios, with a distinct diurnal cycle and nocturnal minimum. The observed data
also compare favorably with a proposed one dimensional model of vertical NO distribution
that predicts an exponentially decreasing NO mixing ratio with height. Furthermore, the
results of the comparisons with meteorological data are conclusive in their agreement that
during this study, NO and NOy were mixed upward from the surface during the morning
and midday hours by veﬁical boundary layer processes, and were also mixed upward
during other times of the day or night by synoptic meteorological features (and their
associated vertical motions).

The overall implication from this research is that mixing ratios of NO and NOy at
the elevated heights did not exist in sufficient concentrations above the inversion la&er in
the nocturnal boundary layer to be mixed downward by vertical boundary layer transport
mechanisms and affect surface measurements. Thus the association of observed increases
in surface NO and NOy mixing ratios solely with downward mixing processes is not
justified in all cases, and other sources and processes for these increases must be

considered, particularly over rural areas.
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1. Introduction

1.1 Tropospheric Reactive Nitrogen and the Production of Tropospheric Ozone

The family of reactive nitrogen species, composed primarily in the lower
troposphere of nitric oxide (NO) + nitrogen dioxide (NO;) + peroxyacetyl nitrate (PAN)
+ nitric acid (HNOs) + particulate nitrate (NO3") [Fahey, et al. 1986; Trainer et al. 1991;
Parrish et al., 1993], and referred to here as NOy, plays a major role in the chemistry of
the troposphere. Through an oxidation reaction with peroxy and hydroperoxy radicals
(which are themselves the result of oxidation of hydrocarbons), the primary reactive
nitrogen species, NO, is converted to NO,; hydroxyl radicals then oxidize NO, into HNO,
which is removed from the atmosphere by both wet and dry deposition [Levine and
Schwartz, 1981; Logan et al., 1981] as a major constituent of acidic deposition [Galloway
and Likens, 1981]. Peroxyacetyl radicals can also combine with NO, to form PAN
[Warneck, 1988], which in elevated concentrations is harmful to human health and can
damage crops and forests [Taylor, 1969; Office of Technology Assessment, U.S.
Congress, 1989, and references therein]. These reactions control to some degree the
balance of radicals in the troposphere by acting as sinks for the radicals and thus
decreasing the total radical concentration in the atmosphere. These radicals are
responsible for the production of such atmospheric oxidants as ozone, hydrogen peroxide,
and organic hydroperoxides. The levels of these oxidants, therefore, are strongly coupled
to the levels of the NOy family in the troposphere (Parrish, et al. 1993). In particular, the

source species for the NOy family, NO and NO, (together, NO + NO, = NOx; the




remaining members of NOy are known as the oxidized species, or NOz) play a
predominant role as precursors in the production of ozone (O3) through the
photooxidation of carbon monoxide, methane, and other reactive hydrocarbons [Fishman
et al.,, 1979; Logan et al,, 1981]. Ozone is a primary component of photochemical smog,
and is harmful to humans [Folinsbee et al., 1988] as well as vegetation [Reich and
Amundson, 1985; Heck et al., 1982, 1983, 1984]. Our current understanding on transport
mechanisms within the troposphere suggests that up to 20 % of tropospheric O is a result
of downward mixing from the stratosphere under appropriate conditions [Mohnen et al.,
1977, Johnson and Viezee, 1981; Kelly, et al. 1982, Hough and Derwent, 1990]. The
remaining 80% of the Os in the troposphere is thought to be photochemically produced
in-situ through a series of oxidation reactions that involve NOx, hydrocarbons, and
sunlight. This series of reactions results in the photo'dissociation of NO,, and is thg only
definitely established process for production of ozone in the troposphere [Chameides and
Walker, 1973; Fishman et al., 1979; Logan et al., 1981; Hov, 1983; Fishman et al., 1985;
Liu et al., 1987; Warneck, 1988].

Reactions 1, 2, and 3 in Table 1.1 outline the atmospheric chemistry processes
that result in the production of ozone in the troposphere. Model studies have indicated
that the amount of ozone produced per NOx oxidized depends nonlinearly on the NOx
mixing ratio, with the ozone production efficiency decreasing with increasing NOx mixing
ratio levels (The mixing ratio is a dimensionless unit used to specify the abundance of an
atmospheric constituent within a parcel of air. Specifically, it is a comparison of the

volume of the constituent to the volume of the air containing the constituent, and is given




Table 1.1. Chemical Reactions of Major Reactive Nitrogen Species in the Atmosphere.

Photostationary State:

(R1) NO,+ hv (A <420 nm) - NO + O(CP)

M
(R2) O, +O(CP) > O;

(R3) NO+0; —»NO,+0,

Peroxy Radical Disruption of Photostationary State:

(R4) NO +HO, - NO, + OH

(R5) NO +RO; »> NO,+RO

Formation and Destruction of Nitrous and Nitric Acid:

(R6) NO + OH —» HONO

(R7) HONO + hv —» NO + OH

(R7) NOz +OH —> HN03

(RS) I‘INO3 +hv - OH + NOz

Formation and Thermal Decomposition

of PAN., and Loss of PAN with NO:

(R8) CH3CO3 + NOz - CH3CO3N02
CH3CO3N02—) CH3CO3 + NOz

(R9) CH3CO3 +NO > CH3 + COz + NOz

Rate Constant*

35x10°

62x10

2.3 x 1072 exp(-1450/T)

4.3 x 10™% exp(+200/T)

80x 10"

5x 1012

8.4x10*

13x 10!

1x 107

6x 107" ,
1.12 x 10 exp(-13330/T) 5™

14x 10"

* Reaction rate units are s for unimolecular processes, cm® molecules™ s™ for bimolecular
processes, and cm™® molecules”s-1 for termolecular processes; T is degrees Kelvin.
SOURCE: Logan et al., 1981; Singh, 1987; Warneck et al., 1988.




in units such as parts per billion by volume (ppbv). For example, if 1 ml of NO is
measured in 1 billion ml of air, then this NO is reported to have a mixing ratio of 1 ppbv).
However, the degree of nonlinearity has been found to be strongly dependent on the non-
methane hydrocarbon (NMHC) to NOx ratio [Liu et al., 1987; Lin et al., 1988].

The concentration of Os in the troposphere has continued to increase globally in
response to a corresponding increase in precursor concentrations, due in large part to
human activity [Hough and Derwent, 1990; Finlayson- Pitts and Pitts, 1993]. Relatively
high concentrations of ozone continue to be a major environmental and health concern in
the United States [National Research Council, 1992] despite 20 years of considerable
regulatory and pollution control efforts. It has also been shown that many rural areas are
just as susceptible to elevated ozone concentrations as urban areas, and more importantly,
that most of this ozone is being produced photochemically from ozone precursc;rs emitted
within the region [Research Triangle Institute, 1975; Vukovich et al., 1977, 1985;
Cleveland et al., 1977; Spicer, 1977, Wolff and Lioy, 1980; Fehsenfeld et al., 1983; Kelly
etal, 1984; Liu et al., 1987, Cﬁameides et al., 1992; Trainer et al., 1993]. As part of its
recommendations to reverse these trends, the National Research Council [1992] stated a
need for more systematic measurements of the spatial, vertical and temporal variation of
NO and NOx mixing ratios in the troposphere, across both urban and rural areas, to
determine the extent to which precursor emissions must be controlled and to verify the

effectiveness of the control measures undertaken.




1.2 Importance of Measurements of Reactive Oxides of Nitrogen

A knowledge of the vertical distribution, transport, and sources of the reactive
oxides of nitrogen (in particular NO and NO,) within the planetary boundary layer is
critical to the analysis and development of global and regional atmospheric models; in
particular those that aim to correctly interpret the ozone production potential of various
environmental conditions, such as the Regional Oxidant Model (ROM) and Urban Airshed
Model (UAM) currently in use by the UsS Environmental Protection Agency (EPA).
While a growing body of surface measurements of NO, NOx, and NOy mixing ratios
exists, no research exists that provides an indication of the distribution and/or variation of
NO, NOx, or NOy mixing ratios as measured from stationary platforms at various heights

within the typical day and nighttime planetary boundary layer.
1.3 Downward Mixing of Reactive Oxides of Nitrogen

The origin of tropospheric ozone in rural areas (away from anthropogenic
precursor sources) is attributed to a number of sources including natural precursor
emissions, horizontal advections, vertical mixing, deposition, and chemical production.
Particularly in the area of sources of precursors, much consideration has been given to the
process known as “downward mixing”, or fumigation from a plume of pollutants during

breakup of the nocturnal inversion layer. The downward mixing of pollutants from the

plume can produce an increase in ground level mixing ratios of these pollutants, and result




in “peaks” in the measured profiles of pollutants. The general mechanisms by which
downward mixing occur are understood in a qualitative sense, and are detailed in the
definitions section given below. In particular, downward mixing has been related to
increases in surface ozone mixing ratios [Neu et al., 1994] and also to increases in ground
level mixing ratios of ozone precursors such as NOx over rural areas [Aneja et al., 1994].
Trainer et al. [1987,1991] postulate that increases in NOx mixing ratios at the surface
over a rural area in Pennsylvania are attributable to the horizontal transport of NOx within
the nocturnal boundary layer and subsequent downward mixing to the surface during the
morning hours. To simulate this phenomenon with a one dimensional model, the authors
assumed a continuous NOy emission rate for the height range 200 to 800 m in 1987 or
from 110 to 160 m in 1991. However, the authors do state that the exact height of the
emission layer is not critical, provided it is above the inversion layer; but that the width of
the assumed layer determines the duration and magnitude of the early morning peak of
NOx. Figure 1.1 shows the variation of the observed NOx mixing ratios over a rural area
compared to the predicted variation of the NOx mixing ratios as calculated by this model.
However, careful scrutiny of previous research verifies the possibility that
sources other than downward mixing may be responsible in part for morning increases in
surface mixing ratios of NOx. Aneja et al. [1994], observed a distinct rise in the NO
mixing ratio from the nocturnal minimum that began at 0600 Daylight Savings
Time (DST) and peaked at around 0900 DST; NO, showed a continuous rise during the
night to a maximum at 0600 DST (Figure 1.2). These measurements were made in a

location far from any major cities or highways in rural North Carolina during the summer
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of 1992 and should not be influenced by rush hour traffic. Aneja et al. (1994) suggested
three possible sources for the increase in morning NO mixing ratios; the first of which
was downward mixing. However, reinspection of the data shows that, given a sunrise
occurring between 0600 and 0630 DST during this period, the NO, mixing ratio peaks at
or just before sunrise, and the NO mixing ratio begins to increase well before the expected
breakup of the nocturnal inversion. The time of the breakup of the inversion layer can be
estimated from the change in measured O; mixing ratios. Ozone is considered a tracer
species that is stored in the residual layer and subsequently mixed downward at the
breakup of the nocturnal inversion to refresh surface concentrations [Neu et al., 1994].
The ozone mixing ratios observed in this study responded accordingly, with a rise from the
nocturnal minimum beginning between 0800 DST and 0900 DST (or about the time of the
projected breakup of the inversion). If the NOx species were transported down via the
same process as the O, then the NOx and Os profiles would match more closely. The
data in Figure 1.2 suggests that downward mixing is not a predominant source of NO and
NO, at the surface. Aneja et al. (1994) proposed an alternative hypothesis for the
increases of NO and NO, in which NO emitted from the soil during the night is converted
to NO, via the reaction with residual O3, and then the subsequent photolyzation of NO, at
sunrise produceg NO (Table 1.1 outlines these reaction processes). Finally,. asserting that
downward mixing is responsible for all observed increases in surface NOx mixing ratios is
questionable due to its implicit assumption that there is always a NOx emission layer
above the nocturnal boundary layer, without consideration of the direction of the winds at

this height, the location of the NOx sources, or the structure of the boundary layer itself.




In effect, there has to be a constant “river” of NOx overhead in the nocturnal boundary

layer that can be “tapped” by the downward mixing process for transport to the surface.

1.4 Research Description

The primary goal of this research was investigation of the possible relationship
between the observed vertical distribution of mixing ratios of NO and NOy and specific
morning transport mechanisms within the boundary layer (i.e., downward mixing). To this
end, mixing ratios of NO and NOy were continuously measured on two stationary
platforms on a transmitter tower over a semi-urban area of central North Carolina at
heights of 250 meters (820 feet) and 433 meters (1420 feet) above ground level (AGL).
Concurrent measurements of NO and NOy were takén at an ambient height of 10 meters
AGL over an agricultural field less than 2 kilometers (1.2 miles) from the base of the
transmitter tower. The observed values of NO and NOy mixing ratios were then
compared with a vertical transport model, synoptic meteorological parameters, and
planetary boundary layer structure to characterize their possible sources, atmospheric
chemistry, and most importantly, transport processes within the boundary layer. Results
will be presented which support the argument that NO and NOy did not exist in sufficient
quantities above the nocturnal inversion layer to be mixed downward by morning transport
processes and affect surface mixing ratios. Instead, the data suggest that NO and NOy
can be mixed upward from the surface during the morning and midday hours by vertical

boundary layer processes, and can also be mixed upward during other times of the day or




night by synoptic meteorological features (and their associated vertical motions). The
measurements of NOy mixing ratios during this study can also be used as a surrogate for
NOx mixing ratios and serve to illustrate transport mechanisms of NOx during the early
morning hours (0600-0900 local time). The major NOy constituents PAN and HNO; are
at a diurnal minimum during the early morning hours [Warneck, 1988], and thus NOy

consisted largely of NO and NO, (or NOx) during this time.
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2. Planetary Boundary Layer Definitions

The troposphere is the lowest layer or region of the earth’s atmosphere (mean
height is approximately 10 km), and is important because the earth’s weather occurs in
this layer. The troposphere can be broken into two major regions, the planetary boundary
layer (PBL) and the free atmosphere (FA). Furthermore, the PBL is broken into several
subregions where particular transport phenomenology is located. For purposes of this
manuscript, the general structure and accompanying definitions of the atmosphere and
descriptions of the atmospheric processes given by Stull [1988], and also as outlined by
Cooper and Eichinger [1994], are presented below for clarity and convenience. Figures
2.1 and 2.2 [Stull, 1988] illustrate the following discussion of terms and processes within

the troposphere and are found at the end of this section.

2.1 Terms (Figure 2.1)

Planetary Boundary Laver (PBL): The PBL is defined as the atmosphere between the

surface and the free atmosphere (FA). It is directly affected by the properties of the
Earth’s surface and surface forcings, such as frictional drag, evapotranspiration, heat
transfer, pollutant emission, and topography. At the top of the PBL there is typically an

inversion layer known as the entrainment zone (EZ).
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Free Atmosphere (FA): The FA is the layer above the boundary layer. Profiles in the FA

show constant gradients of increasing potential temperature (8) and decreasing specific
humidity (q). Potential temperature is that temperature an air parcel at a certain height
(and pressure) would have if it were reduced dry adiabatically (i.e., at constant entropy for
dry air) to a standard pressure of 1000 mb. It is considered an indicator of the stability of
the atmosphere at that height. Specific humidity is a ratio of the number of grams of water
vapor in a gram of air holding that water vapor. FA conditions are considered

“geostrophic” where planetary processes such as the Coriolis forces dominate.

Entrainment Zone (EZ): The EZ is a stable capping layer that limits thermal convection,
retarding the upward extent of turbulent transport. It can be thought of as an interface
where air from one layer is being entrained or mixed into the layer below it. At night or
during stable conditions, this capping stable layer is sometimes strong enough to be
classified as a temperature inversion (absolute temperature increasing with height) and is

thus referred to as the capping inversion layer (CIL).

Mixed Layer (ML): When forcing such as solar heating allows for formation of unstable

atmospheric conditions, the mixed layer (ML) is formed. The height of this layer is from
the surface layer (SL, defined below) to generally 1-2 km in temperate mid-latitude
regions. This layer is the critical layer for surface-generated mass transport, and is defined
as the region above the SL where turbulence is convectively driven.. The solar heating of

the surface generates convective eddies that govern the ML height and extent of mixing.




The ML is capped by the EZ. Because of the efficiency of the mixing, profiles of potential
temperature and humidity tend to be constant with height (a layer with constant potential
temperature is known as isothermal). Though technically the daytime planetary boundary
layer is composed of three distinct regions (the SL, the ML, and the EZ), in many cases

the ML itself is used as a synonym for the daytime PBL.

Stable Boundary Layer (SBL): When conditions allow for formation of stable

atmospheric conditions, such as at night under clear skies and light winds, or during
certain conditions during the day (when the underlying surface is colder than the air), a
stable boundary layer (SBL) can form. Technically speaking, a statically stable layer of
air forms with increasing potential temperature near the surface as a result of radiational
cooling of the earth’s surface. The height of the SBL can range from 60 to 500 meters,
with an average height of 100 to 300 meters. The stable air in the SBL acts to suppress
continuous turbulence and thus vertical motion, and can therefore produce strong vertical
gradients of temperature, water vapor, and pollutants. The strength of the SBL is related
to the amount of radiational cooling of the earth’s surface, and therefore is related to the

presence or absence of clear skies and light winds during the nighttime.

Nocturnal Boundary Layer (NBL): The SBL is also known as the nocturnal boundary

layer (NBL) at night, and may also be loosely referred to as the “nocturnal inversion” due
to the increase in potential temperature. If the stability of the atmosphere is strong

enough, a temperature inversion may form. Plumes of pollutants emitted into the NBL

13




from tall smoke stacks disperse relatively little in the vertical direction, but disperse more
rapidly or “fan out” horizontally (a phenomenon known as fanning). The NBL has a
poorly defined (in a physical sense) top that smoothly blends into the layer above it (see
residual layer below), and is technically defined as the height where turbulent intensity is a
small fraction of its surface value.

A common feature of the NBL near this poorly defined interface with the layer
above it is the occurrence of a low level jet (LLJ), or region of low level wind mamixa that
usually occurs at or just above the nocturnal inversion. The LLJ can transport pollutants
in the residual layer hundreds of kilometers downward from their sources. Formal criteria
for identification of the LLJ vary; for purposes of this manuscript a loose definition is
employed which requires only that wind speed increase from the surface to a maximum at
or near the inversion and then decrease for at least 250 meters above this maximum.
While the statically stable air of the NBL tends to suppress turbulence, the developing
nocturnal jet enhances wind shears that tend to generate turbulence that can occur in
relattvely short bursts and cause mixing throughout the NBL. As a consequence of this
turbulence, deposition of atmospheric constituents such as aerosols or trace gas species
can occur as the turbulence brings them in contact with the earth’s surface. This process

can lead to a decrease in the mixing ratios of these species in the NBL.

Residual Layer (RL): When conditions that allow for the formation of the SBL exist, a
residual layer (RL) forms above the SBL and below the CIL, and generally has a height of

1-1.5 km. The RL is neutrally stratified, and its concentrations of passive scalars, such as
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aerosols, are the result of earlier ML decay. Because of the neutral stratification,
turbulence is nearly of equal intensity in all directions; passive scalars that are the result of
the earlier ML decay are still well mixed, and any pollutant that is introduced into the RL
(e.g. stack emission) will tend to disperse at equal rates in the vertical and the lateral
directions, creating a cone shaped plume. This plume may disperse to the point that the
bottom of the plume hits the top of the NBL (and where the inversion inhibits further
downward mixing), however the top of the plume may continue to rise into the neutral air
(a process known as lofting). Plumes in the RL can theoretically be transported large
horizontal distances. Because of the physical separation of the RL from the Earth’s
surface, deposition of atmospheric constituents is minimal; and this, combined with the
lack of photochemical activity at night leads to the conservation (or storage) of some
species (in the absence of reaction with other sp;ecies)Aduring the night time. The interface
between the SBL and RL is weak, however, and diagnostic tools used to isolate the height

of these layers and their interface are subjective.

Surface Layer (SL): The bottom of the troposphere is called the surface layer (SL), and

has been defined as the region directly above the earth’s surface where the variation of
turbulent fluxes and stress are less than 10% of their magnitude. It is present in both the
mixing layer and the nocturnal boundary layer generally at height of less than 50 meters,
and does not usually play as large a role as the NBL or the RL in isolating atmospheric

constituents.
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2.2 Processes (Figure 2.2)

Breakup of the Nocturnal Inversion: As noted above, nocturnal weather conditions such

as clear skies and light winds can lead to the development of the RL and the NBL. Just
after sunrise, however, a new ML begins to form from the heating of the earth’s surface
by the sun and the resulting formation of convective turbulence (eddies or thermals). As
the eddies grow larger and higher, they slowly erode the stable boundary layer and then
the nocturnal inversion. Once into the RL, the height of the ML grows rapidly in the
neutrally stable air. The time it takes for the breakup of the nocturnal boundary layer
depends on many factors: stability of the layer, amount of heating, height of inversion,
etc., and observed and calculated times vary, but generally it takes from 2 to 3 hours after
sunrise for heating to completely breakup the nocturnal inversion [Godowitch et al., 1985;
Stull, 1988; Raynor and Watson, 1991; Batchvarova and Gryning, 1991; Hastie, et al.,

1993].

Downward Mixing: As noted earlier, plumes emitted from stacks into the top of the NBL

or at any height in the RL are rarely dispersed or mixed to the surface during the night
due to the lack of vertical turbulence (the strength of the NBL determines how well the
emitted pollutants are protected from deposition at the earth’s surface and therefore
determines the magnitude of the mixing ratios of the pollutant). Instead, these plumes
may be transported horizontally hundreds of kilometers from their source, possibly as part

of the LLJ. However, after sunrise and the breakup of the nocturnal inversion, the top of
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the convective eddies of the newly forming ML can reach the height of the plume, and the
pollutants will be entrained into the eddies and mixed both upward and (more importantly)
downward to the earth’s surface. Given the time for breakup of the nocturnal inversion
discussed above, pollutants would not begin to be mixed down to the earth’s surface until
2-3 hours after sunrise, at which time surface mixing ratios would peak and then decrease

soon thereafter (due to dilution by the increasing volume of the rapidly growing ML).
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3. Materials and Methods

3.1 Experimental Site

Measurements of NO and NOy mixing ratios were made at 250 and 433 meters on
the Auburn Transmitter Tower, a multi-communications tower located near the town of
Auburn, North Carolina (N Latitude 35° 40’ 35°; W Longitude 78° 32°’ 09’),
approximately 19 kilometers (12 miles) east-southeast of downtown Raleigh, NC (location
indicated by the star in Figure 3.1). The tower is located along the Wake County -
Johnson County line, which serves as the dividing line between the more urban areas of
the west, a region that includes Raleigh, Durham, Chapel Hill, and Cary, and the more
agricultural, rural areas of the Upper Coastal Plain of North Carolina to the east. Major
population centers within a 200 km radius of the tower as well as the close proximity of
major highways, most notably US Highway 70 (US-70), Interstate 40 (I-40), and
Interstate 95 (I-95), are identified in Figure 3.1.

