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Abstract. Coastal outflow describes the horizontal advec-1 Introduction
tion of pollutants from the continental boundary layer &sro
a coastline. The outflow can ventilate polluted continentalCoastal outflow is a potentially important mechanism for the
boundary layers and thus regulate air quality in highly pgp-ventilation of continental boundary layers and regulatién
ulated coastal regions. This paper investigates the factorair quality in coastal regions. Human population tends to be
controlling coastal outflow and quantifies their importance concentrated in coastal regions and consequently so are pol
as a ventilation mechanism. Tracers in the Met Office Uni-|utant sources from industrial and residential areas, ds we
fied Model (MetUM) are used to examine the magnitude andas road traffic and other transportation. Episodes of peor re
variability of coastal outflow over the eastern United State gional air quality often occur in anticyclonic situationsere
during summer 2004. Over the 4-week period examinedthe large-scale flow is relatively stagnant, reducing owtflo
ventilation of tracer from the continental boundary lay&r v and vertical ventilation of the boundary layer is also irhib
coastal outflow occurs with the same magnitude as verticaited, for example by descending dry air creating a strong in-
ventilation via convection and advection. The relative im- version at the boundary layer top. In this article, a month-
portance of tracer decay rate, cross-coastal advectien tatlong mesoscale model simulation of summer 2004 over the
and a parameter based on the relative continental and maringastern side of North America is used to investigate the rela
boundary layer heights, on coastal outflow is assessed by reive importance of coastal outflow and vertical ventilation
ducing the problem to a time-dependent box-model. The rapollutant levels within the continental boundary layerath
tio of the advection rate and decay rate is a dimensionlesslition, the evolution of the tracer distribution is sumnsad
parameter which determines whether tracers are long-liveéh terms of a box model with only a few parameters con-
or short-lived. Long- and short-lived tracers exhibit éiff  trolling the behaviour. The box model is sufficiently simple
ent behaviours with respect to coastal outflow. Short-livedto have analytic solutions, but is also capable of desagibin
tracers exhibit large diurnal variability in coastal outflout  the diurnal and synoptic timescale variability in tracerthie
long-lived tracers do not. For short-lived tracers, insieg@  mesoscale model.
the advection rate increases the diurnally averaged magni- stratified layers of pollutants over oceans have been ob-
tude of coastal outflow, but has the opposite effect for veryserved by many studies (Paluch et al., 1992; Miiller et al.,
long-lived tracers. By using the box-model solutions to in- 2001; Davis et al., 2012). Pollutants exported above the ma-
terpret the MetUM simulations, a landwidth is determined rine BL have longer lifetimes (Dickerson et al., 1999) alow
which represents the distance inland over which emission%g more efficient long-range transport of pollutants (Van-
contribute significantly to coastal outflow. A landwidth gf cyren et al., 2005; Holzer and Hall, 2007). For example,
between 100 and 400 km is found to be representative for gjstinct layers of pollution have been observed over the In-
tracer with a lifetime of 24 hours. dian Ocean at altitudes between 500m and 3km far from
the Indian coast (Verma et al., 2006). Within the marine
BL the high humidity typically enables faster photocherhica
es processing (via higher OH radical concentrations, e.gal Re
et al. (2008)) and soluble species also experience depositi
Correspondenceto: Helen Dacre to the surface. Cain et al. (2012) used a Lagrangian model
(h.f.dacre@rdg.ac.uk) to quantify the integrated effects of chemical and physical
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2 D. L. Peake: Coastal Outflow

processes on the composition of air masses undergoing longvhich is too coarse to capture mesoscale flows such as sea
range transport. For example, while the instantaneousfate breeze circulations. In this paper we will use a mesoscale
ozone change is dominated by photochemical loss, the ozonmodel at 12km resolution run with online tracers for 4 weeks.
concentration is actually most sensitive to physical param Its representation of the sea breeze circulation is eveduat
eters which control mixing of precursors and deposition of The month chosen for investigation was during the inten-
species such as nitric acid to the ocean. These physical ekive observing period of the ICARTT (International Con-
fects have a strong impact on the reactive nitrogen budgesortium for Atmospheric Research on Transport and Trans-
and therefore indirectly on ozone through the photochemformation) experiment in summer 2004 (Fehsenfeld et al.,
istry. Furthermore, polluted air masses above the MBL can2006). ICARTT was an umbrella organisation for more
be decoupled from the surface by the inversion at the topghan 100 collaborations that focused on transport and chem-
of the MBL (Vickers et al., 2001), and are subject to higher ical transformation across the eastern USA and then span-
wind speeds than tracer exported below ki, (Skyllingstadss ning the North Atlantic to Europe. The observations of
etal., 2005). most relevance for this study were associated with flights of
In this paper, the term “coastal outflow layer” will be used the NOAA WP-3D aircraft and the ground-based network
to describe the decoupling of pollution from the surface viaenhanced as part of the New England Air Quality Study
the formation of an internal stable boundary layer which oc-(NEAQS), including more than 100 ground sites measuring
curs when there is horizontal transport from land to sea«andhemical constituents and 7 boundary layer wind profilers
the land boundary layer is deeper than the marine boundargneasuring continuously throughout the period (5-minute re
layer (as is typically the case on non-frontal summer days)olution). There were no prolonged periods of flow stagnation
(Dacre et al., 2007). The coastal outflow layer lies aboveduring this summer, and therefore there were no episodes
the marine boundary layer iz 1) but below the maximum of particularly poor regional air quality. However, there
height that the continental boundary layer reaches dusingvere marked episodes of cross-coastal pollutant transport
its diurnal cycle (H,..). Pollutants emitted over land can some of which were observed by research aircraft as the
be mixed to the top of the continental boundary layer dur-air crossed the Atlantic to the Azores and Europe (Methven
ing the day through vertical turbulent mixing and can thenet al., 2006; Owen et al., 2006). Chemical processing fol-
be exported horizontally abovejk;. Pollutants with a  lowing air masses for several days during these ICARTT La-
long enough lifetime can continue to undergo coastal outffowgrangian cases has been examined in detail by Real et al.
during the nighttime due to their remaining presence in the(2008); Lee et al. (2011); Cain et al. (2012); Davis et al.
residual layer which is left behind as the continental beund (2012).
ary layer height collapses at nightfall. Horizontal adiatt The simulations are performed using an operational nu-
across the coast into the MBL is also quantified but will be merical weather prediction model (the Met Office Unified
shown to be over three times smaller than the export intasthéModel, abbreviated to MetUM) to determine the meteoro-
coastal outflow layer during the conditions examined. logical variables controlling coastal outflow. The key tast
Angevine et al. (2006) observed the formation of stableare captured by reducing the problem to a box-model with
marine boundary layers over the cool waters of the Gulf ofsimplified meteorology. It is used to investigate the retati
Maine in the summer of 2004. A sharp cooling of 5 to 15 K importance of three variables: tracer lifetime, crossstala
occurred in the lowest (approximately) 100m of air withing0 wind speed and the ratd, .../ H s g1, in controlling coastal
minutes of the air crossing the coast. Turbulence was greatloutflow. The box model framework is applied to MetUM re-
reduced in this layer of the atmosphere. Skyllingstad et alsults and used to estimate the width of land over which emis-
(2005) performed a large eddy simulation and showed thasions can contribute significantly to coastal outflow.
turbulence was damped from the surface upwards whilst a The Met Office Unified Model (MetUM) and experimental
maximum in turbulence remained at the top of the MBL.for design are described in Section 2 and the simulated winds are
20km offshore. The decoupling from the surface occurredevaluated using wind profiler observations throughout the p
very quickly after air flowed over the cool sea, allowing pol- riod. The time evolution of vertical trace gas profiles falto
lutants exported by coastal outflow to become isolated froming air offshore in the ICARTT experiment are also compared
the surface flow. Fang et al. (2009) showed, in a study of 15with the simulated profiles of idealised tracer. The strrestu
summers, that whilst the largest export events from théhwrost of the box-modelis introduced in Section 3 and used to quan-
east USA were associated with the passage of extratropicdify the relative magnitudes of ventilation from the bounda
cyclones35% of the total exporttook place during high pres- layer over the eastern USA by coastal outflow and vertical
sure situations. This suggests that whilst the export &ssoctransport. Evolution equations for the box model are derive
ated with localised convection or coastal outflow events mayin Section 4 and used to map out the behavior of tracer in
be small, over the whole summer period they play an impor-parameter space. The magnitude and diurnal variability of
tant role in the ventilation of pollutants from the boundary coastal outflow in the mesoscale simulation are interpreted
layer. However, they used the MOZART chemical transportusing the box model in Section 5 which allows an under-
model driven by NCEP GFS analyses at 1.9%¥&solution  standing of the parameters that have the most influence on
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D. L. Peake: Coastal Outflow 3