From a base elevation of 96 meters (315 feet) above mean sea level (MSL), the
tower rises over 600 meters (2000 feet) above a mixture of cleared farmlands and small
forest plots composed of a mixture of deciduous and conifer trees. Situated between the
low, rolling hills of the Uwharrie mountains (elevation 180 to 275 meters (600 to 900
feet)), approximately 100 km (62 miles) to the west, and the flat topography of the coastal
plain to the east, the geography of the experiment site near the tower is fairly uniform,

with small changes in elevation of 30 meters (100 feet) or less. Given the uniform
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topography, there are no recurring micro or mesoscale méteorological phgnomena of note,
allowing for the possible development of strong nocturnal stable boundary layer (under the
prerequisite synoptic meteorological conditions) and its subsequent break down by
morning radiant heating.

As the tower is located approximately 1 km (0.6 mile) southwest of US-70 and
approximately 3 km (1.8 miles) east of I-40, automobile exhaust is the primary local
source for NOx in this region; however, there are several large NOx point sources (such
as power plants) within a 200 km radius. A county by county breakdown of total NOx
emissions in North Carolina is given in Figure 3.2.

Surface (10 meter) mixing ratios of NO, as well as wind speed and direction, were
measured over an agricultural field less than 3 km (2 miles) east of the base of the
transmitter tower, as part of a concurrent research study dealing with soil emissions of
NO [Sullivan, 1995]. The measurements were made in a location approximately 305

meters (1000 ft) due south from US-70 and 5 km (3.1 miles) east of I-40.
3.2 Instrumentation
3.2.1 NO and NOy Mixing Ratios

Analysis of the NO mixing ratios at all heights was carried out by using a TECO

428 (Thermal Environmental Instruments Inc.) chemiluminescence high sensitivity NO-




NOx analyzer. This analyzer achieves high sensitivity by utilizing the reaction between
NO in the airstream and an Os reagent produced by the instrument itself;
chemiluminescence arises from a fraction of the reaction product, NO,, which is produced
in the ’B excited electronic state and subsequently decays by photon emission. The
photon flux is linearly proportional to the NO mixing ratio in the airstream [Ridley and
Howlett, 1974], and a cooled photomultiplier tube is used to detect the emission of the
photon and determine the mixing ratio of NO. The detection limit for this instrument is
cited at 0.05 parts per billion volume (ppbv) NO [Thermal Environmental Instruments,
Iﬁc. 1992}, however individual determination of the instrument’s detection limit was
calculated for each instrument and run, as outlined below.

While the TECO 428 is produced as an NO-NOx analyzer, it has been noted that
its heated (325° C) molybdenum, used to convert NOz to NO for subsequent
measurement, also responds nearly quantitatively to the other primary members of the
tropospheric NOy family (PAN, HNOs, and particulate NO5") [Winer et al., 1974;
Finlayson-Pitts and Pitts, 1986, and references therein]. Thus this instrument is in fact an
NO-NOy analyzer (and hereafter will be referred to as such), and measurements taken
with this instrument during this fesearch will be referred to as NO and NOy mixing ratios.
However, since the air stream entering the instrument is filtered through a 5 micron Teflon
filter, nearly all particulate nitrate (NO3") was filtered out before reaching the molybdenum
converter, and thus the recorded NOy mixing ratios are expected to be negatively biased.
This bias is variable with respect to the humidity of the troposphere and the subsequent

equilibrium ratio between HNO; and NO;™. As noted before, however, these NOy mixing




ratios can be considered as a surrogate for NOx measurements during the early and mid
morning hours due to the minimum values of the major NOy constituents PAN and HNO,

observed at this time.
3.2.1.1 Calibration

The TECO 428 instruments were zeroed and calibrated according to protocol by
using a TECO 146 gas dilution/titration instrument, a standard containing 614 ppbv NO

in N7 (Scott Specialty Gases, Inc., Plumsteadville, PA), and compressed zero air (National

Welders, Raleigh, NC). A multipoint zero and calibration was performed in the NCSU
Air Quality laboratory and internal instrument settings were noted prior to the installation
of each instrument on the tower. Although conditions on the platform did not allow for
daify zero and span checks, it was insured during weekly operational checks that the
instruments were operating at the same internal settings those noted during zero and
calibration in the laboratory.

For the NO-NOy instrument used at the surface, the same procedure was used,
with the exception that a zero and span procedure was accomplished at the beginning of

each day.
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3.2.1.2 Error Calculation

After each intensive (which ranged in duration from one to three weeks), the
TECO 42S was brought down from the tower and checked for drift against the NO
standard. The measured deviation was less than 3% and a correction factor was not
applied to the raw data. In addition, discussion with engineers at TECO Instruments
indicated that the difference in the standard atmospheric pressure between the calibration
at the surface and placement of the instrument at 1500 feet should result in no more than a

4% loss of chemiluminescence detection of NO [Richard Kuran, personal communication].

3.2.1.3 Instrument Minimum Detection Limit Calculation

Due to a concurrent experimental study into soil NO emissions, two different
TECO 428 NO-NOy analyzers were used on the tower (one during December, and one
during January and February; see measurement time period section), and a minimum
detection limit was calculated for each instrument. This was done by taking a series of
readings (n > 200) of the lowest recorded signals (which occurred for NO during the
night) and assigning the value of three times the standard deviation of these background
readings as the instrument minimum detection limit [Taylor, 1987]. The instrument used
in January and February performed better than TECO specifications, with a calculated
detection limit of approximately 0.04 ppbv; however the instrument used during the

December intensive (433 m) performed erratically, possibly due to interference with the




data recording device, and the calculated minimum detection limit was approximately 0.23
ppbv. The compiled NO data for 433 meters (December and January) is therefore shown
with a 0.23 ppbv minimum detection cutoff, while the data from 250 meters (February) is
shown with a 0.04 ppbv cutoff.

For the NO-NOy analyzer located at the surface (10 meters), the calculated

minimum detection limit was 0.10 ppbv NO.
3.2.2 Wind Vane/Anemometer

Instantaneous surface wind speed and direction were recorded at the surface every
15 minutes with a Fascinating Electronics, Inc. wind vane and anemometer attached to the
10 m mast. Data from this equipment was routéd through the Fascinating Electronics
Experimenter to its software on the Toshiba laptop for display and recording. These
instrument have a rated wind speed detection limit of 1.1 mph and minimum wind
direction resolution of 1° [Fascinating Electronics, 1992]. The wind vane was oriented on
site with the use of a hand held compass; the wind anemometer is preset and is not capable

of being calibrated.
3.2.3 Data Loggers

Each TECO 42S was set to output data in 1 minute rolling averages every 10

seconds (each average is thus composed of 6 observations). These output data were then
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collected in 15 minute binned averages by two different dafa loggers. For the December
intensive, the output data was were collected through a Personal Computer Memory Card
International Association (PCMCIA) card interface on a Toshiba Model 4700 CS laptop
computer loaded with Labview for Windows software (Version 2.5.2, 1992; National
Instruments Corp.). For the January and February intensives, the data were recorded bya
Campbell Scientific Instruments Model 21 XL Datalogger. The data logging recording
devices were calibrated during instrument calibration, and response curves were noted.

These response curves were used to correct the raw data.
3.3 Equipment Placement and Time Period of Research
3.3.1 Tower Measurements

The NO-NOy analyzer, along with a pump and one of the two data loggers, were
placed in a weather proof steel chamber located on platforms at the previously mentioned
heights; heat from the pump kept the environmental temperature (as measured by the data
logger case temperature) within instrument operating range (10-30° C) a majority of the
time (environmental temperatures fell below the operating range on a few occasions with
no observable effect on measurements). The sample was pulled at 1.5 liters per minute
(Ipm) through a length of partially shielded 1/8 inch inside diameter perfluoroalkoxy (PFA)
Teflon tubing that was attached to a metal bar which extended horizontally 1-2 m from the

transmitter tower structure. Research by Kelly, et al. [1980] indicates that Teflon tubing
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up to 3 m in length had negligible effect on NO, NO, and HNO; measurement through line
loss. In this study, it was necessary to use longer lengths of tubing (approximately 12 m
(40 ft) at 433 m and 6 meters (20 ft) at 250 m) that produced a residence time of 7 - 15
seconds. This longer residence time in the PFA tubing may have resulted in a slight
negative bias in the NOy measurement due to possible deposition of NO, and probable
deposition of HNO; along the lines. Line loss of NO due to reaction with ozone is
considered minimal because of the preferential reaction of ozone with other available
tropospheric radicals such as the peroxy organic radical (RO,) and hydroxyl radical (HO,).
Measurements of NO and NOy on the tower were made across three months
during the winter of 1994;95; specifically, at the height of 433 m AGL December 7-16,
1994 and January 12-25, 1995; and at 250 m AGL February 2-23, 1995. Data from these
periods are not continuous; approximately 25% of the elevated height measurements were

lost due to malfunctions in the recording devices.

3.3.2 Surface Measurements

The surface (10 meter) mixing ratios of NO were measured adjacent to the
agricultural field at various times as part of the previously mentioned soil emissions
research between January 18 and February 16, 1995 via a portable 10 meter (33 feet)
mast. A 18 meter (60 ft) sample line of perfluoroalkoxy (PFA) Teflon was used to carry
the sample to a shock mounted (Armaflex based insulation) TECO 42S NO- NOy analyzer

located in a temperature controlled mobile laboratory (modified Ford Aerostar van). This
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| length of PFA tubing produced a residence time of approximately 20 seconds; again line

loss of NO due to reaction with ozone is considered minimal because of the preferential
reaction of ozone with other available radicals such as the peroxy organic radical (RO,)
and hydroxyl radical (HO,). The Toshiba Model 4700 CS laptop computer loaded with

National Instruments Labview software acted as the datalogger.

3.4 Meteorological Analysis

3.4.1 Wind Direction

No measure of meteorological parameters such as temperature, wind speed and
direction, and humidity could be made on the tower platforms at 250 and 433 m due to
mechanical problems with the meteorological equipment in place. However it was
possible to make use of the surface wind direction measurements made on the 10 m mast
(as described above) as well as the Raleigh-Durham (RDU) airport National Weather
Service (NWS) hourly and special weather observations, RDU is the closest reporting
station to the tower, located about 17 miles to the northwest. To validate use of the RDU
hourly wind direction observations, a comparison was made between the 10 Im mast wind
direction observations and RDU observations at the same time; the mean (+ one standard
deviation) difference in the wind direction between the RDU NWS and 10 m mast
observations was about 15.4 + 15.4 degrees. The median difference was 10 degrees, and

approximately 75% of the calculated differences were less than 20 degrees. A




comparison was also made with the Greensboro, NC (GSO) airport NWS upper air
soundings in order to compare differences in winds at the surface and winds at the 250 and
433 m heights (GSO is located about 85 miles northwest of the tower). The results gave a
difference in wind direction of 26.4 + 38.5 degrees at 250 m and 26.4 + 28.8 degrees at
433 m. The median differences were 14.5 and 15.5 degrees, respectively, and between 70
and 80% of the calculated differences were less than 25 degrees. These results suggest
that while exact comparisons of NO and NOy mixing ratios with wind directions are not
possible, a comparison can provide a valid correlation of mixing ratios to rough divisions

of wind directions, such as by 90 degree compass quadrants.
3.4.2 Synoptic Meteorological Features

The term ‘synoptic’ is used here to define meteorological phenomena that have a
time scale of 1-5 days, a length scale of 100-1000 miles, and in this case, those phenomena
that involve upward vertical motion (such as low pressure systems, fronts, and troughs).
The existence of synoptic features (for comparison with observed NO and NOy mixing
ratios) was identified through the study of NWS daily surface weather maps for each
intensive (appendix 1), and verified for the time of local area passage (in relation to the
research tower) by comparison with RDU NWS hourly and special surface weather
observations. Changes in such parameters as wind speed and direction, temperature,
pressure, and cloud cover in the RDU observations were used as indicators of frontal or

trough passage.
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3.4.3 Boundary Layer Height Determination

The height of the stable boundary layer just before sunrise and the height of the
mixed layer during the early morning hours can be determined subjectively through an
analysis of upper air soundings, which are vertical profiles of meteorological parameters
such as temperature (both potential and absolute), water vapor content, and wind
direction and speed. Using Figure 3.3 and the definitions found in section two as guides,
the stable boundary layer can be identified from upper air soundings as the region where
both the absolute and potential temperature profiles are increasing, water vapor content is-
either steady or greatly varying with height, and wind speeds are low but increasing with
height. Identification of the top of the stable boundary is possible by noting where the
vertical absolute temperature profile begins to décreasé and the vertical potential
terﬁperature profile begins to approach a constant value that changes little with height
(both of which are indicative of the RL). In some cases the wind speed profile will reach a
maximum (the low level jet) at the top of the SBL, and water vapor profiles will show a
decrease above the NBL due to the dryer air of the RL. Using Figure 3.4 and the
definitions found in section two as guides, the mixed layer can be identified after sunrise as
a layer in which potential temperature and water vapor content remain constant with
height (indicative of the effectiveness of the mixing within the layer). Small scale
temperature inversions can be identified as layers with increasing potential temperature
and decreasing in water vapor content; an inversion such as this at the top of the ML can

be identified as the EZ.
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Determination of the boundary layer heights during each intensive was made
through analysis of upper air soundings produced at the GSO NWS office and also locally
at North Carolina State University (NCSU) or at the agricultural field near the research
tower, as described below. Water vapor content of the troposphere is represented in the
upper air soundings by the dew point temperature vertical profile. The dew point
temperature is the temperature to which an air parcel must be cooled (at constant
pressure) in order for saturation to occur. When the absolute temperature is equal to the
dew point temperature, the air parcel is holding the maximum amount of water vapor
physically possible (and fhe relative humidity is 100 %). Therefore, a layer of the
troposphere with dew point temperatures close to the absolute temperatures is a moist
layer, while a layer with a large difference between the dew point temperatures and the

absolute temperatures is a dry layer.
3.4.3.1 Greensboro, NC National Weather Service Upper Air Soundings

Determination of the vertical structure of the nocturnal boundary layer was made
through careful analysis of the u'pper air soundings produced at the NWS office in
Greensboro, NC (GSO) [N Latitude 36.1°, W Longitude 79.9°; 270 meters above mean
sea level (MSL)], about 85 miles northwest of the tower (see Figure 3.1). The soundings
are produced twice daily from the launch of a pilot balloon (PIBAL) equipped with a VIZ
B Artsonde rawinsonde, which is an instrument that can detect and transmit atmospheric

data such as temperature, wind speed and direction and water vapor content to a receiver
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on the ground. The launches are made at 1100 and 2300Z (Zulu or Greenwich Meridian
Time) or 0500 and 1800 local time (Eastern Standard Time, or EST). In particular the
0600 EST sounding was used to determine the structure of the nocturnal atmosphere as
close to but before sunrise as possible (during the measurement period the time of sunrise
ranged from 0655 to 0720 EST). To ensure that boundary layer conditions were similar at
both the tower and the GSO office (and thus allow for comparison of data observed), two
items were checked: 1) Comparisons were made between hourly weather observations at
the Raleigh-Durham Airport (RDU) and the GSO surface observations at the time and site
of the rawinsonde launch; and 2) Daily surface weather maps valid at 0700 EST
(appendix 1) were studied for synoptic/mesoscale weather or atmospheric conditions that
might entail differences in the boundary layer structure between GSO and the tower. If
there was a difference (at the time of launch) of more than 30 degrees in surface wind
direction measurement or more than 10 knots in wind speed measurement associated with
synoptic weather differences, that day was not used for boundary layer structure

comparison.

3.4.3.2 Local Upper Air Soundings

Further analysis was conducted on upper air soundings produced from a limited
number of locally launched PIBALs equipped with AIR (Atmospheric Instruments
Research) Products instrument sondes. These sondes can detect and transmit

atmospheric temperature and water vapor content data (but not wind data), and were
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launched from the mobile laboratory set up in the agricultural field approximately 2 miles
east of tower during the month of December, and from the top of Jordan Hall (33 meters
AGL) on the NCSU campus, about 20 km (12 miles) northwest of the tower, during the
months of January and February. An AIR Products automated Atmospheric Data
Acquisition System (ADAS) receiver routed height, temperature, and water vapor data
transmitted by the sonde to a Toshiba Model 3100 laptop for data acquisition. In a few
cases, range, direction and azimﬁth of the launched balloon were also manually tracked
and recorded via theodolite to provide for wind speed and direction calculation. The
initial data recorded by the ADAS were calibrated before launch with temperature and
humidity data recorded by meteorological instruments located on the roof of Jordan Hall
or by handheld instruments at the field site. The theodolite was sighted and calibrated
with a landmark of known direction. These PIBAL léunches also confirmed the validity of
the GSO upper air sounding for comparison to tower observations (under similar synoptic

weather conditions).
3.5 Typical Measurement Sequence

A typical measurement sequence began with the approval of access to the
transmitter tower (due to changing weather conditions, approval was required for each
trip up the tower). Then at the NCSU laboratory, a multi-point calibration of the NO-
NOy instrument and its accompanying data logger that were to go on the tower platform

was accomplished, noting instrument settings and response curves. The instruments were
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then turned off and loaded along with a pump, filters, and power cords into a station
wagon for the twenty minute transport to the tower. Upon arrival at the tower, everything
was loaded onto a two man elevator for the 8 1/2 to 15 minute ride to the appropriate
platform.

Once on the platform, the weatherproof chamber door was removed and the
instrument, filters, pump and data logger were placed inside and connections made. After
insuring the instrument was operating correctly and at the same internal settings as those
recorded in the lab, and that the data logger was recording valid data, the chamber door
was secured shut. Once or twice a week the system was checked for operational status,
and then the whole system was brought down after an intensive of one to three weeks to
check measurement drift and recalibration.

At concurrent times during these measurément periods, the mobile laboratory was
set up in place in the agricultural field, and measurements of surface (10 meter) NO began
each day at 0600 EST, after a daily zero and span check of the instrument, using the same
NO standards as with the tower instrument.

During an intensive, PIBAL balloons were released and tracked from the mobile
laboratory in the agricultural field near the tower or from the roof of Jordan Hall on the
NCSU campus at various times during the morning hours. This was accomplished by
attaching the ADAS antennae to a post on the roof or on the mobile van, while the ADAS
itself was hardwired into the Toshiba laptop via serial port cables. Procomm software
(Version 2.0, 1986; Datastorm Technologies, Inc.) was used to receive and file the

incoming data. The sondes were attached to PIBALSs inflated with a commercial grade




helium and then allowed to equilibrate with the outdoor meteorological conditions. The
data received by the ADAS was then calibrated with the handheld meteorological
instruments (mobile lab) or with the rooftop mounted meteorological instruments (Jordan
site). Finally, the theodolite was mounted, leveled and sighted, and the balloon released.
The balloon was tracked visually for as long as possible, and was tracked by the ADAS

until it reached a height of about 3000 meters.
3.6 Statistical Analysis

The NO and NOy mixing ratio data for particular heights or time periods are
presented in terms of the mean * one standard deviation (median in parentheses) for each
sample. Since the measured NO mixing ratio sample is truncated or “censored” due to the
detection limit of the instruments, the data for NO mixing ratios are calculated as a range
between the minimum and maximum possible means, standard deviations, and medians.
These minimum and maximum means, standard deviations, and medians represent the
theoretical range each censored sample could have if the censored data were known. The
minimum range for a censored sample is calculated by assigning a value of zero for all
measurements of the sample below the instrument detection limit; the maximum range for
a censored sample is calculated by assigning a value of the instrument detection limit for
all measurements of the sample below this detection limit. For example, given a sample
measured by an instrument with a detection limit of 0.04 ppbv, a minimum mean for that

sample is calculated by assigning all observations in that sample below the detection limit
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with a value of 0.00; this mean is a physical lower limit to the possible range of
uncensored sample means. The maximum mean for that censored sample is then
calculated by assigning all observations below the detection limit with a value of 0.04
ppbv; this mean is a physical upper limit to the possible range of uncensored sample
means. The true uncensored sample mean would fall somewhere in between; however due
to the exceedingly low detection limits of the instruments, the calculated ranges for each
sample are quite small, and therefore the minimum and maximum means were tested for
statistically significant differences via the use of the t-test method. This mathematical test
gives an indication of whether or not the two sets of data are likely to be from different
populations. For a pair of sample means, a t-value can be calculated using the
observations within each population and their pooled variance (in this case, the variances
are assumed equal, since each maximum and minimum are really from the same
population). If the calculated t-value is greater than the critical t-value at a certain level of
significance, then the data are likely to be from different populations (have statistically
different means) at that significance level. In this analysis, all sample populations
discussed were tested for differences in means at the .05 significance level. If the
minimum and maximum means calculated for a sample failed the t-test (i.e., showed no
statistical difference), then only the lower mean value is reported; if the t-test reveals a
significant difference then the range is reported.

Further statistical analysis of both the NO and the NOy data is limited to
comparison between means from different samples (heights and time periods) and tests of

significance via the t-test method (with unequal variances) at the .05 significance level.