coastal outflow amounts. Coastal outflow in the model will depend on the repre-
20 Sentation of horizontal flow across the coast. The quality
of cross-coastal winds in the 27-day simulation is illutstda
using observations taken with a 915MHz Doppler radar wind
profiler sited at Pease, New Hampshire, which was at the fo-
cus of activity for the ICARTT experiment (Fehsenfeld et al.
25 2006). The profiler is part of the NOAA-DOE Cooperative
Agency Radar Wind Profiler Network. The data has a verti-
The Met Office Unified Model (MetUM) is used to simulate cal resolution of 60m (Carter et al., 1995). At this location
the atmosphere over a domain containing the eastern hathe terrain is flat (site at 30m ASL) and the coast is oriered i
of the United States and western half of the North Atlantic approximate|y the same direction as the average for the East
Ocean (Figure 1). The 27-day period 0000UTC 13 July 2Q04Coast USA (see Fig. 1). Figure 2 shows the component of
to 2300UTC 8 August 2004 was chosen to coincide with thethe horizontal wind perpendicular to the coast versus heigh
ICARTT field campaign measurements. The MetUM version on a time series obtained from the MetUM and wind profiler.
6.1 is run with 5 minute timesteps and a horizontal gridspac+n both cases, the diurnal cycle has been filtered from the
ing of 0.1F (~12km) in both the longitude (250 gridpoints, a data using a running mean with a centred 24-hour window.
western boundary of 85.9%) and latitude (271 gridpoints; The synoptic variations are clearly represented in the ode
a southern boundary of 23.7N) directions. The simula- indicating that the continuous update of its boundary condi
tion uses the v6.1 level configuration that was used for op+ions using analyses is sufficient to keep the synoptic scale
erational numerical weather prediction: 38 terrain-failog  eyolution on track. There are events with larger difference
model levels in the vertical, with 10 levels in the lowest 2km For example, the model simulates stronger offshore winds
above ground level, and model top at 39km. The simulagion(by as much as 5 ms) near the surface from 4 to 5 August
is initialised at 0000Z 13/07/04 by re-gridding a global op- 2004. Away from the surface, for example at 2km, the cor-
erational re-analysis from the European Centre for Medium—respondence is better. Over the whole time series, the stan-
Range Weather Forecast (ECMWF) archive with a gridspacdard deviation of the difference between the MetUM wind
ing 0f 0.25° x 0.25° lat/lon, (approximately 22x27km). Free- and profiler is less than 1 m$ at all heights. On average
running global MetUM forecasts (approximately 30x65km the wind speed in the MetUM is too low at the surface by 1
gridspacing) from each six-hourly ECMWF operational re- ms-! and too strong at 800m by 0.8 ms without signifi-
analysis (available at 00Z, 06Z, 12Z and 18Z) provide hourlycant bias above 1500m. The height dependence of the bias is
updates for the lateral boundary conditions used in the Mein part associated with a weaker sea breeze circulatiorein th
tUM simulation. Sea surface temperatures are set to climamodel. Comparing the model with the profiler at Pittsburgh,
tology. 20 almost 500km inland, shows a similar standard deviatioh, bu
An important aspect for this study is the diagnosis of smaller bias.
boundary layer depth from the model. At each horizontal
gridpoint, the boundary layer is defined by the number of
turbulent mixing levels (NTML). For stable conditions thgs A diurnal composite was constructed for both datasets by
the region in contact with the surface where the bulk Richard removing the 24-hour filtered data from the full winds and
son number is smaller than 1. For unstable conditions arthen compositing the remainder by averaging each hour of
adiabatic moist parcel ascent is performed in the modetsasthe day over the 27-days available. Figure 3 presents the
cent is stopped when the parcel becomes negatively buoyargomparison between the MetUM and wind profiler. The ob-
If the layer is well mixed the NTML is set to the parcel as- Servations pick out a marked diurnal cycle in winds. Below
cent top (inversion he|ght) If the |ayer is Cumu|us_capped500m the flow is offshore from 0000 to 1000LT and then on-
the NTML is set to the lifting condensation level (cloud shore from 1100 to 2300LT, as expected for a seabreeze cir-
base) (Lock et al., 2000). Above this layer the convectionculation. The average amplitude of onshore or offshore sur-
scheme mixes tracer from cloud base to the top of the cloudace winds is 2 ms'. Above 500m, but below the top of the
and below this level mixing is performed by the boundary- residual layer at 2000m, the offshore winds peak 2-4 hours
layer scheme. The maximum boundary layer height at eaci@fter the maximum in the onshore sea breeze, indicative of a
land point every day was calculated. The 90th percentile ofreturn circulation. The model captures some aspects of the
the maximum boundary layer height was found to vary little Sea breeze circulation. The nocturnal land breeze peaks too
from day to day, thug, ., was fixed at 2000m. The residual early in the night and appears to be too shallow and too weak
|ayer is defined to extend from the top of the boundary |ayerat later times. The subsequent onshore flow at 1000m is too
t0 H,nq2. The domain from height,,., to the model top ~ Strong. The evening sea breeze is better represented. Since
will be described as the “free troposphere” since a very smalboth the synoptic and diurnal variability are represented i
proportion of tracer crosses the tropopause' but the mmg)r the Simulation, itis reasonable to suppose that the letyibl
extend to model top to capture all the tracer mass. in tracer transport can also be simulated realistically.

2 Four-week mesoscale model simulation

2.1 Model and experiment specification
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4 D. L. Peake: Coastal Outflow

2.2 Tracers in the model day. Comparison is made with 3 species observed at high
frequency (using 0.1 Hz data here). Carbon monoxide (CO)
Pollution is represented within the MetUM simulation us- behaves most like a passive tracer. It is emitted directly by
ing two passive tracers, both with e-folding lifetimes of vehicles and industry and subject to advection and mixing.
24-hours, initialised and continuously emitted in the letv@ However it has an average photochemical loss timescale in
model level uniformly over the land (as determined by the the troposphere of 25 days (Sze, 1977) and is therefore long-
land-sea mask of the model). One tracer is transported by adived relative to the idealised MetUM tracer. NOx (a combi-
vection, parameterised convective mass fluxes and turbulemation of the active nitrogen oxides NO and N®as strong
mixing, and the other is transported by advection and turbu-anthropogenic sources, but is short-lived. Far from emis-
lent mixing only. Whilst the effects of the different tramsp..s  sions, it comes into a photochemical balance with longer
processes on tracer distribution are not simply additiye, b lived species such as ozone. Ozone is a secondary pollu-
preventing one of the tracers being transported via convectant that is produced chiefly through photochemistry rather
tion the relative importance of convection can be quantifiedthan surface emission, has a strong diurnal cycle related to
(Donnell et al., 2001). Figure 1 illustrates the tracerréist photochemistry and is subject to advection.
tion at 2000UTC 20 July 2004 coinciding with a segment  The heterogeneity of sources renders comparison with the
of flight of the NOAA WP-3D aircraft (blue track). This idealised tracer over land difficult. So the approach taken
was the first day during the major coastal outflow event ofhere will be to compare over western North Atlantic Ocean
the ICARTT campaign period when several observation plat-away from strong CO and NOx emissions. During the pe-
forms (including the NOAA WP3-D aircraft tracks shown) riod 20-22 July 2004, offshore flow carried pollution from
followed pollution across the Gulf of Maine on 20, 21 apd New York City across the Gulf of Maine. This episode was
22 July 2004. The tracer distribution shown is very sim- well observed by 3 aircraft (NOAA WP-3D, NOAA DC3 and
ilar to the distribution of ozone simulated by WRF-Chem NASA DCS8), instrumented balloons in the boundary layer, a
(and averaged below 1700m) that is shown in Fig. 9 of Leeship and surrounding land-base stations (Fehsenfeld et al.
et al. (2011). Note that here a log scale is used to pick upR006). Methven et al. (2006) also identified a Lagrangian
the weaker concentrations further offshore. In both simila connection between these flights and two flights of the DLR
tions at this time the tracer extends further from the caast i Falcon aircraft flying near Ireland and the UK on the 25 and
the location of the flight track and immediately to its south. 26 July respectively. They named it the ICARTT Lagrangian