Due to the minimum and maximum range of means and variances calculated for the NO

mixing ratio samples, four t-tests had to be calculated for each test of difference in NO
sample means. These four tests are based on the four possible combinations of means.
The comparisons are: a) The minimum mean of sample 1 compared to the minimum mean
of sample 2. b) The minimum mean of sample 1 compared to the maximum mean of
sample 2. c¢) The maximum mean of sample 1 compared to the minimum mean of sample
2. d) The maximum mean of sample 1 compared to the maximum mean of sample 2. A
difference in means between NO mixing ratio samples is considered statistically significant
only when the t-value is larger than the critical t-value in all four tests (if any one test
failed to reject equality, then it can not be stated that there is a difference in sample means
at the .05 significance level).

Finally, it must be noted that tests of significance such as the t-test are based on a
nofmally distributed population, and become less valid as the population distribution
moves away from normal. However, under certain conditions the t-test method is
considered valid with any population through the central limit theorem, which states that a
population of means derived from a large enough sample will themselves be approximately
normally distributed, and therefore satisfy the normality requirement for validity of the t-
test. The number of observations () required is not a constant, but instead éhanges with
the degree of nonnormality of the original population. However, it is generally agreed
that »> 100 would be a sufficient number of observations for validity of the central limit
theorem [Snedecor and Cochran, 1989]. In this research, the populations were not

normally distributed, but the number of observations in each sample tested for differences
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in means was much greater than that required by the central limit theorem for validity (# of
at least 200 or more for each sample), and therefore the t-tests conducted are considered

statistically valid.




4. Results and Discussion

4.1 Overview

The results of this study are presented in four sections. Each section will
contribute to validation of the hypothesis that mixing ratios of NO and NOy did not exist
in sufficient quantities in the nocturnal boundary layer to be mixed downward (and affect
surface mixing ratios), and instead they were mixed upward by vertical synoptic and
boundary layer transport mechanisms during this research period. In the first section, the .
results presented show a well defined decreasing vertical gradient in both NO and NOy
mixing ratios during both the day and night, emphasizing the surface as a source for NO
and NOy. The observed NO mixing ratios are then used to verify the prediéted values
from a simple one dimensional vertical model of NO transport. Second, increases in NO
and NOy mixing ratios are associated with the passage of synoptic meteorological features
and their associated upward vertical motion, again emphasizing the surface as a source for
NO and NOy. Third, the observed values of NO and NOy mixing ratios are compared
with the structure and evolution of the planetary boundary layer (through a series of case
studies) in such a manner that it is clear that vertical (upward) mixing of NO and NOy
during the morning hours is responsible for the observed diurnal maximum values of these
species. Finally, a brief discussion of possible atmospheric chemistry and horizontal

transport processes are included for completeness.
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4.2 NO and NOy Mixing Ratio: Vertical Gradients and Diurnal Profiles
4.2.1 NO Mixing Ratios

The distribution of the measured NO mixing ratios at all heights is heavily skewed,
but displays a strong vertical gradient during both the daytime and the nighttime hours as
shown in Table 4.1 (daytime is defined as the hours from 0615 EST to 1800 EST;
nighttime is defined as the hours from 1815 EST to 0600 EST). Particularly, there is a
significant difference between the mean NO mixing ratio at the surface and the NO mixing
ratio at both heights during the day; during the night there is a significant difference
between the mean NO mixing ratio at the surface and the mean NO mixing ratio at 433 m.
‘Though the data showed a 17% decrease in mean NO mixing ratios from 250 to 433 m, a
test for differences between the daytime NO mixing ratios at 250 m and 433 m failed to
reject equality, but only by a very small margin at the .05 significance level. These results
suggest very strongly that a decreasing vertical gradient of NO exists during both the day
and night.

The mean values in Table 4.1 als: suggest a pronounced nocturnal minimum at
each height. Given that a high percentage (~ 86%) of the nighttime readings were below
instrument detection limits, and that the mean nocturnal NO mixing ratios are at least an
order of magnitude lower than their daytime counterparts, the result is a strong composite
diurnal profile for each height, as noted in Figures 4.1, 4.2, and 4.3. The skewed nature of

the sample is evident, with large standard deviations for many observations (error bars,
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Table 4.1 Mean, Standard Deviation and (Median) of Observed NO and NOy Mixing
Ratios: Surface (10 Meters), 250 Meters, and 433 Meters (Dec 94 - Feb 95)
[Units are ppbv]

NO
HEIGHT DAY NIGHT DATES
10 m 8.07+13.33 (3.67)  0.32 +1.27 (0.00) 20 Jan - 16 Feb 95
250 m 1.56 £3.23 (0.69)  0.22 +1.46 (0.00) 2-23 Feb 95
433m- 1.30£3.03 (0.00)  0.06 +0.23 (0.00) (MIN)  7-16 Dec 94 and
to 12-25 Jan 95
0.18 +0.22 (0.23) (MAX)
NOy
HEIGHT DAY NIGHT DATES
250 m 12.12 £ 7.67 (10.46) 9.48 + 7.22(7.93) 2-23 Feb 95
433 m 927+628(7.22)  7.31+4.92(5.74) 7-8 Dec 94 and

12-25 Jan 95
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Figure 4.1 Composite Diurnal Profile of NO Mixing Ratios, 10 Meters AGL (Jan-Feb 95)
Errorbars are (plus) one standard deviation; instrument minimum detection limit = 0.10 ppbv.
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one sided for clarity) and medians that are consistently lower than the averages. This
skewness results in part from a relatively few high readings (values of near 100 ppbv at the
surface and at 50 ppbv at 250 and 433 m). The NO mixing ratio usually peaked in
magnitude around noon and began a slow decline throughout the afternoon hours. There
is a sharp drop in the NO mixing ratio at sunset, indicative of the effects of both
photochemistry and boundary layer transport processes on NO mixing ratios.

The existence of both the vertical gradient and diurnal profile of NO mixing ratios
is highlighted in Figure 4.4, which compares the composite mean diurnal NO mixing ratio
profile at each height for the measurement period. The lines connecting the fifteen minute
binned average measurements in this figure are for ease of viewing, and are not meant to

imply knowledge of continuous mixing ratio values.

4.2.2 NO Mixing Ratio Vertical Gradient Model

A one dimensional model for the vertical transport of NO was developed to predict
the early morning (0600-0700 EST) NO mixing ratios observed at 250 and 433 m; this
model is similar to one developed by Chameides et al. [1992] for hydrocarbon transport.
The basis for the model is a one dimensional continuity equation describing the vertical
variation of NO concentration (here concentration and mixing ratio will be held as

synonymous):

%[NO] - %K%[No] {105 Jk o3 (NO) +[RO, kg, (NO) +[HO, Jky0, (NO)} (4.1




where
t= time
z = height (m)
K = eddy diffusivity coefficient (m’s™)
[a] = concentration of a (molecules cm™)

k,(NO) = reactivity of a with NO (cm’molecule’'s™)

Equation 4.1 is based on the key atmospheric constituents with which NO will
preferentially react during the early morning hours. These are ozone (Os), the peroxy
radical (RO;), and the hydroperoxy radical (HO,). For a steady state and constant values

of K, O3, R0O,, and HO,, the solution of the above differential equation yields:

o, =[NO]0W{ { ‘/k03(NI§))[03] . \/kkoz(NICz)[Roz] , \/kmz(NI(())[HOz]JZ un

Equation 4.2 expresses the concentration of NO at height z as a decreasing exponential

function of the concentration of NO at the surface (without respect to horizontal
advections).

The use of the K term in equation 4.2 leads to some inaccuracy in the prediction of
NO mixing ratios due to the limitations involved in the assumptions associated with eddy
diffusion. Eddy diffusion theory assumes a similarity between molecular and turbulent
energy, and that eddy diffusivity is analogous to molecular kinematic viscosity.
Furthermore, it relates the turbulent flux to the gradient of the associated variable; just as

transfer of heat occurs down the gradient from high to low temperatures, mass is expected
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to be transferred from areas of high to low concentration in the atmosphere. The
limitations of this assumption include the fact that turbulence is much more effective than
viscosity at causing mixing, thereby producing a large disparity between magnitudes of
eddy and molecular viscosities. Molecular viscosity is a function of the fluid, while eddy
diffusivity is a function of the flow, and as such can vary by large amounts from one area
to another and between flows [Arya, 1988; Stull, 1988]. Therefore, use of a constant K
value in-equation 4.2 will result in an inaccurate prediction of NO mixing ratios.
However, the use of this model can still provide an acceptable estimate of the
concentration of NO at a certain height, given the observed surface concentration of NO
at the same time. For this model, the value of K during early morning stable conditions in
the winter was estimated to be 5 m’s™ (Arya, 1995). The rate constants outlined in
Table 1.1 (R3, R4, and R5) were used for the model 6alculation, assuming an
environmental temperature of 10° C. Finally, the concentration of HO, was assumed to
be 1.5 x 10° molecules cm™ (Logan, 1981); the concentration of RO, was assumed to be
30% of HO,, and a conservative estimate of 10 ppbv (2.46 x 10'! molecules
cm) was chosen for O;. The trend in the predicted concentrations (Table 4.2) is
consistent with the measured valﬁes of NO at 250 and 433 m. In particular, the
model predicts an exponentially decreasing NO concentration with height during the early

morning hours, and the observations justify this prediction.
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| Table 4.2. Comparison of the Predicted Mean NO Mixing Ratios to the Observed Mean

NO Mixing Ratios at 250 and 433 m, 0600-0700 EST (One Dimensional NO Transport

Model, Equation 4.2).

Date

24 Jan 95

25 Jan 95

4 Feb 95
7 Feb 95
11 Feb 95
8 Feb 95
14 Feb 95

3 Feb 95

* Instrument minimum detection limit

Observed

Surface
0.21 ppbv

9.48 ppbv

(Surface)
0.17 ppbv

0.27 ppbv
2.40 ppbv
10.10 ppbv
24.62 ppbv

47.82 ppbv**

Predicted

(433 m)
less than 0.01 ppbv

less than 0.01 ppbv

(250 m)
less than 0.01 ppbv

less than 0.01 ppbv
less than 0.01 ppbv
less than 0.01 ppbv
0.01 ppbv

0.02 ppbv

** Highest surface mean NO mixing ratio, 0600-0700 EST

Observed

(433 m)
less than 0.04 ppbv*

(250 m)
less than 0.04 ppbv*

48




4.2.3 NOy Mixing Ratios

While the distribution of NOy mixing ratios at 250 and 433 m during the period of
measurement was skewed, the lowest readings were still above the instrument minimum
detection limit (the lowest values recorded were around 1 ppbv and ranged to a maximum
high of 50 ppbv), so that the distribution is approximately lognormal. The skewness of the
original population at both heights is evident in the standard deviations (error bars) of the
mean diurnal variation and the medians (which are consistently lower than the means)
shown in Figures 4.5 and 4.6.

The mean values shown in Table 4.1 suggest that a vertical gradient between 250
and 433 m existed for NOy mixing ratios (NOy was not measured at the surface) that is
comparable to the observed gradient in the NO mixiné ratios. In this case, there was a
significant difference of 20-25% between the 250 and 433 m mean NOy mixing ratios
during both the day and night, suggesting a strong decreasing vertical gradient.

As with the NO measurements, the mean NOy mixing ratio data also show a
strong diurnal profile. The figures shown in Table 4.1 indicate that the mean NOy mixing
ratio values decreased between 20 and 25% from the daytime maximum to the nocturnal
minimum at both heights. Figures 4.5 and 4.6 show the composite profiles of NOy at both
heights, and a diurnal cycle is clearly indicated. The mean NOy mixing ratios begin to rise
from an overnight minimum between approximately 0700 and 0715 EST, and reach a peak
around midday. More importantly, the contrasts between the lowest early morning mean

value [7.68 ppbv at 250 m (0300 EST); 4.94 ppbv at 433 m (0545 EST)] and the midday
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mean peak [14.38 ppbv at 250 m (1030 EST); 12.53 ppbv at 433 m (1200 EST) are 2.5 to
4 times the difference between the mean day and night values at the respective heights.
This indicates that while some of the NOy measured during the day at each height was
conserved or formed in the boundary layer during the previous night, an equal or larger
portion (45 to 60%) was transported upward to or formed at these heights during the
morning hours after sunrise.

As with the NO mixing ratios (Figure 4.4), the existence of both a vertical
gradient and diurnal profile in NOy mixing ratio can be highlighted with a comparison of
the composite mean diurnal NOy mixing ratio profile for both heights, as shown in

Figure 4.7.
4.3 Correlation of Observed Mixing Ratios with Synoptic Features

A detailed review of combined time sequences of the diurnal profiles of the NO
and NOy mixing ratios at 250 and 433 m reveals a series of somewhat periodic maxima
and minima interspersed with aperiodic peaks; an example for the 250 m height is given in
Figure 4.8. Since these maxima usually occur at or around midday, it is hypothesized that
this peak is the result of upward transfer of NO and NOy from the surface via boundary
layer processes (which will be discussed further in the next section) and that the nocturnal
minima are the result of the depletion of NO and NOy by various chemical reactions.
These maxima and minima will be referred to as the “diurnal maximum and minimum” for

clarity. Furthermore, it is hypothesized that the aperiodic peaks (different from the diurnal
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maxima and minima) are the result of synoptic scale meteorological processes that involve

upward motion and therefore vertical lifting of NO and NOy from the surface, further
validating the surface as a source of NO and NOy. A comparison was made of the
measured values of NO and NOy at the 250 and 433 m heights with synoptic
meteorological features that passed through central North Carolina during the

measurement period, and the results are discussed in the following sections.

4.3.1 NO Mixing Ratios

Figures 4.9a - 4.9j show the relationship between NO mixing ratios and synoptic
features through the use of time series graphs of variation of NO mixing ratios throughout
the measurement period, overlaid with time of synoptic event passage (these figures are
located at the end of this section). The figures illustrate the association between synoptic
events and NO spikes or maxima not associated with the diurnal maximum. In general,
the nocturnal NO mixing ratios were below instrument detection limits during periods of
high pressure (noted as “absence synoptic forcing” in Figures 4.9a - 4.9j). However,
during the passage of a front, low pressure or trough, the NO mixing ratios rose above
minimum instrument detection limits. These local maxima have varying maghitudes and
time scales, but nevertheless are are consistent phenomena.

Two particular instances have been chosen to highlight the potential for vertical
transport of large amounts of NO via synoptic events and its accompanying vertical

motion. On December 10, 1994, the 15 minute mean NO mixing ratio (433 m) increased




from 0.88 ppbv at 1315 EST to 23.46 ppbv at 1330 EST and then to 40.78 ppbv at 1345
EST (Figure 4.9a). A comparison with the surface maps and the RDU observations
indicates that the passage of a warm front through the region occurred on that date
between 1300 and 1400 EST. The NO mixing ratio had increased to a diurnal maximum
of 1.29 ppbv at 1200 EST and was decreasing towards the diurnal minimum when the
front came through and brought the large increase in NO mixing ratio. In the second case,
on February 16, 1995, the 15 nﬁnute mean NO mixing ratio (250 m) increased from 0.24
ppbv at 2100 EST to 14.88 ppbv at 2200 EST (Figure 4.9i). A comparison with surface
maps and RDU observations indicate that a cold front moved through the region between
1900 and 2000 EST on that date. The resolution of the synoptic meteorological data does
not allow for the calculation of the exact time of frontal passage at the tower, which may
explain the apparent time lag in the increase of NO nﬁxing ratios.

During the time period for which valid NO mixing ratio data was recorded at the
two tower heights, there were approximately fourteen identifiable synoptic events that
passed through the region, and all fourteen produced observable increases in the NO
mixing ratios. In addition, there were four peaks in the NO mixing ratio during the
nocturnal time periods that do not match up with identifiable synoptic scale events; these
may be the result of mesoscale (1-100 miles length scale, 1-10 hours time scale) or smaller
meteorological phenomena that provide some vertical lifting but were not identifiable with
the given meteorological data. In particular, three of these peaks were observed at the
time rain and drizzle were recorded by the RDU NWS, which are indicators of possible

vertical motion in the troposphere. -
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While it is possible that a change in wind direction (which is usually concurrent
with a synoptic event passage) is alone responsible for the noted increases in NO
concentrations, (due to winds changing from a relatively “clean” direction to a more
polluted direction), the data does not bear this hypothesis out. Consistent with all these
observations is the fact that the spikes or maxima occur without preference to wind
direction, and that in most cases the maxima begins to decrease when there has been no
change in the wind direction. This leads to the conclusion that upward vertical motion
(and transport from the surface) is responsible for the noted increases in NO mixing ratios

during synoptic event passage.
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4.3.2 NOy Mixing Ratios

The mixing ratios of NOy did not show as consistent an association with synoptic
events (Figures 4.10a-4.10j) as did the NO mixing ratios. For example, on the night of the
February 2 and 3, 1995, a cold front passed through the local area of the tower just after
midnight. During this time, NO mixing ratios (250 m) rose from below instrument
detection limits (0.04 ppbv) to a maximum of 0.14 ppbv at 0200 EST (Figure 4.9f), and
the NOy mixing ratios (250 m) rose from 10.15 ppbv to a maximum of 33.68 ppbv at
0200 EST (Figure 4.10e); in each case the increase was a factor of approximately 3.5.
Here it may be surmised that the vertical motion associated with the front transported both
species from the surface and was reflected in the increased mixing ratios. However, the
very next night (3-4 February, 1995) saw another cold front move through at 0300 EST,
and while NO mixing ratios (250 m) rose to about the same level as before (0.15 ppbv at
0315 EST) (Figure 4.9f), the NOy mixing ratio (250 m) only rose from 3.75 ppbv to 5.98
ppbv by 0500 EST (Figure 4.10e), before beginning to decrease again. The magnitude of
this rise is within the usual nocturnal variation of NOy mixing ratios, and therefore cannot
be attributed with certainty to an association with the synoptic event (cold front passage).

In several cases, however, the NOy mixing ratios did show an increase during the
passage of a synoptic meteorological feature, but seemingly with a time lag greater than
the NO mixing ratios. On the night of February 16, 1995, a cold front passage between
1900 and 2000 EST led to the previously mentioned increase of NO mixing ratios (250 m)

from 0.24 ppbv to 14.88 ppbv in one hour (Figure 4.9i); here the NOy rose slowly from

66




17.53 ppbv at 1900 EST to 23.41 ppbv by 2100 EST (Figure 4.10h), and then suddenly
increased to 49.88 ppbv by 2200 EST. The lag may be an indicator that the air mass being
transported up to the 250 m height was carrying a greater proportion of NO to the
oxidized nitrogen species (NOZ), and replaced some of the air from which the instrument
was previously sampling. If this were true, then the instrument would report a large
increase in the NO mixing ratio, but the NOy mixing ratio would remain steady, because
the increase in the NO measured as NOy would be offset by the decrease in oxidized
species (NOz) measured as NOy.

There were approximately ten identifiable synoptic features that moved through
the local area of the tower during the times in which NOy mixing ratios were recorded,
and seven of them were associated with increases in the NOy mixing ratio. The other
three events did not seem to have an effect on the- NOY .mixing ratios. In addition, there
were numerous instances of increases in NOy mixing ratios during the nocturnal hours that
could not be associated with synoptic events. These are discussed further under the

section on atmospheric chemistry and horizontal transport.
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4.4 Boundary Layer Formation and Vertical Transport Processes

The formation of the various layers contained within both the day and nighttime
planetary boundary layers and their relationship to diurnal vertical transport processes and
the measured mixing ratios of NO and NOy can be best understood by considering the
following two processes: 1) formation of the nocturnal boundary layer (NBL) and
possible conservation aloft of NO and NOy, and 2) growth of the mixed layer (ML) and
subsequent “upward mixing” of NO and NOy. For each of these processes, a series of
case studies is presented in which boundary layer structures were determined through an
analysis of the upper air data for a specific date, and then the measured values of the NO
and NOy mixing ratios are given for comparison and validation of the hypothesis that the
nitrogen species did not exist in high enough miiing ratios to be mixed downward and
affect surface measurements, but instead were mixed upward from sources near the

surface during the morning hours.
4.4.1 Formation of the Nocturnal Boundary Layer

The presence of the NBL was determined by the analysis of atmospheric
conditions as given by meteorological data and upper air soundings collected during each
measurement period. For this study, the atmospheric conditions under which formation of
the NBL occurs can be divided into two specific categories: Strong NBL Formation and

Moderate NBL Formation. Here, the term strong NBL formation refers to conditions

78




under which a strong NBL would be expected to form, i.e., clear skies and light winds
under high pressure. The term moderate NBL formation refers to conditioﬁs under which
a strong NBL would usually not occur, such as under cloudy skies or gusty wind
conditions. The terms are meant to convey information about the conditions under which
a strong or moderate NBL may form, and are not meant to imply information about the

strength of the NBL itself (which was not measured).
4.4.1.1 Strong Nocturnal Boundary Layer Formation

The daily surface weather maps and the RDU observations for each intensive were
first searched for the appropriate meteorological condi_tions that allow for the formation of
a strong nocturnal boundary layer. This search identified only eleven nights out of forty-
four as having the prerequisite clear skies and absence of synoptic events necessary for
formation of a strong NBL. Of these eleven nights, only six had the light winds necessary
for the formation of a strong stable layer. The GSO NWS upper air soundings at 0600
EST for these six nights were then studied for evidence of the height of the stable layer
through the temperature, dew point temperature and wind speed profiles; four of these
soundings provided the information necessary for defining the stable boundary layer and

are discussed in the following sections.




4.4.1.1.1 12 Dec 94

During the night of 11-12 Dec 94, under the influence of high pressure to the
north, the RDU NWS recorded clear skies, light winds of 3-8 kts, and temperatures falling
from 41 degrees °F at sundown to 26 degrees °F at 0600 EST. Figure 4.11 shows the
GSO NWS upper air sounding for this date at 0600 EST, which indicates a surface layer
to about 30 m, a stable boundary layer to about 155 m, and a residual layer capped by a
possible subsidence inversion that begins at around 500 m. A low level jet existed, with a
direction/speed of 060/18 kts at about 300 m. The NO-NOy analyzer was located at 433
m (within the residual layer), where winds were approximately 88% of the low level
maximum speed and were within 5 degrees of the direction of the maximum wind speed.
On this night, the instrument recorded NO values below the detection limit of 0.23 ppbv

until after sunrise. NOy mixing ratios were not measured on this date.
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4.4.1.1.2 17 Jan 95

On the night of 17 Jan 95, under the influence of high pressure to the north, the
RDU NWS recorded clear skies after midnight, winds of 3-8 kts after 2000 EST, and
temperatures falling from 58 degrees °F at sundown to 39 degrees °F at 0600 EST. The
GSO upper air sounding at 0600 EST (Figure 4.12) shows surface layer to about 25 m, a
stable layer to about 135 m, and a residual layer that extended beyond 1000 m. The wind
speed profile does not show a low level maximum. The NO-NOy analyzer was located at
433 m (within the residual layer); the instrument recorded NO mixing ratios below the
instrument detection limits of 0.04 ppbv throughout the night and into the morning. NOy
mixing ratios fell from peak of 11.42 ppbv at midnight to a nocturnal minimum of 6.26

ppbv at 0445 EST; values at 0600 EST were near this- hoctumal minimum at 6.69 ppbv.
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4.4.1.1.3 18 Jan 95

On the night of 18 Jan 95, under continued influence of high pressure to the
northeast, the RDU NWS recorded mostly clear skies, light winds from 0 to 5 kts, and
temperatures falling from 52 degrees °F at sundown to 37 degrees °F at 0600 EST.
Figure 4.13 shows the GSO upper air sounding for 0600 EST, 18 Jan 95. A surface layer
is evident to about 33 m, a stable boundary layer is evident from 33 to about 240 m, and
residual layer is evident from the top of the SBL to a capping inversion that begins at
approximately 900 m. Thé wind speed profile does not indicate a low level jet. The NO-
NOy analyzer, located at 433 m, again recorded NO mixing ratios that were below the
instrument detection limit (less than 0.04 ppbv) throughout the night and into the morning.
NOy mixing ratios fell steadily throughout the night to a nocturnal minimum of 2.63 ppbv,

which occurred at 0600 EST.
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4.4.1.1.4 7 Feb 95

On the night of 7 Feb 95, under the influence of high pressure to the south, the
RDU NWS recorded clear skies, winds of 0-7 kts, and temperatures falling from 33
degrees °F at sundown to 13 degrees °F at 0600 EST. Figure 4.14 shows the GSO upper
air sounding at 0600 EST, and indicates a combination surface layer and stable layer to
about 50 m, with a residual layer above this stable layer capped by an inversion at about
850 m. No low level winds were recorded during this sounding. The NO-NOy analyzer,
located at 250 m (within the residual layer), recorded NO mixing ratios below the
instrument detection limit (0.04 ppbv) throughout the night until after sunrise. The NOy
mixing ratios fell from a peak of 14.02 ppbv at 0100 EST to a nocturnal minimum of 2.92
ppbv at 0400 EST; and the value at 0600 EST of 3.34 ppbv was close to the recorded

nocturnal minimum.
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4.4.1.2 Moderate Nocturnal Boundary Layer Formation

Further review of the GSO upper air soundings for the measurement period
indicates that three soundings show the development of a possible moderate stable layer
under meteorological conditions (such as cloudy skies or gusty winds) that were not
favorable for development of a strong stable layer. These three soundings are discussed in
the following sections to provide insight into boundary layer mechanisms and their relation

to mixing ratios of NO and NOy under differing meteorological conditions.
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4.4.1.2.1 13 Jan 95

On the night of 13 Jan, under the influence of a high pressure over the
northwestern Atlantic Ocean, the RDU NWS recorded mostly cloudy skies, winds of 0-8
kts, and a temperature drop from 64 degrees °F at sundown to 49 degrees °F at 0600
EST. Figure 4.15 shows the GSO upper air sounding at 0600 EST. Evident in this
sounding is a surface layer to about 30 m, a stable boundary layer to about 200 m, and a
residuai layer extending to at least 800 m. Also evident is a strong.low level jet located
just above the SBL/RL interface, and which reacheé a maximum direction/speed of 210/20
kts in the layer from 200 to 500 m. The NO-NOy analyzer, located at 433 m, did not
record any NO mixing ratios above the instrument detection limit (0.04 ppbv) throughout
the night and even throughout the rest of the day. NOy mixing ratios slowly decreased
throughout the night to a nocturnal minimum of 2.81 at 0745 EST; the value at 0600 EST

was near this minimum at 4.25 ppbv.
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4.4.1.2.2 3 Feb 95

On the night of 3 Feb 95, the RDU NWS recorded clear skies and winds of 6-10
kts after passage of a weak cold front at midnight, with temperatures dropping from 49
degrees °F at sundown to 33 degrees °F at 0600 EST. The GSO upper air sounding
(Figure 4.16) at 0600 EST indicates a surface layer to about 35 m, a stable boundary layer
to about 175 m, and a residual layer above the stable layer capped with an inversion
beginning at approximately 800 m. A weak low level jet maximum of 040/11 kts occurs
between 250 and 300 m. The NO-NOy analyzer, located in the heart of the low level jet
and just above the RL/SBL interface, measured NO mixing ratios below instrument
detection limits (0.04 ppbv) throughout the night (except during passage of cold front as
discussed in previous section) until after sunrise.. NOy mixing ratios at 0600 EST, while
higher than normal at 18.08 ppbv, were nevertheless at a nocturnal minimum, being lower
than measurements at 0145 ES>T (33-.55 ppbv) during frontal passage and measurements

during the subsequent diurnal peak (27.14 ppbv at 1000 EST).
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4.4.1.2.3 20 Feb 95

On the night of 20 Feb 95, under the influence of a very weak high over the
Carolinas, the RDU NWS recorded cloudy skies, winds of 0-6 kts, and a temperature drop
from 56 degrees °F at sundown to 45 degrees °F at 0600 EST. The GSO upper air
sounding (Figure 4.17) shows a that a surface layer developed to about 25 m, a stable
boundary layer existed to about 190 m, and above that a residual layer rose to above
1000m. Also evident is a low level jet (340/11 kts) from 240-260 m. At 250 m, the NO-
NOy analyzer was once again located in the heart of the low level jet, just above the
RL/SBL interface. Unfortunately at this time the data logger was not recording the NO
channel correctly, and therefore there is no NO mixing ratio data available. However, the
NOy mixing ratios were recorded, and indicate that these ratios dropped to the lowest
levels recorded (1.45 ppbv) during the entire study at around 0130 EST; thereafter the

mixing ratios rose somewhat to a value of 3.82 ppbv at 0600 EST.
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4.4.1.3 Nocturnal Boundary Layer Formation Discussion

As outlined in the definition and experimental background sections, the formation
of a nocturnal boundary layer, and in particular, the formation of separate stable and
residual layers is a requirement for downward mixing of pollutants after sunrise [Trainer,
1987; Stull, 1988]. Pollutants such as NO and NOy trapped at or above the interface of
the residual and stable layers (and possibly transported by the low level jet usually found at
this interface) can be mixed downward to the surface upon breakup of the nocturnal
boundary layer in the morning. However, during the course of this research, in the seven
cases the NO-NOy analyzer was located at a height that was at or above the identifiable
interface of a SBL and the RL above it, measured NO and NOy mixing ratios were at or
near their nocturnal minimums. Therefore, NO and NOy did not exist in sufficient
qua;ntities in these seven cases to affect surface mixing ratios upon being mixed
downward. In addition, outside of the previously mentioned synoptic episodes, NO
mixing ratios were, with one exception, always below instrument detection limits (0.23
ppbv in December, 0.04 ppbv in January and February) during the early morning hours
just before sunrise, no matter what the state of the boundary layer. This includes
seventeen mornings at 433 m and seventeen mornings at 250 m. The one exception
occurred on 14 Dec 95; NO mixing ratios ranging from zero to 0.66 ppbv were measured
from 0415 to 0630 EST. In this case, however, rain and drizzle were recorded throughout
the night at the RDU NWS office, indicative of possible small scale vertical lifting (not

evident in the large scale resolution of the meteorological data). The NOy mixing ratios




were, with three exceptions, at or near the nocturnal minimum values during the early
morning hours just before sunrise, no matter what the state of the boundary layer; this
includes fourteen mornings at 433 m and twenty-one mornings at 250 m. Of the three
exceptions, two were measured during periods of rain and drizzle (as recorded by the
RDU NWS office) and hence were possible affected by small scale vertical lifting. The
final exception, for which no synoptic or precipitation events can be associated, occurred
on 14 Feb 95. In this case, the NOY mixing ratios reached a nocturnal minimum at
approximately 0330 EST (3.83 ppbv) and then rose quickly to 20.70 ppbv at 0600 EST.
The ratios continued to rise, however, reaching a peak of near 50 ppbv between 0715 and

0800 EST.
4.4.2 Growth of the Mixing Layer

Although the mean diurnal profile indicates the average time of increase from the
nocturnal minima for the NO and NOy mixing ratios at 250 and 433 m is between 0700
and 0800 EST (see Figures 4.1, 4.2, 4.3, 4.5, and 4.6), individual profiles show a wide
variation in time of increase to the diurnal peak (Figures 4.8-4.10). As stated before, it is
hypothesized that this diurnal peak is related to the growth of the mixed layer and the
subsequent “upward mixing” of NO and NOy from the surface via the convective eddies
that make up the mixed layer. To test this hypothesis, NCSU upper air sounding data
from six case studies is presented in order to compare mixed layer heights with the

observed diurnal NO and NOy mixing ratio increases.
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4.4.2.1 8 Dec 94

GSO upper air sounding at 0600 EST (Figure 4.18a) indicates a lack of an
identifiable stable boundary layer (skies were mostly cloudy during the night as a cold
front passed through; a strong stable boundary layer was not expected to develop). The
NCSU upper air sounding from the agricultural field site at 0730 EST (Figure 4.18b)
indicates that in the absence of a strong stable boundary layer, the mixed layer rose quickly
to nearly 525 m soon after sunrise. The instrument located at 433 m recorded a maximum
diurnal NO mixing ratio (13.64 ppbv) soon after the rise of the mixed layer past the height

of the instrument at 0800 EST (Figure 4.18c). NOy mixing ratios were not measured on

this date.
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4.4.2.2 9 Dec 94

The GSO upper air sounding at 0600 EST (Figure 4.19a) indicates a possible
moderately stable boundary layer (skies were partly cloudy during the night with winds 3-
9 kts) to a height of 80 m, with a weak inversion in the residual layer. The NCSU upper
air sounding from the agricultural field site at 0845 EST (Figure 4.19b) indicates that the
mixed layer had only reached a height of approximately 150 m at that time. Another
NCSU sounding at 1030 EST (Figure 4.19c) shows that the mixed layer had only reached
a height of about 230 m. In other words, the mixed layer had not yet reached the height
of the NO-NOy analyzer, located at 433 m, by 1030 EST. The instrument did not
measure appreciable amounts of NO up to that point in time; in fact the instrument did not
measure NO mixing ratios above the instrument detection limit (0.23 ppbv) until 1230
EST (Figure 4.19d), or about the time the slowly rising mixing layer would have been
expected to reach the height of the instrument. NOy mixing ratios were not recorded on

this date.
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4.4.2.3 13 Dec 95

GSO upper air sounding (Figure 4.20a) indicates a lack of any definite layers
except for a residual layer that contained weak to moderate inversions (skies were mostly
cloudy with winds of 5 - 10 kts overnight, and a strong stable boundary layer was
expected to develop). The NCSU sounding from the agricultural field site at 0815 EST
(Figure 4.20b) shows that the mixed layer had risen to about 310 m by that time. Another
NCSU sounding at 0915 EST (Figure 4.20c) shows a mixed layer height of about 340 m,
or an increase in the height of the mixed layer of only about 30 m in 60 minutes. The NO
mixing ratios measured at 433 m did not rise above the instrument detection limits (0.23
ppbv) at any point during the morning or afternoon of 13 Dec 94; it is possible that due to
the heavy overcast and strong cold advection from the northeast (temperatures remained
steady in Vthe mid 30s throughout the day), the mixed layer never reached the height of the
instrument (and subsequently never -transported any NO ﬁpward to the instrument for

detection). NOy mixing ratios were not recorded on this date.
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4.4.2.4 18 Jan 95

The GSO upper air sounding at 0600 EST (see Figure 4.13) indicates a stable
boundary layer to a height of 240 m (skies were mostly clear with light winds during the
night, leading to possible strong SBL development) and a residual layer above the SBL.
The NCSU sounding from the Jordan Hall site at 1030 EST (Figure 4.21a) indicates that
the mixed layer had only reached a height of about 220 m by that time. Mixing ratios
measured at 433 m (Figure 4.21b) showed NO values below instrument detection limits
(0.04 ppbv) and NOy values near nocturnal minimum until 1145 EST. The NO mixing
ratios reached a maximum diurnal peak at 1215 EST, and NOy mixing ratios followed
with a peak at 1230 EST (both at about the time the slow moving mixed layer would have

reached the 433 m height).

110




(LST 0£01) S6 uer g1 - Swpunog 1y saddp) nSHN BIZ'p dandig

OD samesaduag,
U] SO€ 00¢ S6T 067 S87 087 . SLT 0LT
— T T T ” “ T ¥ T ¥ “ T T T T “ T T T T “ T T T ﬁ ¥ ¥ T T “ T T T T m
S Jahe Buxiy T
.
S/qefieAy ejeq puim oN N
v 1
pd ._3U0Z uswurenuy |
.’
‘ ]
\ 3

102Ajeuy AON-ON

Jake |enpisay

-
||({A41|IA|||

(W) sH

} x»)‘llll}lll|I|1||l|1||||
T

S ENE

lnl!\xllllltllr

4

og Meq - - - umeradwd) Enudjeg

0S
001
0S1
00T
0ST
00¢
0s€
00y
oSy
00s
0SS
009
059
00L
0SL
008
0s8
006
0S6
0001

111




(S6 uer 1) SININ £cp ‘soney Suay AQN pue QN UOIBLIEA [BUINIY q[Z'p danSiy

(LSA) 2], [edo]
0 € 2 2 oz 6L 8 LL 9 SL ¥ €L 2T L Ob 6 8 L 9 § v ¢ 2

-

Toz —0— ON—=—

bbb

o

T
<t M N - O

[NERE RN NN

bl L
T

- 01
- b
- C)
- €1
Vi
L
- 91
- 21
- 81
- 6}
- 02
- b2
- ¢C
- €2

el

bbb L L L L

1 £4

d) oney Sumipy

=

(aq

112



4.4.2.5 25-26 Jan 95

The NCSU upper air sounding from the Jordan Hall site for 26 Jan 95 (Figure
4.22a) indicates that by 0915 EST, the mixed layer had reached a height of about 430 m.
A second NCSU sounding at 1015 EST (Figure 4.22b) shows that the mixed layer had
reached a height of approximately 550 m at that time (the GSO 0600 EST sounding was
not available). Thus the mixed layer passed the height of the instrument (433 m) between
0915 and 1015 EST. While mixing ratios of NO and NOy were not recorded on 26 Jan,
they were recorded on 25 Jan; conditions for both days under the influence of a high
pressure to the south were very similar with respect to sky cover, winds, and
temperatures. Mixing ratios for NO rose above the instrument detection limit (0.04 ppbv)
at 0945 EST and reached a diurnal peak at 1200 EST.- The NOy mixing ra‘;ios rose
abruptly between 0900 and 0945 EST from their nocturnal minimum, reaching a local
maximum, further increases lead to the diurnal maximum at 1200 EST (Figure 4.22c¢).
Thus, in this case the NO and NOy mixing ratios began to increase from their nocturnal

minimums at the time of possible passage of the top of the mixed layer past the instrument.

113




(LST S160) S6 uer 97 - Suspunog ary soddn) NSHN 877y 2anS1g
O1) Jameradwma],

9lqejieAy ejeq puim oN

T

T

J9he paxin

 a maae s ST A NN NN S UE A E TR

T

T

T

“{n Lldaaa bl

T

19zZAleuy AON-ON

1|Al||||{||||lll|(|||

T

‘lx=x1||l||||1|(llll

Al

od M3 = - o MmeRdun] [enudjeg

Y4

[— N — B — T

S W @ W

o Wi v =
(w) 3

1
(=3
v
@

00L
0SL
008
0S8

= 006
- 056

0001

114



(1S3 S101) S6 uer 97 - Bwpunog ary sadd NSON qZT°p n3ig

001
0ST
007
0ST
00€
0s¢g
0oy
osy
00s
0SS
009
0s9
00L
0SL
008
0S8
006

O sameaadwag,
067 S8T 087 SLT 0LT S$97 097 SST 0ST
T T T T “ T T T T “ T T T “ T ¥ T T \“ T T T T “ T T T T “ T T T T “ T T T T

- 7

N\ ]

\ J9fe paxiyy

1 T

/qejieAy ejeq puim oN N
N T

' ]

Y N

' 1

) I

2 3

N ]

\ El

' El

—l B

N T

\ 124Ul AON-ON

W - 3

LY . R m:

auo7 juswurenusy NICIN 1

=~ . 1

\s T

) :

’ El

Jake] jenpisay ru +

RN

. A B

\ ]

3 T

\ .

\ i

\ 1

juiog Moq - - - uMeRdUR] enudeg

0S6
0001

(W) 3

115



116

(S6 uBr S7) S €€y ‘Soney SUIIN AQN PUB QN UONBLIBA [BUINI([ IZZ"p 3NS1y
(LS duny, redoy .
0 € T 1T 0T 61 8I LI 9T SI +#1 €I T II o1 6 8 L 9 S L4 € (4 I 0

IR VRS S A R AT

.

[ S S S AR

b
® L
—

&
(rqdd) onyey Surxipy

AON—— ON —=—

1S3 o€t ) 4oYy painsesy JoN A ON pue ON

+ . e e o TS BRIV AN VI W S AR
\& g o =4 o \& - o
L ] (e [ae} [ar] o~ (o] (o] (o}

e i)

®
e}




4.4.2.6 9 Feb 95

The GSO upper air sounding for 9 Feb 95 (Figure 4.23a) shows an absence of a
definite stable boundary layer (skies were clear overnight but gusty winds and the passage
of trough did not favor development of a strong stable layer). The NCSU upper air
sounding from the Jordan Hall site at 0800 EST (Figure 4.23b) shows that the mixed layer
had reached height of nearly 300 m at that time. NO mixing ratios measured at 250 m
rose above the instrument detection limit (0.04 ppbv) at 0730 EST, reaching a diurnal
peak at 0745 EST; NOy mixing ratios also began rising above the nocturnal minimum at

0730 EST, and like NO, reached its diurnal peak at 0745 EST (Figure 4.23c).
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4.4.2.7 Mixed Layer Formation Discussion

In general, these results indicate that the time of the diurnal peak of the mixing
ratios of NO and NOy measured on the tower is dependent on the rate of growth of the
mixed layer during the morning hours. Specifically, mixing ratio values measured at 250
and 433 m are usually at a minimum before the mixed layer reaches that height, and do not
reach a peak until affer the mixed layer has reached or surpassed that height. These
results lead to the conclusion that in these cases, NO and NOy were mixed upward from

the surface to the elevated heights, as opposed to being mixed down.
4.4.3 Surface Comparison

Since it is hypothesized that the increase in mixing ratios of NO at 250 and 433 m
is due to the mixing upward of NO from the surface, it is necessary to detefmine if there is
enough NO present at the surface to provide for the increase aloft (NOy was not measured
at the surface). Although the overall increasing gradient of NO towards the surface was
discussed in a previous section, some attention is paid here to more specific cases. For
example, Figure 4.24a shows a comparison between the mean diurnal variation of the NO
mixing ratio at the surface and at 250 m. While the data is somewhat skewed at the
surface due to the close proximity of the highway, a pattern is evident in which NO
mixing ratios at the surface begin to rise much sooner in the morning than those at 250 m,
adding to the premise that NO is mixed upward. By midday, however, the boundary layer
has become more well mixed due to the convective eddies, and the two mixing ratios

come much closer together in terms of magnitude and profile.
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Figure 4.24b Diurnal Variation of NO Mixing Ratios, 2 Heights (10 Feb 95)
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Near sundown and the time of the evening rush hour, the profiles change
dramatically: the surface measurements increase abruptly in response to the rush hour
emissions before dropping below the instrument detection limit. However the 250 m
measurements do not show this abrupt increase but instead immediately begin to drop off
below the instrument detection limit by sunset. Evidently as the convective eddies begin
to lose some of their turbulent momentum with the loss of the sun’s radiant energy, less
NO is transported upward to the instrument. To reduce the difference in morning
magnitudes attributable to the proximity of traffic at the surface, Figure 4.24b shows a
comparison of the diurnal variation of the NO mixing ratios on 10 Feb 95 at the two
heights. Since winds were out of the south on this date, values at both heights were much
less affected by local traffic emissions, and the magnitudes of the values at both heights are
reflective of this fact. Furthermore, both profiles are Within good agreement with each
other, but still indicate that surface mixing ratios increase before mixing ratios at 250 m

during the early morning hours.
4.4.4 Boundary Layer Formation and Vertical Transport Processes Summary

The data presented here shows that NO and NOy mixing ratios measured at the
250 and 433 m heights follow a general diurnal trend, with a daily minimum occurring
during the night for NO mixing ratios and just before sunrise for NOy mixing ratios. A
comparison with the boundary layer structure just before sunrise confirms the supposition

that there is not enough NO and NOy conserved in the residual layer to be mixed
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downward upon breakup of the nocturnal inversion. In fact, the daily maximum in NO
and NOy mixing ratios that occurs on an irregular basis between 0700 and 1200 EST is
closely related to the growth of the mixed layer. It is hypothesized that this diurnal peak
is dependent on the transport of NO and NOy upward from the surface with the growth of -
the mixed layer. In effect, as the rate of the growth of the mixed layer varies due to
differences in nocturnal boundary layer stability and/or daytime heating, the time at which
the NO and NOy mixing ratios show a daytime peak at the two heights on the tower also

varies.
4.5 Atmospheric Chemistry and Horizontal Transport

Apart from the previously discussed corﬂparisons of synoptic and diurnal vertical
boundary layer processes, two other factors, in-situ atmospheric chemistry and horizontal
transport (or advection), play a part in the variation of mixing ratios of NO and NOy
within the planetary boundary layer. The scope of this study did not provide for in depth
analysis of these factors and their association with the measured values of NO and NOy
mixing ratios; however some general statements relating NO and NOy mixing ratios to

these processes are discussed in the following sections for completeness.
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4.5.1 NO Mixing Ratios

4.5.1.1 Atmospheric Chemistry

The observed diurnal variation in mixing ratios of NO during this study were
consistent with the nocturnal atmospheric chemistry of NO. The titration of NO by
residual ozone and by the OH radicals during the nighttime would be expected to lead to
low or non-existent mixing ratios of NO [Finlayson-Pitts and Pitts, 1986, and Warneck,
1988]. In contrast, those photochemical processes involving NO and therefore initiated by
the rising of the sun, were not identifiable in this study. However, some of the small
increases or decreases in NO mixing ratios, noted in certain cases soon after the rise of the

boundary layer, may be related to photochemical production or destruction.