The tracer gradient is closer inshore between Nova Scoti€ase 3, and it has been used to examine long-range transport
and Maine. and chemical transformation (Real et al., 2008; Cain et al.,
The total mass of tracer in the domain takes four days2012). The near-range chemical evolution of the airmass has
to reach a quasi-steady state, where the emission rate babeen examined by several authors including Lee et al. (2011)
ances the tracer decay rate, and is approximately equal tand Davis et al. (2012). Here, segments of three NOAA WP-
Sa, where S is the total source rate in kg$ and o is 3D flights following the air mass on consecutive days are
the tracer lifetime. The uniform surface emission rate isused to compare the time evolution of observed vertical pro-
10~ "kgm~2s~! and the land are& 91 x 10'2m*. The emiss files of trace gases with the idealised tracer simulatiore Ih
sion rate was chosen to spin-up to an average steady statggments of flight tracks are shown in Fig. 1. These segments
mixing ratio across the whole domain of the order of 500 are coloured blue (19:51-22:00 UTC 20 July 2004), green
ppbv (assuming tracer is spread uniformly across the wholg16:06-19:00 UTC 21 July 2004) and red (15:00-19:24 UTC
domain and land occupies half the domain). 22 July 2004). Each segment encompasses the Lagrangian
The tracer experiment is idealised, assuming unifermmatch identified by Methven et al. (2006) as well as neigh-
emission rate across the entire land surface and a uniformouring vertical profiles up to approximately 4km.
decay rate (without chemical reaction). It is hard to evalu- Figure 4b shows the CO measurements versus altitude
ate the simulation against data since pollutants haveadpati (measured by GPS) using the same colour code for the 3 con-
and temporal variability in emissions. However, it would be secutive flights. Profiles of the model tracer obtained from
desirable to know to what extent the idealised tracer yildsall points over the sea near the aircraft tracks are shown in
information relevant to regional air quality. Fig. 4a. Both model and observation show a maximum mix-
The idealised tracer was chosen to have a lifetime of oneng ratio above the surface but below 700m altitude, near the
day which is comparable with typical advection timescales,top of the marine boundary layer at these locations. Mixing
as well as matching the timescale for boundary layer heightatio decreases with height above this. At all altitudes-mix
variation which is dominated by the diurnal cycle. It willde ing ratios decrease with time. A notable difference is that t
shown that the most interesting behaviour occurs when thédealised tracer decreases more rapidly with height than CO
3 timescales are comparable. However, none of the chemiThis is a consequence of the much shorter tracer lifetime. As
cal species measured at high frequency during the ICART Ta result of the exponential decay with time away from source,
experiment, either at the ground or by aircraft, behave likea faster decline with height would be expected for shorter-
a tracer with a uniform photochemical loss timescale ofs@nelived tracers subject to the same transport and mixing pro-
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D. L. Peake: Coastal Outflow 5