4.5.1.2 Horizontal Transport

As with atmospheric chemistry, horizontal transport of NO did not seem to play an
identifiable role in controlling the increase or decrease of NO mixing ratios at various
heights in the boundary during this study. This is due in part to the fact that NO is a
source species, and is at its highest mixing ratio near the source. As it is transported away
from the source, it is oxidized to the other members of the NOy family, and its mixing

ratio levels drop. In this study, the effect of transport of NO upward (via the previously




discussed vertical boundary layer processes) from its local source (the adjacent highways)
seems to be overwhelming detection of NO transported by more distant sources at the two
heights on the tower.

A comparison of surface wind direction with surface NO mixing ratio
measurements is heavily skewed by the close proximity of US-70 so that the correlation is
subsequently highest when the winds are off the highway. This is an indicator of the
dominance of local horizontal transport of NO at the surface. An example of the longer
range horizontal transport of NO is given by the comparison of the 250 and 433 m NO
mixing ratio data with sut"face wind. Prevailing winds during the research period were
generally westerly but were distributed throughout the 360 degree compass during the
observation period (with no less than 15% of the total observations occurring in any one
quadrant). Figure 4.25 shows the mean NO mixing ratios by ten degree wind direction
interval as well as by 90 degree quadrant interval. As would be expected from the
geography of and the location of point and area sources in North Carolina, the southeast
quadrant produces the lowest mean mixing ratio as compared to the other three quadrants;
an average of 63% lower for NO mixing ratios. Tﬁus winds from the southeast, which are
only several hundred miles removed from the Atlantic Ocean and its relatively cleaner air,
and pass over fewer population centers and point sources, have lower mixing ratios of
NO. Conversely, it is expected that winds from thé northwest, which pass over several

highly populated areas and point sources, would show the highest mean mixing ratios.

However, comparison with NO mixing ratios does not show a quadrant preference for
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highest mean mixing ratio; the northeast, southwest and northwest quadrants all show

little difference in mean NO mixing ratios.

4.5.2 NOy Mixing Ratios

4.5.2.1 Atmospheric Chemistry

In contrast to NO mixing ratios, evidence from this research indicates that the
observed NOy mixing ratios and changes therein can be related to atmospheric chemistry
processes as well as boundary layer transport processes.

After peaking near 1200 EST, the mean NOy values at 250 and 433 m begin to fall
off, gradually decreasing towards the overnight minirhum just before sunrise (see Figures
4.5 and 4.6). The NOy values do not show the sharp drop-off around sunset that is
characteristic of the NO profile. As indicated previously, there was a wide variation in
individual diurnal NOy profiles, with some days actually seeing increases after sunset (see
Figure 4.8). This is not unexpected, given the complicated chemistry that is possible
during the night involving members of the NOy family. In particular, atmospheric
chemistry seemed to play an identifiable role in the variation of NOy mixing ratios at the
elevated heights during the early morning hours just after sunrise. Specifically, the data
indicates that in some cases just after sunrise, NOy mixing ratios were already increasing
from a nocturnal minimum before the mixed layer reached that height. For example, in the

previously discussed mixing layer growth case of 18 Jan 95 (Figure 4.21 ¢), NOy had been




slowly rising from a minimum of 2.63 ppbv measured an hour before sunrise to a value of
4.90 ppbv measured at 1115 EST, just before the abrupt increase to 21.79 ppbv at 1230
EST attributed to the rise of the mixed layer. In the example of 9 Feb 95 (Figure 4.23c),
the NOy mixing ratios had increased from the nocturnal minimum of 4.67 ppbv detected at
0515 EST to a value of 8.84 ppbv measured at 0730 EST, just before the abrupt increase
to 49.10 ppbv at 0745 EST which is attributed to the rise of the mixed layer. The nearly
90% increase in NOy mixing ratios before the apparent rise of the boundary layer in these
cases is likely due to chemical processes.

In these cases, NOy mixing ratios increased without a corresponding increase in
NO mixing ratios, and therefore the increase in NOy must be due to increases in reactive
oxides of nitrogen other than NO, such as NO,, PAN, HNOs, etc. Since conversion of
one detectable NOy constituent to another shouid not Vlead to a change in total NOy
mixing ratio (aside from instrument conversion efficiency differences), possible
atmospheric chemistry reactions responsible for the increase in NOy mixing ratios are
limited to processes that produce the above reactive oxides of nitrogen from non-
detectable species.

Based on this premise, it is proposed that the increasing relative humidity common
during the nocturnal hours leads to destruction of HNO; by its conversion to particulate
NO;™ (which is not detected by the NOy instrument due to its absorption by the Teflon
filter), and thus results in the decrease in the overall measured NOy mixing ratios just
before sunrise. After sunrise the relative humidity begins to fall as the troposphere is

warmed, leading to an equilibrium shift from NO;™ back to HNOj3, which is then
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converted and measured by the instrument; the result is the increase in NOg mixing ratios
discussed above. Prior observations of NO;, HNOs, and the ratio between the two over
semi-rural to urban areas indicate they exist in high enough concentrations and mixing
ratios to make this hypothesis viable for the observed increases in this particular study
[Warneck, 1988, and reference therein]. Further conclusions concerning the relative
magnitude of this process in relation to the observed increase in NOy during this study are

not possible due to the lack of measured NO;™ data.

4.5.2.2 Horizontal Transport

NOy is composed of source species as well as source species that have been
oxidized, and as such can be measured much farther away from its sources than can NO.
Therefore, measurement of NOy mixing ratios will not be overwhelmed by local highway
sources and their vertical transport mechanisms (as with NO mixing ratios). Instead,
horizontal transport of different airmasses from different NOy source regions to the tower
location most likely played a major role in the observed large variation in nighttime NOy
mixing ratios. While the lack of the wind instruments on the tower prohibits a detailed
analysis of this process, the comparison of the surface wind direction data and the NOy
mixing ratios is valid for general discussion. As with NO mixing ratios, the results (Figure
4.26) from this comparison show a correlation of lower values when the wind is from the

southeast quadrant (40% lower than the other quadrants). Unlike NO, however, NOy also

shows a correlation of higher values when the wind is from the northwest (almost twice as




high as the two remaining quadrants), and is not surprising, given the number of

metropolitan areas and NOx sources located to the northwest of the tower.




5. SUMMARY

5.1 Conclusions

The tropospheric boundary layer distributions of mixing ratios of NO and NOy
(defined as NO + NO, + HNO; + PAN + NO;" ) were measured over a semi-urban area of
central North Carolina at the surface and at two heights (250 m and 433 m) on a tower for
a period of nearly 45 days starting in December of 1994 and continuing through January
and February of 1995. These measurements were then compared to synoptic and upper
air meteorological data in order to characterize the diurnal variations of both NO and
NOy mixing ratios in terms of temporal and spatial variations within the various layers that
make up the day and nighttime boundary layer. From this characterization conclusions
concerning the source of NO and NOy mixing ratios at both the surface and at elevated
heights within the boundary can be made.

The NO mixing ratios showed a strong diurnal profile, with a negative gradient
associated with height. In the absence of synoptic meteorological features, the mean
nocturnal NO mixing ratios were below instrument detection limits, which ranged from
0.04 to 0.23 ppbv, and the mean daytime NO mixing ratios were at least an order of
magnitude greater than the mean nighttime NO mixing ratios. The absence of NO during
the night is reflection of nocturnal atmospheric chemistry in which the NO titrated out by
residual ozone and OH radicals, and indicates that there was an absence of local sources of

NO in the nocturnal boundary layer. A comparison of observed mixing ratios with those
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predicted by a one dimensional model of vertical NO transport during the early morning
hours showed good agreement; in both cases the NO mixing ratios followed an
exponentially decreasing vertical gradient. These results are important when considered
against the process of downward mixing of NO, which requires an increasing vertical
gradient at some point during the early morning hours. This would only be possible if
there was a continued source of NO in the nocturnal boundary layer. NOy mixing ratios
measured at 250 and 433 m also indicated a negative or decreasing vertical gradient, as
well as a 22% decrease from the mean daytime values to the mean nighttime values. More
importantly, the large increase from the nocturnal minimum (usually just before sunrise) to
the diurnal maximum peak indicated that only 40 to 55 % of the daytime increase is due to
NOy conserved or formed in the nocturnal boundary layer overnight; the rest is either
transported to or formed at the height within the houfs after sunrise. The results observed
for both NO and NOy mixing ratios indicate the importance of the local surface as a
source for both constituents.

The passage of of synoptic meteorological features were related to increases in NO
and NOy mixing ratios measured at the 250 and 433 m heights. In particular, the passage
of a synoptic feature during the nocturnal hours capable of inducing upward vertical
motion in the atmosphere, such as a front or trough, produced an identifiable increase in
the NO mixing ratios above the detection limit of the instrument in every observable case.
It is hypothesized that the NO mixing ratios at the elevated heights drop to negligible

levels during the nocturnal hours due to reaction with residual ozone and hydroxyl radicals

(OH), and thus the NO analyzer recorded levels below the detection limit. Upon the




passage of a synoptic feature, however, the upward motion induced by the front or trough
transports NO up to the height of the instrument from the surface. This again verifies that
the surface is the source for the NO measured on the tower platforms during this research,
and that horizontal transport of NO in the nocturnal boundary layer at those heights was
non-existent. The relationship of the passage of these synoptic meteorological events
with increases in NOy mixing ratios were less identifiable, possibly due to the more
complex nocturnal chemistry and transport processes with which NOy is associated.
However, the NOy mixing ratios did respond to the synoptic meteorological events in
enough instances (70%) to validate that under certain circumstances, NOy is also
transported upward by the vertical motion produced by the passage of synoptic features.
Maxmima in NO and NOy mixing ratios showed no dependence on wind direction and
tended to decrease in some cases shortly after paesage of the synoptic meteorological
feature, which negates the idea that the observed increase was due only to horizontal
transport of NO and NOy from the wind direction associated with the front or trough.
The most important information gained from this research, however, is the
comparison of observed values to the structure of the nocturnal boundary layer, in
particular with regard to the theory of downward mixing as a source of surface peaks in
the diurnal profile of NO and NOy. Throughout the measurement period, diurnal
minimum values of these species were recorded (except the previously mentioned synoptic
event induced increases) at heights of 250 and 433 m just before sunrise, regardless of the
structure of the nocturnal boundary layer. Comparison with upper air soundings at 0600

EST indicate that in at least seven of these cases, the instruments were in the residual




layer, and thus this research indicates that the residual layer can not be assumed to act as a
significant reservoir of either NO or NOy (or by association, NOx) for downward mixing .
Furthermore, in several instances, the analyzer was located directly in the low level jet just
above the interface between the stable layer and the residual layer, but still recorded
minimum values of NO and NOy. In these cases the low level jet was not transporting a
plume of NO and NOy that could be transported down or fumigated to the surface upon
breakup of the inversion.

Instead, comparison with upper air soundings taken at various times in the
morning during the development of the mixed layer indicates that increases in NO and
NOy mixing ratios (at the 250 and 433 m heights) are the result of the upward mixing of
these gases from the surface. It is possible that in some of the cases a plume of NO and/or
NOy may have been present in a layer just below the height of the instrument (and
subsequently went undetected by the instrument, given the lack of vertical motion in the
nocturnal boundary layer), and which was subsequently mixed upward upon the rise of the
mixed layer. However, models such as those postulated by Trainer et al. assume a
continuous emission source of NOx at varying heights ranging from 200-800 m [1987] or
from 110-160 m [1991], but stress that the exact height of the source layer is not critical,
so long as it is above the inversion layer. In at least two of the cases presented here, the
NO-NOy instrument was located approximately 70 meters above the inversion layer
interface (leaving little room for a plume to come between the instrument and the layer
interface), and within the low level jet maximum that is commonly accepted (and used for

modeling) as the preferential location for such a plume to exist. However, the instrument
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still measured a minimum for both NO and NOy mixing ratios during this time (and
recording a diurnal peak later in the day with the rise of the mixed layer).

Based on this data, there are several assumptions that have to be made in order to
accept downward mixing as a source for surface mixing ratio peaks of NO and NOy over
rural areas. First, since the residual layer is not storing or conserving enough of the
species to be downward mixed to account for the observed increases, it has to be assumed
that there is a always a plume of NO and/or NOy located at some level, no matter which
direction the wind is coming from (and therefore it has to be assumed that there is no
preference for sources such as major metropolitan areas). Second, it has to be assumed
that the plume is not always located at the interface between the stable boundary layer and
the residual layer and carried by the low level jet. These assumptions are not particularly
valid given current understanding of NO and NOy plﬁmes and their relationships to .
sources and nocturnal boundary layer processes. Finally, it was noted that in previous
research, the surface peaks in NO and NOy mixing ratios occurred both too early and out
of phase with the ozone peaks to be attributed to downward mixing processes.

In conclusion, it is felt that the knowledge gained during this study provides a
better understanding of the vertical distribution and transport processes related to the
mixing ratios of NO and NOy (and through NOy, the mixing ratios of NOx).
Furthermore, it points towards a rethinking of processes and sources related to rural
surface mixing ratios of the oxides of nitrogen, and to that extent, the effectiveness of

current NOx emission and source control policies. Clearly, more comprehensive research
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into the role the various constituents of the oxides of nitrogen play in atmospheric

chemistry and the production of ozone is necessary.
5.2 Recommendations for Future Research

While the limitations of the tower environment prohibit large scale increases in the
scope of research in this area, some additional process and method adjustments in
association with measurements on the tower (as well as at the surface) will provide added
insight into the transport and source relationship of the oxides of nitrogen.

To begin with, it is possible to increase the accuracy and precision of the
measurements by employing a process in which daily zero and span checks of the NO-
NOy analyzer are completed while the instrument is on the tower. This can be
accomplished through the use of a specially designed transportable gas dilution instrument
and small portable cylinders of calibration gas and compressed air.

Further recommended instrument modifications include the removal of the NOy
converter from the instrument and its placement as close to the sample line inlet as
possible, to convert NOy species to NO before it travels the length of the sample line (and
thus avoid bias through line loss of HNO; and NO;). In order to better undérstand the
chemistry of HNO; and NOs™ and their equilibrium ratio during the nocturnal and early
morning hours, a comparison could be made between an instrument measuring NO5™ (via
the removal of the Teflon filter) and an instrument with the filter in place (and therefore

filtering out NO3).
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As this research was conducted in late winter, it is highly recommended that
research of this type be conducted in the summer, when the measurements of oxides of
nitrogen can be compared to measurements of ozone taken by the state of North Carolina.
Other important measurements that would provide insight into the NO-NO,-O; cycle
include the measurement of the NO, mixing ratios (possibly with a Luminol based system).
While the physical limitations of the tower environment may overrule the possibility of
these measurements, it is not a certainty - in the case of the research outlined in this
manuscript, it was never certain that measurement of NO and NOy on the tower were
possible until it happened. It must be noted that some type of cooling system may be
required during the summer to keep the environmental conditions within the instrument’s
operating range.

In order to better understand the vertical transbon processes, three NO-NOy
analyzers should be placed at the base of the tov;fer, at 250 m, and at 433 m, all at the
same time if possible, to analyze temporal differences in the vertical gradient and remove
some of the traffic interference. Furthermore, a more detailed interrogation of the
nocturnal structure and morning evolution of the PBL at the tower location is needed,
possibly through the use of an instrument capable of instantaneous measurement of the
height of the PBL (such as an acoustic sounder, or SODAR) that is corroborated with
balloon launch data, as well as calculation of such turbulence intensity indicators as the
Richardson number.

For a better understanding of processes affecting rural mixing ratios of oxides of

nitrogen at the surface, a more detailed measurement of truly “rural” surface NO and NOy




mixing ratios and comparison to the data produced from the aforementioned boundary
layer interrogation processes (made at the site of the measurement of rural NO and NOy
mixing ratios) is necessary.

Finally, comparison of data gathered on the tower with back trajectory analysis,
with winds interpolated at the tower platform heights (via the NCSU GEMPAK weather
data interpolation system), and/or with meteorological data from the tower platform which
may someday be available, will all provide insight into horizontal transport processes and

their affect on NO and NOy mixing ratios.
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7. APPENDICES




7.1 Appendix 1: National Weather Service Daily Surface
Weather Maps (Valid 700 EST): December 7-16, 1994;January
12-25, 1995; February 2-23, 1995
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7.2.1 250 and 433 Meters

7.2.1.1 NO Mixing Ratios

12:15 AM
12:30 AM
12:45 AM
1:00 AM
1:15 AM
1:30 AM
1:45 AM
2:00 AM
2:15 AM
2:30 AM
2:45 AM
3:00 AM
3:15 AM
3:30 AM
3:45 AM
4:00 AM
4:15 AM
4:30 AM
4:45 AM
5:00 AM
5:15 AM
5:30 AM
5:45 AM
6:00 AM
6:15 AM
6:30 AM
6:45 AM
7:00 AM
7:15 AM
7:30 AM
7:45 AM
8:00 AM
8:15 AM
8:30 AM
8:45 AM
9:00 AM
9:15 AM
9:30 AM
9:45 AM
10:00 AM
10:15 AM
10:30 AM
10:45 AM
11:.00 AM
11:15 AM
11:30 AM
11:45 AM
12:00 PM

12/7/95

0.00

0.00
0.00
0.44
137
2.11
9.02
10.88
12.63
9.83
7.32

12/8/95
0.00
0.00
0.30
0.00
0.00
0.00
0.00
0.00
0.93
0.96
0.76
1.09
1.02
1.17
1.24
0.79
0.88
0.29
1.06
333
1.66
1.00
1.27
0.90
0.51
0.82
1.08
0.77
111
3.15
8.52

13.64
7.82
4.10
4.14
3.96
3.54
2.54
232
1.80
1.70
1.59
1.71
1.69
1.51
1.57
1.52
1.46

12/9/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

12/10/95 12/11/95 12/12/95 12/13/95

0.00
0.00
0.36
0.39
0.70
092
0.31
0.38
0.40
0.29
0.47
0.39
0.32
034
0.87
0.60
0.26
0.24
0.60
0.38
0.00
0.00
0.00
0.00
0.00
0.31
0.25
0.00
0.00
0.00
0.55
0.00
0.00
0.40
0.00
0.25
0.00
0.39
0.54
0.57
0.67
0.65
0.43
0.32
0.95
0.28
1.29
1.16

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.30
1.80
0.26
0.00
0.00
0.24
0.37
0.67
3.91
423
6.32
6.73
6.13
10.21
13.60
14.50
8.77
577
3.71
3.00
2.54
2.50
2.34
2.52
225
231
2.63
2.50
2.14
224

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

.0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.28
0.61
0.99
0.92
0.89
0.91
0.93
0.92
112
1.30
1.50
1.70
2.09
1.74
172
1.78
1.92
1.83
191

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

12/14/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.25
0.00
0.00
0.26
0.00
0.23
0.66
0.39
0.24
0.00
0.00
0.00
0.46
1.12
1.41
2.25
3.28
3.12
4.14
4.51
5.26
5.75
5.96
6.81
5.39
6.43
7.29
6.30
7.19
6.32
4.19
5.36

12/15/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.25
031
0.42
0.44
0.61
0.69
0.95
1.19
1.25
1.24
1.55
1.54
1.73
1.96
1.77
1.85

12/16/95
0.00
0.00
0.00
0.27
0.48
0.00
0.25
0.00
0.74
0.55
0.58
0.00
0.00
0.00
0.41
0.33
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.31
0.54

. 0.60
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12:1SPM
12:30 PM
12:45 PM
1:00 PM
1:15PM
1:30 PM
1:45 PM
2:00 PM
2:15PM
2:30 PM
2:45PM
3:00 PM
3:15PM
3:30PM
3:45 PM
4:.00 PM
4:15 PM
4:30 PM
4:45 PM
5:00 PM
5:15PM
5:30 PM
5:45 PM
6:00 PM
6:15 PM
6:30 PM
6:45 PM
7:00 PM
7:15 PM
7:30 PM
7:45 PM
8:00 PM
8:15PM
8:30 PM
8:45 PM
9:00 PM
9:15PM
9:30 PM
9:45 PM
10:00 PM
10:15 PM
10:30 PM
10:45 PM
11:00 PM
11:15PM
11:30 PM
11:45 PM
12:00 AM

12/7/95
5.65
5.12
531
5.56
5.18
5.32
6.16
7.05
7.02
7.89
8.08
8.02
8.40
7.89
6.35
4.70
4.27
232
1.46
0.59
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.47
0.24
0.65
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.35
0.00
0.00
0.00

12/8/95
1.51
1.43
1.40
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

12/9/95
0.00
0.58
0.33
1.05
0.51
0.32
0.00
0.66
0.46
1.25
0.34
1.05
0.69
0.46
0.36
0.24
0.25
0.40
0.45
0.69
0.52
1.16
0.30
0.46
0.64
1.01
0.75
0.30
0.34
0.79
0.75
0.26
0.12
0.67
0.81
1.12
0.47
0.46
045
0.73
0.00
0.41
0.44
0.36
0.45
0.55
0.94
0.69

12/10/95 12/11/95

1.00
1.30
0.59
0.69
0.88
23.36
40.78
34.10
15.18
7.26
5.09
433
1.56
0.26
1.25
1.23
238
0.88
0.28
0.00
0.00
0.00
0.00
0.00
0.24
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.25
0.00
0.00
0.00
0.00

1.98
1.95
1.84
1.50
1.38
1.37
1.46
1.77
1.72
1.67
1.56
1.75
1.50
134
0.92
0.80
0.51
0.45
0.27
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

12/12/95
1.94
1.80
1.92
1.77
1.70
1.67
1.68
1.69
1.34
1.51
1.51
135
121
1.03
0.84
0.61
0.52

036

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

12/13/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

12/14/95
6.48
6.76
6.65
6.65
6.28
5.01
4.06
3.47
3.36
2.90
2.12
131
1.55
1.40
133
1.13
1.02
1.03
0.77
0.30
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.42
0.25
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

12/15/95
2.09
2.18
222
247
2.41
2.48
2.49
220
2.95
271
1.43
1.53
1.75
132
0.93
0.82
0.70
0.44
0.30
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.25
0.24
0.49
0.29
0.28
0.00
0.24
0.00
0.00
0.00
0.00
0.00
0.00

12/16/95
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12:15 AM
12:30 AM
12:45 AM
1:00 AM
1:15 AM
1:30 AM
1:45 AM
2:00 AM
2:15 AM
2:30 AM
2:45 AM
3:00 AM
3:15 AM
3:30 AM
3:45 AM
4:00 AM
4:15 AM
4:30 AM
4:45 AM
5:00 AM
5:15 AM
5:30 AM
5:45 AM
6:00 AM
6:15 AM
6:30 AM
6:45 AM
7:00 AM
7:15 AM
7:30 AM
7:45 AM
8:00 AM
8:15 AM
8:30 AM
8:45 AM
9:00 AM
9:15 AM
9:30 AM
9:45 AM
10:00 AM
10:15 AM
10:30 AM
10:45 AM
11:00 AM
11:15 AM
11:30 AM
11:45 AM
12:00 PM

1/12/95  1/13/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1/14/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1/15/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1/16/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00 -

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1/17/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.05

1/18/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.31

1/19/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.06
0.05
0.08
0.10
0.17
0.24
0.30
0.41
0.51
0.58
0.00
0.00
0.00

1/23/95
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12:15 PM
12:30 PM
12:45 PM
1:00 PM
1:15PM
1:30 PM
1:45 PM
2:00 PM
2:15PM
230 PM
2:45PM
3:00 PM
3:15PM
3:30PM
3:45PM
4:00 PM
4:15PM
4:30 PM
4:45 PM
5:00 PM
5:15PM
5:30 PM
5:45PM
6:00 PM
6:15PM
6:30 PM
6:45 PM
7:00 PM
7:15PM
7:30 PM
7:45 PM
8:00 PM
8:15PM
8:30PM
8:45PM
9:00 PM
9:15 PM
9:30 PM
9:45 PM
10:00 PM
10:15 PM
10:30 PM
10:45 PM
11:00 PM
11:15PM
11:30 PM
11:45 PM
12:00 AM

1/12/95

0.71
0.59
0.28
0.25
0.24
0.18
0.14
0.11
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1/13/95
0.00
0.00
0.05
0.17
0.11
0.12
0.06
0.00
0.08
0.18
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1/14/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1/15/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.08
0.08
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1/16/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1/17/95
0.49
0.25
0.15
0.19
1.68
0.19
0.00
0.00
0.38
0.00
0.10
0.06
0.06
0.08
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1/18/95
0.85
0.49
0.24
0.31
0.28
0.17
0.00
0.06
0.00
0.04
0.00
0.17
0.33
0.25
0.14
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1/19/95

1/23/95

0.00
0.00
0.00
0.00
0.00
0.99
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12:15 AM
12:30 AM
12:45 AM
1:00 AM
1:15 AM
1:30 AM
1:45 AM
2:00 AM
2:15 AM
2:30 AM
2:45 AM
3:.00 AM
3:15 AM
3:30 AM
3:45 AM
4:00 AM
4:15 AM
4:30 AM
4:45 AM
5:00 AM
5:15 AM
5:30 AM
5:45 AM
6:00 AM
6:15 AM
6:30 AM
6:45 AM
7:00 AM
7:15 AM
7:30 AM
7:45 AM
8:00 AM
8:15 AM
8:30 AM
8:45 AM
9:00 AM
9:15 AM
9:30 AM
9:45 AM
10:00 AM
10:15 AM
10:30 AM
10:45 AM
11:00 AM
11:15 AM
11:30 AM
11:45 AM
12:00 PM

1/24/95
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.06
0.21
0.64
1.64
2.87
3.89
4.50
4.79
4.81
7.32
8.02
7.65
7.67
832
9.49
8.78
7.74
6.94
6.61
5.86

1/25/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.12
0.42
0.00
0.40
0.23
1.08
1.23
10.99
9.80
13.00

2/2/95 2/3/95
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.11
0.14
0.14
0.12
0.08
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.12
0.28
0.75
1.49
3.50
4.60
335
4.89
6.33
8.16
7.65
7.04
5.49
3.64
3.76
3.44
2.74
3.60

2/4/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.11
0.11
0.15
0.10
0.10
0.13
0.12
0.12
0.12
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.43
0.84
1.69
244
3.61
4.58
435
3.51
3.04
2.60
3.19
3.68
3.99
6.30
7.92
8.62
729
6.73

2/5/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.09
0.20
0.36
0.50
0.51
0.60
0.57
0.67
1.07
1.67
1.61
2.61
4.40
5.19

- 4.68
438
3.94
4.79

2/6/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.09
0.30
0.81
4.17
3.74
5.03
3.65
221
1.78
3.12
3.57
3.50
2.60
275
4.36
6.46
4.05
2.02

2/7/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.81
2.02
1.47
3.12
3.13
224
6.94
532
3.51
229
1.87
1.83
1.57
1.55
3.80
2.90
213

2/8/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.06
0.15
0.77
037
0.59
0.38
0.93
1.20
0.76
0.21
0.19
0.11
1.84
1.02
0.80
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12:15 PM
12:30 PM
12:45PM
1:00 PM
1:15PM
1:30 PM
1:45 PM
2:00 PM
2:15PM
2:30 PM
2:45 PM
3:00 PM
3:15PM
3:30 PM
3:45PM
4:00 PM
4:15PM
4:30 PM
4:45 PM
- 5:00 PM
5:15PM
5:30 PM
5:45 PM
6:00 PM
6:15PM
6:30 PM
6:45 PM
7:00 PM
7:15 PM
7:30 PM
7:45 PM
8:00 PM
8:15 PM
8:30 PM
8:45 PM
9:00 PM
9:15PM
9:30 PM
9:45 PM
10:00 PM
10:15 PM
10:30 PM
10:45 PM
11:00 PM
11:15 PM
11:30 PM
11:45 PM
12:00 AM

1/24/95
5.16
497
372
3.40
3.36
293
3.07
3.20
3.19
3.27
2.64
2.54
2.50
2.03
3.01
5.29
3.73
3.29
343
2.18
1.38
0.37
0.11
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00
0.00

1/25/95
10.17
9.28
8.16
6.07
4.53
3.62
275
1.81
1.24
0.81

2/2/95

1.94
1.48
0.64
0.53
0.39
0.51
0.38
0.30
0.32
0.09
0.00
0.04
0.08
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2/3/95
4.16
3.14
3.51
2.29
394
2.15
2.07
1.24
133
0.66
0.77
0.36
0.38
0.31
0.16
0.19
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2/4/95
6.32
3.86
391
5.05
4.14
3.89
333
2.49
2.64
2.46
222
2.04
1.94
2.12
1.97
265
2.10
1.81
1.41
1.01
0.69
0.39
0.18
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2/5/95
3.66
298
2.01
1.55
225
3.20
375
4.62
5.66
372
3.05
2.97
2.43
1.92
2.02
1.84

185
1.45
112
0.65
0.51
0.27
0.07
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2/6/95
1.61
1.49
134
091
1.05
0.94
1.07
0.91
1.18
0.85
0.83
0.78
1.04
131
1.45
1.62
1.79
1.29
115
0.71
0.45
0.28
0.21
0.07
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2/7/95
1.35
2.08
1.12
1.00
1.07
1.52
1.40
1.01
1.70
132
1.58
130
1.37
1.45
1.29
137
1.05
0.68
0.45
0.40
0.26
0.19
0.06
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.06
0.06
0.00
0.00

2/8/95
2.07
3.29
1.72
2.44
1.43
0.27
023
0.14
0.35
1.63
3.09
1.94
1.03
1.55
2.08
1.72
245
1.19
1.06
0.68
0.46
0.24
0.16
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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12:15 AM
12:30 AM
12:45 AM
1:00 AM
1:15 AM
1:30 AM
1:45 AM
2:00 AM
2:15 AM
2:30 AM
2:45 AM
3:00 AM
3:15 AM
3:30 AM
3:45 AM
4:00 AM
4:15 AM
4:30 AM
4:45 AM
5:00 AM
5:15 AM
5:30 AM
5:45 AM
6:00 AM
6:15 AM
6:30 AM
6:45 AM
7:00 AM
7:15 AM
7:30 AM
7:45 AM
8:00 AM
8:15 AM
8:30 AM
8:45 AM
9:00 AM
9:15 AM
9:30 AM
9:45 AM
10:00 AM
10:15 AM
10:30 AM
10:45 AM
11:00 AM
11:15 AM
11:30 AM
11:45 AM
12:00 PM

2/9/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.06

36.36
5.31
7.64

25.31

21.40
571
3.81
2.87
2.73
2.62
237
231
2.90
2.74
1.75
1.28
1.48
1.25

2/10/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.08
0.22
0.34
0.38
0.39
0.33
0.42
0.48
0.57
0.65
0.62
0.61
0.79
1.11
136
1.80
1.95
2.02

2/11/95
0.25
0.29
0.36
0.27
0.21
0.10
0.10
0.07
0.07
0.04
0.00
0.00
0.00
0.00
0.09
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.00
0.04
0.00
0.00
0.05
0.00
0.09
0.11
0.19

2/12/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.16
0.00
0.00
0.00
0.09
0.00
0.06
0.00
0.04
2.05

2/13/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.20
0.10
0.10
0.21
1.15
2.03
241
221
2.08
2.07
2.09
1.59
1.80
1.76
1.55
1.48
1.64

2/14/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.05
821
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

23.42
49.92
33.79
0.23
0.0
6.36
7.70
3.53
2.15
247
0.93
1.94
4.15
10.60
10.55
9.15
5.84
-3.67
292
2.02
229

2/15/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.10
0.13
0.37
0.13
0.40
0.21

2/16/95
0.68
0.89
0.94
0.81
0.72
0.75
1.04
0.35
021
0.20
0.20
0.16
0.16
0.18
0.28
0.4%
0.64
0.49
0.27
0.27
0.32
0.25
0.18
0.25
0.26
0.41
0.51
0.30
033
0.49
0.57
0.64
0.82
1.14
0.84
0.69
1.08
1.73
1.43
1.01
1.41
1.79
2.52
2.63
2.81
3.83
3.27
2.15

2/17/95
5.89
2.64
0.22
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.13
0.20
0.27
0.34
0.43
0.57
0.49
0.37
0.73
0.94
1.07
1.36
2.05
2.69
2.96
2.68
325
3.35
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12:15PM
12:30 PM
12:45 PM
1:00 PM
1:15PM
1:30 PM
1:45PM
2:00 PM
2:15PM
2:30 PM
2:45 PM
3:00 PM
3:15PM
3:30 PM
3:45 PM
4:.00 PM
4:15 PM
4:30 PM
4:45 PM
.5:00 PM
5:15PM
5:30 PM
5:45 PM
6:00 PM
6:15 PM
6:30 PM
6:45 PM
7:00 PM
7:15PM
7:30 PM
7:45 PM
8:00 PM
8:15PM
8:30 PM
8:45 PM
9:00 PM
9:15 PM
9:30 PM
9:45 PM
10:00 PM
10:15 PM
10:30 PM
10:45 PM
11:00 PM
11:1SPM
11:30 PM
11:45 PM
12:00 AM

2/9/95
1.21
1.47
1.82
1.56
1.77
1.51
0.77
0.74
0.86
1.09
1.34
0.88
0.60
0.42
0.71
0.50
0.70
0.38
0.28
0.22
0.15
0.16
0.08
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00

2/10/95
2.00
237
24]
238
2.16
2.15
1.97
1.70
1.55
1.33
1.26
1.1
1.03
0.80
0.84
0.73
0.78
0.63
0.66
0.58
0.48
0.39
0.27
0.22
0.20
0.15
0.15
0.18
0.17
0.15
0.17
0.18
0.16
0.16
0.20
0.21
0.22
0.21
0.21
0.22
0.22
0.22
0.19
0.19
0.18
0.18
0.22
0.20

2/11/95
0.00
0.07
1.05
1.29
2.84
2.99

10.10
5.76
5.97
7.86
6.13
6.43
3.86
3.83
3.46
2.18
1.81
1.16
0.61
0.32
0.15
0.05
0.00
0.00
0.00
0.00
0.00
0.00
6.27
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2/12/95
1.58
0.00
1.27
0.63
0.28
0.56
0.82
0.00
0.00
0.00
0.49
0.00
0.64
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2/13/95
1.48
1.56
1.47
1.20
137
1.01
0.89
0.72
0.62
0.72
0.83
0.67
0.62
023
0.32
0.38
0.39
0.27
0.18
0.06
0.10
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2/14/95
2.24
2.63
234
1.87
1.52
1.45
1.52
173
1.01
1.46
133
145
0.80
1.42
0.88
0.75

0.76
0.66
0.40
0.47
034
0.21
0.19
0.15
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2/15/95
0.61
0.46
0.42
0.21
0.31
0.39
0.35
0.21
0.44
0.38
0.19
0.11
0.10
0.07
0.09
0.07
0.15
0.23
0.14
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.13
0.09
0.00
0.06
0.20
0.22
0.23
0.29
0.38
0.29
0.25
0.21
0.42
0.49
0.56
0.38
0.74

2/16/95
272
241
1.85
241
2.97
2.52
1.48
2.42
2.40
2.01
1.88
1.64
2.04
2.52
332
2.81
2.90
433
2.13
1.78
2.38
1.59
0.70
0.51
0.23
0.28
0.17
0.30
0.32
0.17
0.21
0.14
0.54
1.93
0.34
0.24
3.21

11.33
13.13
14.88
12.37
11.89
19.10
13.72
7.25
8.20
9.55
8.78

2/17/95
3.39
2.90
3.74
6.26
6.31
6.00
5.79
4.76
3.85
238
222
3.76
3.01
2.06
1.06
0.92
1.25
0.94
0.61
0.51
0.41
0.30
0.23
0.08
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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12:15 AM
12:30 AM
12:45 AM
1:00 AM
1:15 AM
1:30 AM
1:45 AM
2:00 AM
2:15 AM
2:30 AM
2:45 AM
3:00 AM
3:15 AM
3:30 AM
3:45 AM
4:00 AM
4:15 AM
4:30 AM
4:45 AM
5:00 AM
5:15 AM
5:30 AM
5:45 AM
6:00 AM
6:15 AM
6:30 AM
6:45 AM
7:00 AM
7:15 AM
7:30 AM
7:45 AM
8:00 AM
8:15 AM
8:30 AM
8:45 AM
9:00 AM
9:15 AM
9:30 AM
9:45 AM
10:00 AM
10:15 AM
10:30 AM
10:45 AM
11:00 AM
11:15 AM
11:30 AM
11:45 AM
12:00 PM

2/18/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2/19/95  2/20/95

2.14

2/21/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.13
0.21
034
1.04
1.13
0.20
0.11
0.17
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2/22/95

0.00 12:15PM
0.00 12:30 PM
12:45 PM

1:00 PM

1:15 PM

1:30 PM

1:45 PM

2:00 PM
2:15PM

2:30 PM
2:45PM

3:00 PM
3:15PM

3:30 PM
3:45PM

4:00 PM
4:15PM

4:30 PM

4:45 PM

5:00 PM
5:15PM

5:30 PM

5:45 PM

6:00 PM
6:15PM

6:30 PM

6:45 PM

7:00 PM

T15PM-

7:30 PM
7:45 PM
8:00 PM
8:15PM
8:30 PM
8:45 PM
9:00 PM
9:15 PM
9:30 PM
9:45 PM
10:00 PM
10:15 PM
10:30 PM
10:45 PM
11:00 PM
11:15 PM
11:30 PM
11:45 PM
12:00 AM

2/18/95 2/19/95 2/20/95 2/21/95 2/22/95

0.00

2.09
3.24
2.64
1.92
1.73
2.50
135
0.80
245
0.88
0.58
1.43
1.03
0.29
0.23
0.59
0.48
0.69
033
0.17
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00.

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.14
0.07
0.36
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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7.2.1.2 NOy Mixing Ratios °

12/7/95 12/8/95

12:15 AM
12:30 AM
12:45 AM
1:.00 AM
1:15 AM
1:30 AM
1:45 AM
2:00 AM
2:15 AM
2:30 AM
2:45 AM
3:00 AM
3:15 AM
3:30 AM
3:45 AM
4:00 AM
4:15 AM
4:30 AM
4:45 AM
5:00 AM
5:15 AM
5:30 AM
5:45 AM
6:00 AM
6:15 AM
6:30 AM
6:45 AM
7:00 AM
7:15 AM
7:30 AM
7.45 AM
8:00 AM
8:15 AM
8:30 AM
8:45 AM
9:00 AM
9:15 AM
9:30 AM
9:45 AM
10:00 AM
10:15 AM
10:30 AM
10:45 AM
11:00 AM
11:15 AM
11:30 AM
11:45 AM
12:00 PM

212
1.45
1.43
131
1.69
3.39
5.77
7.51
6.75
6.48
5.96

461
4.50
4.74
4.67
4.12
428
4.05
4.02
4.18
4.85
5.60
4.49
437
3.97
4.42
3.90
392
3.90
4.15
4.08
4.45
443
436
4.59
5.35
6.03
7.46
825
8.87
935
9.65
9.87
10.20
10.29
10.05

1/12/95  1/13/95
492
5.09
491
5.09
494
4.44
4.46
444
448
3.12
2.99
428
4.84
495
523
5.00
465
3.93
3.98
4.66
423
392
376
425
3.86
426
3.45
3.26
3.28
325
2.81
3.0
2.84
3.02
2.85
3.89
481
436
5.92
6.04
6.09
6.10
5.96
5.79
5.89
6.02
7.24
6.98

1/14/95
4.42
4.18
3.92
3.75
3.75
3.80
3.77
3.60
3.50
3.44
3.52
3.67
3.70
3.79
3.76
3.56
3.58
3.39
3.28
3.12
3.11
3.11
3.12
3.75
3.36
341
3258
3.25
3.31
3.29
3.34
333
3.29
322
3.28
3.49
3.65
4.21
4.01
4.24
4.68
5.14
5.56
5.62
5.61
4.83
5.02
5.08

1/15/95
292
2.90
3.01
2.82
2.82
278
2.74
2.68
2.52
2.74
2.78
2.58
2.38
297
3.85
4.26
4.04
4.12
332
337
3.55
3.20
271
2.78
3.01
2.88
2.85
295
2.89
2.82
291
3.03
2.87
3.10
3.18
3.24
3.23
3.04
3.12
2.92
2.85
3.62
263
4.74
422
4.68
4.64
4.29

1/16/95
2.54
220
2,01
2.03
1.98
1.50
1.67
191
2.03
228
234
3.46
321
2.53
232
234
2.66
297
222
1.49
191
1.91
2.07
225
2.29
1.74
222
2.18
2.03
237
3.12
4.27
7.97

18.86
20.69
2248
16.68
10.77
13.01
12.79
13.17

- 13.44

15.54
14.91
16.19
18.69
19.53
19.42

1/17/95
11.42
1191
10.69

9.81
10.05
9.34
832
8.85
8.55
8.73
833
8.14
7.61
731
7.63
7.91
7.85
6.58
6.26
6.39
6.79
7.26
6.92
6.69
7.26
6.62
6.90
6.98
7.60
7.78
9.75
9.95
10.32
10.66
10.09
10.44
10.59
10.49
13.12
15.56
13.74
13.98
14.08
14.26
14.46
14.33
14.03
14.87

1/18/95
5.09
411
3.53
3.69
5.14
5.11
485
4.06
3.12
2.83
2.87
2.82
2.74
2.66
2.75
3.54
4.43
3.70
2.75
2.65
2.59
2.71
2.63
2.63
2.64
2.67
2.90
2.95
3.21
3.64
3.89
4.54
430
3.24
3.36
3.61
3.87
4.12
436
4.40
4.64
4.52
4.53
4.47
4.90
4.68
6.15

15.45

1/19/95
1235
12.55
12.40
12.48
11.82
12.46
11.59
10.96
10.81
10.27

9.53
8.42
8.03
7.60
7.56
7.38
7.14
7.49
7.85
7.52
7.85
7.47
6.99
6.99
6.61
6.45
6.11
6.01
5.56
532
5.39
535
5.51
5.69
5.86
598
5.79
6.23
6.62
6.41
6.80
7.06
11.10
9.77
8.74
9.61
10.48
13.08