cesses, reflecting the age spectrum of air at each leveleTher vated relative to the background CO throughout the 3 days.
fore, a log scale is used to plot both model and observation§he MOZART model used by Fang et al. (2009) produced
to emphasise the roughly exponential profile below 4km. Ina larger contrast in CO than that observed between 1km and
an idealised scenario where there were no emissions influskm indicating that vertical transport away from the suefac
encing the airmass from 20 July 2004 and the airmassswa their simulation was too weak. Here, the tracer simula-
surrounded by air with much lower mixing ratio, the profile tions also show a larger contrast, but this is partly a rexfult
would be expected to retain its slope but shift towards lowerthe shorter tracer lifetime.

concentration, as is observed approximately. Furthermore The ozone observations highlight the contrast between
in both the model and observations the profile is steeper omollution export from the coast within the marine boundary
20 July 2004 than on the subsequent days indicating that thiayer and air immediately above. Marine boundary layer air
transport and mixing in the model is a good representation ois humid and in rapid contact with the ocean surface, result-
the processes happening in the atmosphere. ing in a much more rapid change in chemical composition

A similar exponential profile was measured for NOx with (generally cleansing). In contrast, air imnmediately abcmue
a marked decline in mixing ratio with time (Fig. 4c). The be transported right across ocean basins, and although air
steep slope of the NOXx profiles is at first surprising giverdts masses transform slowly through chemical reaction and mix-
short lifetime. However, the ozone profiles (Fig. 4d) show ing, they can be distinguished by their distinct hydrocarbo
a marked increase in ozone with altitude above 1km. Phofootprint after many days (Methven et al., 2006). The flow is
tochemistry strongly influences both profiles, although thealso typically faster above the boundary layer. This magiga
constant slope of the profiles is likely to be a signature ofour definition of coastal outflow in terms of the air exported
mixing processes. Also ozone is depleted rapidly in thesmafrom a continent, but decoupled from the surface over the
rine boundary layer (below 1km during this time) as a re- ocean.
sult a shift from photochemical production to destructién o
ozone (as shown in Fig. 9 of (Cain et al., 2012)) associated
with the higher humidity and also deposition of species to3 MetUM tracer budget partitioned into box-model
the ocean surface such as nitric acid and ozone itself (Faira  structure
etal., 2006).

The same flight observations have been analysed by sevFhe evolution of tracer mass within in the MetUM simulation
eral authors. The flight tracks on 20 and 21 July are coloureds analysed by partitioning the domain into areas over land
by CO mixing ratio in Figs. 4a and 5a in Lee et al. (2011). and sea and then also in the vertical depending upon bound-
Their analysis focuses on the evolution of an air mass theyary layer depth (Figure 5). The complexity of the situation
label the “New York Plume” which was characterised by the simulated by the MetUM is reduced to a few variables that
highest concentration of pollution observed on those fight describe tracer amounts in these six “boxes” and the fluxes
It was intercepted over Long Island at about 18:30 UTGonbetween them. In Section 4.1, equations will be derived for a
20 July and at 15:15 UTC on 21 July around 42N, 68W. Thebox-model that describes the evolution of the masses in each
air mass examined here was located further east on both dayox and their dependence on a few parameters defining the
and links with trajectories crossing the North Atlantic.eTh problem. The Appendix gives an analytic solution to the box
air mass was broader and related to pollution outflow frommodel in the simplest situation where the model parameters
a wider area of the East Coast, rather than the tight plumere constants. The box model represents a way of rational-
related to the strong emissions in the New York area (whichising the behaviour of regional pollution concentrationd a
would not be represented in the tracer simulations). Verti-coastal outflow in a realistic model, and the fundamental pa-
cal profiles of a wide range of measurements are also showrameters upon which they depend.
in Davis et al. (2012) from the same 3 flights, but the seg- The box model consists of three layers: the boundary layer
ments shown do not correspond to the Lagrangian intereeptfoox-1 and box-2), the residual layer (box-3 and box-4) and
identified by Methven et al. (2006). Consequently the timethe free tropospheric layer (box-5 and box-6). One column of
evolution is not as apparent as shown in Fig. 4. boxes is above the land (box-1, box-3 and box-5), the other