1/20/95
424
3.90
3.80
3.53
3.83
3.49
2.58
230
3.24
447
4.82
5.20
5.22
5.08
498
5.29
5.29
5.17
498
4.65
4.51
4.47
4.52
463
4.74
494
s.11
536
5.53
5.67
6.08
6.37
6.83
7.19
7.02
6.96
7.09
7.24
7.44
6.98
6.61
6.80
6.97
7.22
7.56
8.35
8.54
9.20
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12:15PM
12:30 PM
12:45 PM
1:00 PM
1:15 PM
1:30 PM
1:45PM
2:00 PM
2:15PM
230 PM
2:45PM
3:00 PM
3:15PM
3:30 PM
3:45 PM
4:00 PM
4:15 PM
4:30 PM
4:45 PM
5:00 PM
5:15PM
5:30 PM
5:45PM
6:00 PM
6:15 PM
6:30 PM
6:45 PM
7:00 PM
7:15PM
7:30 PM
7:45PM
8:00 PM
8:15 PM
8:30 PM
8:45 PM
9:00 PM
9:15 PM
9:30 PM
9:45 PM
10:00 PM
10:15 PM
10:30 PM
10:45 PM
11:00 PM
11:15PM
11:30 PM
11:45 PM

12/7/95 12/8/95

5.67
5.88
6.32
6.52
6.67
731
773
8.52
8.93
9.60
9.96
10.49
10.96
11.13
11.04
11.12
10.97
11.16
11.25
11.37
111
10.94
10.63
10.63
9.58
10.25
10.34
9.68
8.79
9.22
9.84
9.73
11.25
10.35
8.26
7.07
6.13
6.60
6.54
536
4.79
4.46
4.10
3.88
433
371
3.83

1/12/95

13.66
12.13
11.62
11.57
12.62
13.55
13.66
12.71
12.01
10.79
10.19
10.84
10.84
9.26
8.90
9.53
7.34
6.70
5.74
5.48
6.96
6.84
5.93
493
4.74
4.88
5.26
5.34
5.13
4.98
5.44
5.27
5.01
495

1/13/95

8.90
10.57
11.57
15.56
11.55
11.13

9.68
10.51
11.71
13.88
11.92
11.26
11.14
10.61

9.39

8.97

7.86

832

9.59

9.66

9.51
10.12
10.95

7.60

6.63

6.52

6.38

593

6.15

6.29

5.45

5.00

5.21

5.11

4.67

427

4.11

4.13

4.22

4.08

3.88

3.98

3.99

421

4.40

4.62

4.42

1/14/95

4.87
521
522
4.82
435
493
432
492
467
437
422
466
4.40
462
4.90
478
4.10
3.94
3.68
3.59
3.72
3.89
3.80
3.62
3.43
3.07
321
3.55
4.01
3.88
3.50
3.43
3.35
3.16
3.11
3.01
297
2.93
2.90
2.93
2.88
2.87
2.78
2.73
2.77
271
2.69

1/15/95

434
435
3.54
3.76
4.16
4.62
4.60
5.37
5.02
5.20
5.26
5.20
4.59
4.30
3.69
2.36
3.08
4.50
4.47
3.60
3.20
3.69
3.94
4.11
4.77
4.70
4.57
4.56
3.48
2.70
2.89
3.20
3.64
3.64
3.58
3.58
3.13
2.52
2.58
235
2.49
2.53
2.76
2.68
2.54
2.60
2.57

1/16/95
19.62
19.08
19.05
19.19
17.94
18.54
18.50
17.70
17.43
16.45
1534
14.60
14.29
14.10
14.64
14.56
13.12
12.05
12.29
13.64
12.99
10.66
10.49
10.79
10.70

9.71
9.43
9.57
10.11
10.47
10.12
9.44
9.33
9.45
9.12
11.95
14.60
13.11
11.38
10.79
10.68
10.61
10.86
10.70
10.44
10.34
10.41

1/17/95
15.05
15.34
15.45
15.63
15.68
15.03
14.08
14.29
14.52
13.97
14.23
14.00
14.40
12.13
13.32
13.18
12.08
1232
11.47
11.45
11.47
11.39
10.82
10.05

9.77
9.79
9.42
10.24
11.67
11.90
10.20
10.40
10.52
10.40
9.96
8.74
8.38
7.69
7.18
7.27
6.57
6.04
6.17
6.13
6.43
6.78
5.80

1/18/95
19.90
21.79
20.14
19.96
18.15
17.15
15.41
15.43
13.34
11.80
11.80
11.25
10.01

8.18
7.61
7.64
6.98
6.32
6.47
5.85
6.37
5.99
6.52
7.42
6.75
6.78
733
8.13
10.01
12.46
14.70
14.40
14.68
16.56
18.30
21.67
24.25
20.99
18.47
17.80
18.12
18.66
18.95
19.15
16.69
14.27
13.06

1/19/95
6.86
4.49
4.55
5.01
7.16
6.98
6.88
7.09
4.03
5.10
4.11
3.02
293
3.00
2.87
3.18
3.34
3.73
4.03
4.14
4.09
3.96
3.90
3.65
3.34
3.58
3.30
2.68
271
2.47
2.15
2.05
1.97
1.93
1.89
1.80
1.75
1.75
1.61
1.44
1.61
2.19
2.34
275
2.90
4.11
4.72

1/20/95
9.88
10.27
10.77
11.41
10.62
9.27
8.20
8.26
8.42
8.81
9.30
9.57
10.25
10.70
10.07
9.74
9.75
10.11
9.93
10.40
11.51
12.43
11.77
11.71
12.41
12.71
13.06
13.33
13.05
12.29
11.91
11.21
10.93
10.97
10.66
10.46
10.23
10.22
10.19
10.05
10.29
10.44
10.94
10.71
11.36
13.65
18.11
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12:15 AM
12:30 AM
12:45 AM
1:00 AM
1:15 AM
1:30 AM
1:45 AM
2:00 AM
2:15 AM
2:30 AM
2:45 AM
3:00 AM
3:15 AM
3:30 AM
3:45 AM
4:00 AM
4:15 AM
4:30 AM
4:45 AM
5:00 AM
5:15 AM
5:30 AM
5:45 AM
6:00 AM
6:15 AM
6:30 AM
6:45 AM
7.:00 AM
7:15 AM
7:30 AM
7:45 AM
8:00 AM
8:15 AM
8:30 AM
8:45 AM
9:00 AM
9:15 AM
9:30 AM
9:45 AM
10:00 AM
10:15 AM
10:30 AM
10:45 AM
11:00 AM
11:15 AM
11:30 AM
11:45 AM
12:00 PM

1/21/95 1/22/95

21.69
17.48
1934
17.63
17.99
17.27
17.27
16.47
14.52
13.31
12.03
12.23
11.87
10.83
10.12
10.02
10.08
9.06
7.72
8.64
8.04
8.00
6.55
6.94
7.00
5.36
4.97
5.10
4.75
4.33
4.40
4.74
4.30
4.24
4.20
4.42
4.26
4.66
4.02
3.95
6.52
6.99
6.49
5.78
5.17
4.83
4.81
6.26

6.49
6.32
5.75
5.40
5.04
5.30
4.99
4.49
3.93
3.61
9.11
12.60
17.22
9.21
11.81
6.74
9.84
11.23
11.94
31.47
2823
15.94
845
8.47
39.31
2835
19.59
5.68
8.72
10.20
3.77
4.07
3.90
4.00
391
3.62
6.44
8.81
7.61
8.31
8.36
6.67
6.24
6.09
5.41
5.10
5.14
5.20

1/23/95
3.78
434
5.19
6.86
7.43

10.71
13.86
13.04
10.50
6.24
537
14.51
13.11
493
3.79
3.60
3.66
499
518
523
5.10
4,90
4.88
4.91
5.01
5.41
6.17
10.66
31.95
25.33
35.68
3927
16.98
21.78
791
30.97
48.87
12.83
9.38
9.11
8.94
8.59
8.90
13.35
14.48
12.59
14.14
15.05

1/24/95
16.96
18.00
14.68
12.69
37.40
31.39

5.47
4.95
5.10
5.14
5.30
6.86
16.16
13.48
6.21
9.52
19.69
8.14
6.33
20.53
7.80
6.50
6.81
6.67
7.46
12.13
12.65
13.25
13.73
14.18
13.87
16.10
17.85
17.72
17.29
16.78
15.97
19.54
21.99
21.84
20.97
22.32
24.85
23.49
23.40
22.08
19.29
16.77

1/25/95
8.76
8.71
872
8.61
8381
8.80
9.31
9.68
9.12
8.80
8.41
8.34
7.79
7.07
6.85
8.81
7.14
7.29
6.44
6.27
6.37
5.70
5.36
5.54
5.26
5.19
5.29
5.30
5.39
5.49
6.42
5.59
5.83
6.07
6.17

13.46
12.72
21.33
24.06
22.18
17.45
18.88
22.06
27.84
27.94
36.48
34.85
37.79

2/2/95

2/3/95
10.30
15.15
28.40
27.09
32.25
31.92
33.55
33.68
29.02
18.91
17.25
18.38
20.16
21.25
20.47
18.22
17.71
18.30
17.75
21.11
19.44
19.61
17.26
18.08
16.64
i1.81
10.74

9.41

8.08

7.28
12.50
14.05
15.83
17.64
24.30
27.70
25.88
21.71
23.27
27.14
26.72
25.59
24.84
22.83

- 2271

20.19
20.04
22.74

2/4/95
6.10
6.84
6.60
6.42
6.58
6.77
5.96
5.85
543
4.7
3.84
375
3.85
3.75
4.17
4.69
4.90
5.16
5.79
5.98
5.16
5.18
5.61
5.21
4.74
3.98
3.81
5.04
5.35
5.03

10.42
10.13
13.61
14.55
18.87
19.99
19.37
17.39
17.49
18.71
19.22
2091
23.05
22.89
23.76
23.48
20.42
2031

2/5/95
11.11
9.78
892
10.25
8.81
8.24
7.98
8.1
9.53
9.07
7.25
5.664
5.457
498
4.695
4.119
3.826
3.832
3.891
3.715
3.587
3.491
3.264
3.359
3.251
3.054
2.845
2.797
2.95
3.04
3.224
3.282
3.584
4.003
4.159
4.377
4.508
4.908
5.852
5.88
6.051
8.62
13.25
14.78
13.87
13.29
12.38
14.66

2/6/95
532
5.01
4.99
5.39
4.84
4.61
4.56
4.45
4.19
4.19
4.14
4.04
3.73
3.58
3.48
3.42
321
3.26
2.96
3.04
3.73
3.73
3.39
3.46
3.65
371
4.14
5.16
6.10
771
8.53
9.48

11.48
22.51
19.37
21.04
14.42
9.23
7.43
11.34
12.70
11.91
9.30
9.59
14.16
19.67
13.29
7.88

185




12:15 PM
12:30 PM
12:45 PM
1:00 PM
1:15PM
1:30 PM
1:45 PM
2:00 PM
2:15PM
2:30 PM
2:45 PM
3:00 PM
3:15PM
3:30 PM
3:45 PM
4:00 PM
4:15 PM
4:30 PM
4:45 PM
-5:00 PM
5:15 PM
5:30 PM
5:45 PM
6:00 PM
6:15 PM
6:30 PM
6:45 PM
7:00 PM
7:15PM
7:30 PM
7:45 PM
8:00 PM
8:15 PM
8:30 PM
8:45 PM
9:00 PM
9:15 PM
9:30 PM
9:45 PM
10:00 PM
10:15 PM
10:30 PM
10:45 PM
11:00 PM
11:15 PM
11:30 PM
11:45 PM
12:00 AM

1/21/95
6.93
7.08
6.64
5.64
4.55
4.13
3.79
4.38
5.41
533
5.13
5.09
5.04
5.14
5.00
5.93
5.65
5.73
5.71
5.84
6.23
6.04
5.91
5.76
6.17
6.03
6.14
5.79
5.82
573
6.28
6.95
774
8.14
842
7.94
8.53
10.16
14.65
17.24
20.69
22.96
18.87
12.65
10.61

9.86
13.05

8.35

1/22/95
4.85
4.55
5.02
4.68
5.19
5.07
4.90
5.21
6.32
7.20
7.7
8.47
8.19
8.01
7.67
7.10
6.58
5.69
6.01
5.64
491
472
4.48
4.01
3.66
3.69
3.81
3.95
3.96
371
3.98
3.86
3.04
3.03
3.34
4.81
4.79
2.60
2.48
225
224
224
222
2.23
2.05
2.16
2381
3.07

1/23/95
13.56
13.43
13.33
12.93
11.57
11.01
10.61
11.04
10.60
13.41
19.83
13.16
11.43
12.24
11.36
12.40
11.73

9.70
10.05
10.09

9.07

8.61

8.06

7.58

7.75

722

8.72
12.27
12.77
13.51
12.06
12.00
13.43
13.61
11.41
15.38
16.58
19.01
18.79
16.59
29.57
13.61

6.86

5.90

6.86

7.68

9.44
2434

1/24/95
15.10
14.78
11.72
11.09
11.23
10.73
11.59
12.74
1235
12.77
11.16
11.04
11.28

9.83
13.95
22.16
19.06
19.57
2391
21.68
21.83
13.96
12.68
10.56
1731
2091
20.24
14.90
13.85
12.69
11.01

9.55

8.77
10.60

9.81
10.49

9.70

9.99

9.87

9.62

9.27

9.45

9.60

9.53

9.46

9.21

8.80

8.72

1/25/95
32.39
30.01
26.80
21.85
17.38
15.44
12.48

9.39
7.24
5.51

2/2/95

25.94
27.88
18.05
18.08
18.48
22.17
21.36
21.94
30.70
28.55
14.47
16.42
18.59
16.29
9.20
8.42
6.15
6.60
7.42
7.89
8.65
7.46
4.80
4.30
4.48
3.88
5.17
6.92
9.41
11.37
14.13
10.15
13.12
16.53
16.40

2/3/95
22.98
22.53
22.00
21.29
20.84
16.76
16.54
14.99
14.56
13.59
13.45
13.26
13.03
13.28
13.18
11.59

-10.29

11.05
11.98
11.33
10.84
10.96
10.46
11.34
9.60
8.69
8.19
9.00
11.87
10.21
872
8.33
6.95
5.98
6.00
6.53
6.68
6.81
6.66
7.05
6.54
6.71
6.88
6.30
5.96
6.24
6.36
6.26

2/4/95
21.48
17.70
16.53
16.91
16.23
16.22
16.37
15.95
15.97
14.77
11.46
11.67
12.35
13.33
14.10
16.58
1533
13.87
14.18
12.69
12.55
12.36
11.74
11.92
13.06

9.69
9.44
7.05
579
5.65
5.06
579
5.61
5.18
5.63
9.32
10.43
11.33
12.25
11.93
12.65
9.27
11.86
13.96
13.45
12.31
11.25
9.99

2/5/95
12.05
9.21
6.684
5.84
7.73
10.98
11.98
15.04
18.04
13.24
11.55
11.32
9.76
833
931
9.1
9.41
9.4
9.01
7.86
8.58
8.12
6.944
7.46
7.57
7.99
8.76
10.43
9.68
94
8.86
9.15
8.49
8.26
8.66
9.25
8.19
7.53
7.75
8.22
7.84
8.35
7
6.793
6.797
6.795
6.596
6.518

2/6/95
6.69
6.17
5.80
477
493
476
5.08
4.68
5.62
5.06
4.81
491
5.62
6.83
8.08
8.88

10.05
10.56
9.42
10.56
11.20
11.90
13.73
16.48
17.14
16.34
16.45
11.81
9.41
834
.10
9.34
8.53
8.44
8.20
6.95
4.90
4.77
4.68
5.64
5.86
8.60
7.70
5.23
6.14
7.68
8.21
9.94



12:15 AM
12:30 AM
12:45 AM
1:00 AM
1:15 AM
1:30 AM
1:45 AM
2:00 AM
2:15 AM
2:30 AM
2:45 AM
3:00 AM
3:15 AM
3:30 AM
3:45 AM
4:00 AM
4:15 AM
4:30 AM
4:45 AM
5:00 AM
5:15 AM
5:30 AM
5:45 AM
6:00 AM
6:15 AM
6:30 AM
6:45 AM
7.00 AM
7:15 AM
7:30 AM
7:45 AM
8:00 AM
8:15 AM
8:30 AM
8:45 AM
9:00 AM
9:15 AM
9:30 AM
9:45 AM
10:00 AM
10:15 AM
10:30 AM
10:45 AM
11:00 AM
11:15 AM
11:30 AM
11:45 AM
12:00 PM

2/7/95
10.99
7.79
8.37
14.02
4.79
4.30
3.81
3.79
3.85
4.65
5.20
5.99
5.89
3.26
2.87
292
341
3.15
3.24
3.28
3.13
3.09
3.34
333
6.71
4.13
4.16
2.86
2.85
3.51
3.97
15.50
23.82
17.72
23.98
22.51
17.75
31.05
29.92
25.24
20.30
16.78
14.59
14.27
15.34
19.41
18.69
14.53

2/8/95
8.52
11.96
9.74
10.29
10.92
12.89
16.30
16.59
15.65
13.03
11.59
11.48
10.79
10.71
10.49
12.40
13.93
15.16
13.67
11.45
11.00
10.27
10.63
17.62
13.43
14.34
40.03
36.48
35.47
33.96
14.51
15.44
16.26
16.52
17.68
20.07
21.88
18.77
18.66
21.01
29.86
33.87
18.75
11.47
11.61
11.98
10.35
11.84

2/9/95
9.73
9.37
8.24
8.23
7.69
7.57
7.62
6.98
7.07
6.87
6.71
6.68
6.95
6.59
6.24
5.90
5.62
5.44
5.35
5.12
4.67
5.01
7.78
7.84
717
7.30

12.49
8.78
8.84

24.93

49.10

28.97

31.48

46.40

41.29

20.46

15.25

11.25

10.62

10.10
9.15
8.98

11.06

10.69
7.62
7.25
6.63
6.72

2/10/95 2/11/95 2/12/95 2/13/95

3.62
3.72
3.19
3.94
6.09
8.97
9.14
10.22
11.87
10.66
9.93
11.04
11.22
11.54
11.65
11.23
11.25
11.41
11.00
11.22
11.40

11.69 .

12.33
1291
13.10
13.51
13.58
13.49
13.42
13.29
13.34
14.07
14.52
14.46
13.74
1191
12.17
12.58
13.21
13.87
12.30
11.01
10.45
11.51
12.40
14.08
13.91
13.46

8.74
9.42
9.33
8.21
8.11
777
6.44
6.65
7.29
8.37
4.60
3.52
4.06
3.77
4.24
4.04
3.79
3.81
5.11
7.16
5.38
7.88
3.52
6.24
12.47
7.84
5.80
6.26
6.12
6.21
9.64
6.35
6.82
7.50
7.81
7.24
5.74
5.09
5.30
5.61
5.47
5.65
5.67
5.81
4.56
4.68
5.12
6.47

8.51
6.96
6.70
6.69
6.68
5.76
5.37
4.82
4.61
4.39
4.17
4.14
4.15
432
447
6.06
7.74
9.25
10.64
11.29
8.45
8.10
10.94
7.90
7.60
3.99
4.44
497
4.94
5.51
6.26
6.20
7.27
6.13
6.41
6.44
7.15
6.89
6.00
6.07
7.03
8.23
6.69
7.37
6.04
8.46
16.93
22.60

8.38
3.54
3.47
3.07
4.54
5.91
6.53
8.77
11.81
5.63
2.99
3.01
298
2.88
273
4.24
3.74
3.04
3.04
294
242
242
2.18
2.18
2.52
2.81
2.62
2.48
2.53
2.77
3.45
4.46
4.61
4.99
6.20
10.71
13.99
14.71
16.02
16.67
15.41
15.03
13.96
14.63
14.51
13.06
14.28
15.34

2/14/95 2/15/95

5.46
532
4.55
6.62
6.00
4.59
5.86
11.28
20.83
5.19
5.14
3.58
3.86
3.83
414
4.02
5.57
19.39
31.87
41.49
30.59
29.54
22.90
20.70
23.19
25.00
28.66
41.41
49.88
49.88
48.89
43.28
4570
49.88
40.40
33.95
33.11
2821
29.03
34.99
43.70
46.74
42.70
32.93
25.64
20.72
17.26
17.69

11.40
14.86
13.03
12.56
13.39
13.22
13.66
11.55
1291
1134
11.41
13.75
13.93
11.69
8.89
8.52
7.93
8.72
10.01
10.63
13.04
15.30
14.81
15.32
14.05
11.73
8.96
7.64
6.88
6.07
6.53
5.51
3.58
6.38
3.73
361
3.78
4.00
3.78
4.78
4.76
5.63
5.42
7.26
8.11
8.49
8.48
8.85

2/16/95
20.66
25.29
19.81
14.66
14.63
12.72
12.73

7.40

7.60

6.76

6.68

9.82
12.02
10.94
18.93
21.08
17.22
11.63
16.81
14.90
13.92
14.26
15.73
18.23
17.96
22.57
21.36
14.58
12.78
13.49
12.15
11.54
11.45
10.60

9.99

9.36
10.06
12.09
11.65
10.78
11.52
12.65
13.06
13.43
14.82
18.35
18.97
15.22
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12:15 PM
12:30 PM
12:45 PM
1:00 PM
1:15PM
1:30 PM
1:45 PM
2:00 PM
2:15SPM
2:30 PM
2:45PM
3:00 PM
3:1SPM
3:30 PM
3:45PM
4:00 PM
4:15 PM
4:30 PM
4:45 PM
5:00 PM
5:15 PM
5:30 PM
5:45 PM
6:00 PM
6:15PM
6:30 PM
6:45 PM
7:00 PM
7:15PM
7:30 PM
7:45 PM
8:00 PM
8:15PM
8:30 PM
8:45 PM
9:00 PM
9:15 PM
9:30 PM
9:45 PM
10:00 PM
10:15 PM
10:30 PM
10:45 PM
11:00 PM
11:15 PM
11:30 PM
11:45 PM
12:00 AM

2/7/95
10.06
10.92

824
8.02
9.20
10.28
9.78
9.08
10.09
9.68
11.22
12.07
12.21
12.66
12.17
11.32
9.99
9.84
9.03
9.88
10.45
10.87
8.28
7.50
8.51
9.90
9.89
834
832
830
8.39
8.27
8.55
8.58
7.73
8.02
10.03
12.01
10.76
11.81
10.23
10.60
10.44
10.07
13.46
14.16
21.12
11.97

2/8/95
12.92
14.48
12.06
12.23
12.22
11.84
12.07
11.77
12.41
14.55
15.02
14.20
13.09
13.11
13.70
14.07
13.27
14.06
13.88
L0l
10.11
10.94
10.10
10.12
10.62

9.83
12.20
10.24
11.06
12.15
10.07

9.10
10.48
10.22

9.18

9.83

9.56

8.62

9.10

9.28
10.17
10.11
10.74
11.19
11.24
10.80
10.69

9.98

2/9/95 2/10/95

6.85
7.99
899
10.70
12.21
9.93
6.52
5.89
6.74
7.80
8.58
7.44
6.22
5.68
5.73
5.60
6.70
6.50
7.31
7.92
8.52
8.29
8.42
8.58
771
6.69
5.15
4.60
4.73
6.15
5.89
7.59
8.15
8.60
8.45
821
8.27
10.26
11.66
8.93
6.77
5.90
5.48
432
5.95
5.58
4.07
3.53

12.65
13.17
13.24
13.25
12.22
11.82
10.96
10.09
10.03
922
9.48
9.59
9.50
9.19
9.08
8.88
8.43
8.24
1131
10.54
9.75
9.23
8.76
833
8.19
7.92
7.53
7.67
777
8.63
871
8.40
7.81
8.07
8.83
8.99
9.25
9.03
8.97
9.35
9.19
9.07
8.51
8.65
8.18
8.07
822
8.09

2/11/95 2/12/95

6.30
11.91
21.95
28.69
3147
29.87
40.55
3223
33.00
37.08
33.96
33.09
25.79
28.57
30.35
2793
25.84
19.44
15.59
11.72
10.84

9.78

9.14

832

7.96

7.50

7.10

8.19
19.16

7.59

6.29

5.54

5.73

6.62

591

9.19

9.85
10.63
13.56
14.78
15.21
17.19
25.69
16.82
18.86
21.03
20.02
19.66

14.55
11.96
6.87
7.40
7.19
7.79
5.97
5.80
7.46
7.11
5.16
7.23
5.55
4.80
5.51
5.88
6.65
8.11
7.63
7.80
7.57
6.90
5.90
5.85
7.67
893
11.66
12.93
12.61
12.00
10.99
792
6.08
6.40
4.47
4.08
4.50
3.91
431
4.52
4.72
5.33
4.02
2.45
381
5.41
5.15
3.81

2/13/95
13.60
12.97
12.35
12.16
12.26
11.12
10.95
10.65
10.74
10.67
10.90
10.29
10.41
10.30
1217
12.83
12.35
12.65
12.84
11.57
11.40
11.07
11.01
10.69
11.27
14.08
16.60
13.04

9.25
9.40
8.74
9.95
9.82
9.24
9.23
8.46
6.70
5.97
5.83
7.16
7.04
8.28
8.09
7.98
7.82
7.86
715
6.28

2/14/95 2/15/95

19.56
18.68
17.63
15.29
16.01
16.07
16.15
16.92
15.92
17.05
17.11
16.38
15.85
16.81
17.06
15.35
15.86
16.61
18.36
18.33
18.11
18.14
21.38
24.57
23.73
23.92
23.22
23.99
24.07
21.72
21.24
17.65
16.46
12.24
11.30
10.55

9.87

9.76

8.46

9.47

8.37

828

8.81

9.02
11.45
10.41

9.82
11.78

8.61
8.65
8.81
791
9.49
8.06
8.28
6.80
777
6.21
5.26
4.41
4.17
4.94
4.78
4.88
5.46
5.44
6.16
6.37
6.94
6.20

6.72.

8.73
7.72
7.69
7.13
834
11.05
8.11
7.82
8.36
8.64
8.86
9.76
13.46
14.99
17.84
13.42
11.82
8.11
8.04
8.97
9.96
10.90
1491
13.18
14.06

2/16/95
14.21
11.79

9.58
10.94
15.24
17.94
15.85
15.56
12.50
11.31
12.06
11.92
14.52
17.39
21.51
20.61
22.41
31.83
27.16
27.12
25.92
23.02
19.78
20.01
19.12
19.83
19.00
17.53
16.74
19.92
17.69
16.23
21.64
33.80
29.43
23.41
37.98
49.82
49.87
49.88
49.88
49.89
49.89
49.89
48.89
49.25
49.88
49.88
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12:15 AM
12:30 AM
12:45 AM
1:00 AM
1:15 AM
1:30 AM
1:45 AM
2:00 AM
2:15 AM
2:30 AM
2:45 AM
3:00 AM
3:15 AM
3:30 AM
3:45 AM
4:00 AM
4:15 AM
4:30 AM
4:45 AM
5:00 AM
5:15 AM
5:30 AM
5:45 AM
6:00 AM
6:15 AM
6:30 AM
6:45 AM
7:00 AM
7:15 AM
7:30 AM
7:45 AM
8:00 AM
8:15 AM
8:30 AM
8:45 AM
9:00 AM
9:15 AM
9:30 AM
9:45 AM
10:00 AM
10:15 AM
10:30 AM
10:45 AM
11:00 AM
11:15 AM
11:30 AM
11:45 AM
12:00 PM

2/17/95 2/18/95 2/19/95 2/20/95 2/21/95 2/22/95 2/23/95

48.83
43.27
34.39
28.51
25.26
2339
22.54
21.95
21.05
20.10
18.60
17.79
17.51
17.69
18.47
18.50
18.66
20.53
19.70
18.37
17.35
14.67
11.96

9.41

8.08

7.58

7.14

7.53

7.80

8.46

9.76
10.89
11.73
10.56
10.80
11.11
10.74

7.84

9.38
10.85
11.71
13.20
15.11
16.37
18.15
19.22
2037
22.07

9.59
824
6.93
5.37
4.85
718
8.05
8.86
9.20
10.34
10.64
10.79
11.20
12.08
11.90
11.51
11.60
12.95
12.07
9.96
8.91
8.75
8.09
7.52
7.82
839
898
9.46
9.00
8.15
7.51
6.93
7.28
6.89
6.49
6.21
6.27
6.28
6.00
5.87
6.17
5.51
5.20
5.13
5.07
4.98
4.76
5.06

10.70
10.51
10.15
10.29
10.06
9.33
9.67
9.76
8.62
7.54
825
7.79
6.78
6.02
5.49
5.61
6.21
727
723
7.11
6.84
7.34
8.00
8.49
8.00
7.69
7.99
7.76
495
3.24
122
121
2.19
4.40
595
4.03
3.07
3.56
5.81
7.84
7.73
6.81
6.80
833
9.26
7.70
6.54
6.60

2.00
1.63
2.03
1.51
1.45
1.46
1.55
1.64
1.83
171
2.07
3.07
8.56
10.36
6.69
4.60
6.41
4.69
297
6.24
5.18
493
3.79
3.82
6.06
8.90
7.89
7.46
8.83
8.36
9.36
19.44
14.02
9.60
10.25
10.46
12.02
12.46
11.09
9.35
9.64
10.33
12.26
15.12
15.63
16.72
17.03
18.40

5.09
7.13
5.35
5.10
9.72
824
7.18
6.54
6.10
5.80
6.40
6.41
5.72
4.55
3.83
3.60
299
2.39
217
2.85
3.23
2.76
2.66
2.16
2.68
2.50
2.60
2.79
297
3.24
3.23
3.66
3.94
5.27
11.77
14.46
15.51
15.83
17.45
15.93
13.44
12.37
8.74
7.30
7.80
7.22
5.73
4.97

6.24
5.97
5.67
5.81
5.61
5.53
5.06
4.62
442
4.27
4.29
4.29
425
4.27
4.08
4.10
4.16
4.32
4.32
427
4.28
4.02
3.89
3.41
3.28
3.53
4.28
4.00
5.50
7.00
9.26
10.76
12.57
15.28
16.22
15.57
16.45
16.86
13.88
11.47
11.48
10.91
11.05
12.77
12.39
12.33
12.17
13.08

2.45
4.11
4.17
3.02
2.70
3.15
313
3.90
4.56
5.90
10.42
6.51
5.44
3.17
4.98
4.64
4.61
3.46
3.53
3.42
3.74
4.34
4.39
3.29
2.76
2.57
2.67
293
3.50
4.34
5.51
6.29
7.40
771
7.63
933
9.78
9.88
10.56
10.59
11.74
11.21
11.25
11.86
10.40
12.02
10.81
10.09
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12:15PM
12:30 PM
12:45 PM
1:00 PM
1:15 PM
1:30 PM
1:45 PM
2:00 PM
2:15PM
2:30 PM
2:45 PM
3:00 PM
3:15PM
3:30 PM
3:45PM
4:00 PM
4:15PM
4:30 PM
4:45 PM
5:00 PM
5:15PM
5:30 PM
5:45PM
6:00 PM
6:15 PM
6:30 PM
6:45 PM
7:00 PM
7:15PM
7:30 PM
7:45 PM
8:00 PM
8:15 PM
8:30 PM
8:45 PM
9:00 PM
9:15 PM
9:30 PM
9:45 PM
10:00 PM
10:15 PM
10:30 PM
10:45 PM
11:00 PM
11:15 PM
11:30 PM
11:45 PM
12:00 AM

2/17/95 2/18/95 2/19/95 2/20/95 2/21/95 2/22/95 2/23/95

2297
23.99
25.63
26.90
26.74
25.79
24.58
23.00
2298
2236
22.48
21.94
21.54
20.40
19.58
18.92
18.75
18.38
18.97
18.98
18.92
19.01
19.03
18.56
18.51
18.43
18.03
18.46
18.92
18.38
18.97
21.09
22.02
19.41
19.17
17.22
18.25
18.31
18.66
20.69
2141
17.02
13.46

9.85

8.03

833
10.14
10.07

5.36
5.73
5.06
5.35
5.45
5.90
6.24
6.32
5.62
5.53
571
5.98
6.60
6.88
6.11
6.26
5.85
6.00
6.15
6.71
6.16
6.01
5.74
5.68
571
5.96
6.26
727
7.96
8.54
835
833
8.12
7.69
9.23
10.46
11.48
12.26
12.86
1333
13.38
13.29
13.25
13.67
13.53
12.36
11.44
11.72

8.62
6.53
8.10
6.97
7.72
6.01
7.73
10.03
10.73
9.21
8.34
8.18
8.29
8.82
7.60
8.93
8.83

860

7.87
6.80
6.48
5.59
5.16
5.10
441
3.89
3.52
285
2.26
322
6.71
5.72
4.60
3.50
3.51
283
2.96
3.18
2.99
2.08
2.20
243
2.62
2.63
241
1.87
2.23
2.47

16.24
17.75
15.90
14.45
13.46
15.59
15.35
14.17
15.81
12.67
12.10
13.58
10.85
8.18
7.88
9.38
8.62
9.36
9.12
837
5.81
5.16
4.46
441
4.02
3.75
3.98
4.82
6.25
4.54
4.16
4.54
3.79
2.51
2.38
2.64
3.61
3.86
4.95
5.30
3.90
434
6.35
8.01
7.83
5.06
4.43
4.65

4.66
4.77
4.99
5.54
5.87
6.65
8.13
11.11
10.20
8.18
9.44
12.40
10.99
11.93
10.56
9.51
10.11
10.13
10.70
11.38
8.87
7.50
7.23
7.35
7.60
7.54
6.94
6.75
6.69
6.05
5.24
5.69
6.38
6.14
6.42
6.72
7.28
7.63
7.93
823
6.71
6.60
6.43
6.69
6.67
6.51
6.31
6.07

12.17
12.91
10.70
8.50
10.62
8.40
8.85
6.30
6.07
6.65
5.46
5.34
4.29
4.54
5.89
9.61
8.25
8.97
9.76
9.49
9.08
7.64
6.84
5.38
4.60
4.18
3.67
3.27
2.66
2.44
2.39
233
2.38
2.43
3.05
5.42
5.12
5.48
7.39
6.51
435
3.19
13.40
3.1
3.15
2.74
3.01
5.67

8.88
8.54
8.21
6.50
6.09
771
6.15
6.90
572
6.03
5.27
5.11
5.70
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7.2.2 Surface (10 Meters), NO Mixing Ratios Only

12:15 AM
12:30 AM
12:45 AM
1:00 AM
1:15 AM
1:30 AM
1:45 AM
2:00 AM
2:15 AM
2:30 AM
2:45 AM
3:00 AM
3:15 AM
3:30 AM
3:45 AM
4:00 AM
4:15 AM
4:30 AM
'4:45 AM
5:00 AM
5:15 AM
5:30 AM
5:45 AM
6:00 AM
6:15 AM
6:30 AM
6:45 AM
7:00 AM
7:15 AM
7:30 AM
7:45 AM
8:00 AM
8:15 AM
8:30 AM
8:45 AM
9:00 AM
9:15 AM
9:30 AM
9:45 AM
10:00 AM
10:15 AM
10:30 AM
10:45 AM
11:00 AM
11:15 AM
11:30 AM
11:45 AM
12:00 PM

1/18/95 1/20/95

16.33
14.30
17.37
11.33
20.16
19.01
21.96
18.82
21.59
29.89
31.80
29.83

3230 -

30.85
13.85
23.29
21.40
18.41
14.87
18.18

0.84
0.43
0.27
0.43
0.26
0.27
0.72
0.48
0.76
0.85
0.81
1.20
1.40
1.43
1.09
0.82
0.60
0.90
0.74
0.84
1.16
1.03
1.72
2.30

1/24/95

0.24
0.10
0.23
0.12
0.40
1.21
2.82
4.12
5.09
5.88
8.61
14.75
14.21
12.42
11.77
11.90
12.50
13.12
11.66
11.79
10.98
8.60
8.17
6.51
5.66

1/25/95

7.01

6.58
11.97
12.35
14.19
21.23
11.76
24.07
19.84
17.83
21.37
30.34
26.47
2332
18.90
11.44
11.84
13.96
15.00
12.65
13.31
11.99
12.89
14.80

2/3/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.11
0.00
0.00
0.00
0.00
0.13
0.00
0.00
0.15
0.11
0.00
0.15

36.40
21.01
48.16
85.72
52.05
51.31
39.43
21.47
26.03
17.49

13.86
14.15
12.10
12.38
12.63
14.05
11.36
11.25
11.07
10.56

9.21

9.49

2/4/95
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.11
0.23
0.16
0.00
0.30
0.16
0.39
0.61
1.03
1.26
1.50
1.89
233
3.55
4.72
3.60
222
2.82
4.41
4.39
6.28
8.43

10.86
11.53
9.71
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12:15 PM
12:30 PM
12:45 PM
1:00 PM
1:15 PM
1:30 PM
1:45 PM
2:00 PM
2:15PM
2:30 PM
2:45 PM
3:00 PM
3:15PM
3:30 PM
3:45 PM
4:00 PM
4:15 PM
4:30 PM
4:45 PM
5:00 PM
5:15 PM
5:30 PM
5:45 PM
6:00 PM
6:15 PM
6:30 PM
6:45 PM
7:00 PM
7:15 PM
7:30 PM
7:45 PM
8:00 PM
8:15 PM
8:30 PM
8:45 PM
9:00 PM
9:15 PM
9:30 PM
9:45 PM
10:00 PM
10:15 PM
10:30 PM
10:45 PM
11:00 PM
11:15PM
11:30 PM
11:45 PM
12:00 AM

1/18/95 1/20/95 1/24/95 1/25/95

12.16
8.48
8.17
7.70
5.19
4.26
4.88
4.96
594
3.86
4.19
3.44
2.56
2.24
2.36
2.05
2.42
2.15
2.17
226
1.88
2.12
2.16
2.51

336
3.08
2.60
1.61
232
2.52
2.58
225
292
3.16
3.16
3.24
3.18
282
1.76
1.23
1.14
1.53
1.15
0.90
0.67
0.58
0.44
0.41

479
4.80
.1
294
3.00
3.38
3.45
337
2.77
3.07
232
2.18
213
1.74
232
333
242
227
2.53
1.90
1.26
0.68
0.33
0.23

15.08
11.71
11.14
6.68
5.69
4.55
345
3.19
2.09
0.97
1.00
1.05
0.87
1.07
1.46
1.83
3.00
4.19
3.51
1.66
0.55

2/3/95
8.42
9.58
8.70
8.77
6.70
5.72
5.45
4.95
431
4.05
3.50
275
2.48
2.59
2.05
1.65
1.52
1.03
0.79
0.73
0.59
0.41
0.28
0.12
0.00
0.00
0.00
0.00
0.75
0.26
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2/4/95
7.51
6.79
431
6.49
6.16
5.67
4.37
3.96
3.00
3.26
331
2.84
3.04
294
293
3.14
3.15
2.54
2.14
2.11
1.45
1.22
0.63
0.52
0.14
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00




12:15 AM
12:30 AM
12:45 AM
1:00 AM
1:15 AM
1:30 AM
1:45 AM
2:00 AM
2:15 AM
2:30 AM
2:45 AM
3:00 AM
3:15 AM
3:30 AM
3:45 AM
4:00 AM
4:15 AM
4:30 AM
4:45 AM
5:00 AM
5:15 AM
5:30 AM
5:45 AM
6:00 AM
6:15 AM
6:30 AM
6:45 AM
7:00 AM
7:15 AM
7:30 AM
7:45 AM
8:00 AM
8:15 AM
8:30 AM
8:45 AM
9:00 AM
9:15 AM
9:30 AM
9:45 AM
10:00 AM
10:15 AM
10:30 AM
10:45 AM
11:00 AM
11:15 AM
11:30 AM
11:45 AM
12:00 PM

2/6/95

1.19
2.88
1.67
2.68
3.45
5.81
6.89
6.58
5.80
4.90
2.54
1.79
0.00
3.52
37
293
2.82
3.68
6.07
7.04
2.57

2/7/95 2/10/95 2/11/95 2/13/95 2/14/95 2/16/95

0.65
0.32
0.23
0.13
0.38
0.57
1.88
4.79
17.98
31.09
33.27
17.47
9.94
11.45
7.61
6.92
6.38
7.41
7.23
5.20
5.00
5.06
4.58
3.61
2.98

0.00
5.84
2.40
1.61
1.30
1.89
1.59
113
0.25
0.51
0.00
0.12
0.00
0.26
0.00
191
0.46
3.12
5.43
1.90
2.43
3.60
1.34
0.00
0.00
0.00
0.00
0.00
0.20
0.32
0.50
0.89
0.96
0.90
0.74
0.67
0.69
0.84
1.01
1.20
1.44
1.81
224
2.06
2.18
2.26
2.58
2.63

2.13
3.66
2.16
0.99
2.81
5.03
1.66
1.39
1.67
1.75
7.56
12.75
8.39
1151
9.27
9.76

2.70
8.03
35.23
18.41
13.80
13.56
8.94
8.69
8.63
8.73
9.30
10.01
8.03
6.58
6.34
5.94
531
724
3.83
3.45
3.28
2.76
3.25

12.09
18.99
15.87
14.98
48.63
20.25
22.69
18.96
57.12
94.98
92.38
9823
90.17
61.39
34.42
33.01
22.44
25.30
32.36
24.33
18.99
15.00
12.48

9.19

8.20

0.14
19.74
0.76
0.32
034
1.60
734
5.36
1.53
8.89
7.05
12.57
11.94
12.61
11.92
8.84
461
4.00
4.50
5.14

" 6.45

7.16
7.62
6.99
6.37
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12:15PM
12:30 PM
12:45 PM
1:00 PM
1:15PM
1:30 PM
1:45 PM
2:00 PM
2:15PM
2:30 PM
2:45 PM
3:00 PM
3:15PM
3:30 PM
3:45PM
4:00 PM
4:15 PM
4:30 PM
4:45 PM
5:00 PM
5:15PM
5:30 PM
5:45 PM
6:00 PM
6:15 PM
6:30 PM
6:45 PM
7:00 PM
7:15PM
7:30 PM
7:45 PM
8:00 PM
8:1SPM
8:30 PM
8:45 PM
9:00 PM
9:15 PM
9:30 PM
9:45 PM
10:00 PM
10:15 PM
10:30 PM
10:45 PM
11:00 PM
11:15PM
11:30 PM
11:45 PM
12:00 AM

2/6/95
1.66
1.47
1.17
0.99
0.92
0.90
0.94
0.97
1.13
0.89
0.77
0.67
0.79
0.88
1.07
1.28
141
1.18
0.87
0.75
0.52
0.39
0.24
0.14

2/7/95 2/10/95 2/11/95 2/13/95 2/14/9S

292
2.64
2.00
2.15
2.15
2.08
191
1.71
1.61
1.79
1.89
1.89
2.02
2.76
227
1.69
1.53
1.16
0.78
0.59
0.41
0.30
0.22
0.13

2.39
2.18
2.10
1.96
2.29
1.99
1.63
1.34
1.14
0.97
0.97
0.75
0.60
0.61
0.60
0.52
0.50
0.37
0.34
0.31
0.19
0.14
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.22
0.00
0.00

2.76
2.40
2.18
218
1.83
2.04
2.65
2.16
2.10
2.34
1.82
1.41
1.27
1.04
091
0.83
0.92
0.86
0.68
0.61
0.45
0.36
0.30

6.94
6.43
7.81
7.06
6.08
6.43
7.61
6.67
5.7
5.92
5.88
5.78
4.76
498
5.56
5.62
4.42
3.62
451
5.67
7.10
5.37
10.44
16.53

2/16/95
725
10.12
10.78
9.34
9.58
9.38
11.08
832
13.42
15.60
17.23
14.88
13.43
13.31
13.67
14.15
14.99
27.77
5112
54.98
62.92
129.23
91.25
55.22
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