Fang et al. (2009) present a comparison between theicolumn is above the sea (box-2, box-4 and box-6), and the
MOZART model simulation of CO and observations span- interface between the two columns lies along the coastline.
ning the eastern USA by the NASA DC8 aircraft during The mass of tracer in each bal, is calculated for each
ICARTT. The model is sampled at all the flight tracks points timestep. The quasi-steady state mass of tracer in each box
and both model and observations are averaged in 2km altiis represented by numbers in the centre of each box in Fig. 6.
tude layers. The observed CO at 4km across the whole regiott is defined by calculating the percentage of the total domai
is similar to that observed on 22 July 2004 (Fig. 4b) but thetracer in that box at each timestep, and then averaging those
regional average profile only increases to 135 ppbv at dkmvalues over the 27 day period. The arrows indicate the direc-
(compared with 170-180 ppbv in the case shown). Theredtion of net transport between each box that would be neces-
fore the pollution plume followed remains substantiallg-el sary to maintain steady state, given that all the tracergnte



500

505

510

515

520

525

530

535

540

545

550

6 D. L. Peake: Coastal Outflow

the domain at the land surface, but tracer is lost everywherés similar to the magnitude of tracer ventilated by vertical
at the uniform decay timescale of 24 hours. The continen-processes out of the continental BL (13.3 units by resolved
tal boundary layer and continental residual layers are comvertical advection and mixing, 2.3 by convective mass fljixes
bined (box-1 and box-3) to avoid depicting the large diurnalfor the eastern half of the United States (the domain area of
cycle of mass transport between them. The boxes ovesthéhe MetUM simulation). The horizontal transport from land
sea are assumed to extend sufficiently far downwind fromover the Atlantic is dominated by the coastal outflow layer
the coast that any tracer entering these boxes decays befoabove the marine boundary layer. In reality, soluble pollu-
it can leave (i.e., no tracer outflow from the domain). By tants would also be rapidly deposited to the ocean surface
construction, the mass transports are defined such that thieom the marine boundary layer, while they would be some-
steady-state mass of each box is decomposed into a sum @fhat isolated from deposition in the coastal outflow layer
transports in, minus the sum of transports out. Note thatsin above.
all emissions are into the boundary layer over land, 10Gunit  Figure 7 shows the net tracer fluxes from the continental
are emitted into this box. Deposition to the surface is netin poundary layer and residual layer (boxes 1 and 3) vertically
cluded. Therefore, it should be interpreted as depictikg th into the region aboveH; ) and horizontally into the marine
various branching ratios into and out of different boxes. ss boundary layer ¥7.5) and coastal outflow layet{ ). The

To estimate the time-average transport pathways the folestimates are obtained at each time from the box masses by
lowing steps are performed. Firstly, the vertical transpbr  solving the simultaneous equations described above, assum
tracer by convection is calculated using the differencéé t ing a quasi-stationary state. The transport into the marine
steady-state masses in the free tropospheric baXesatd  boundary layer is the smallest term and least variable, with
Ms) for two tracers: the tracer transported by all processeshe exception of the last few days when the MBL was consid-
in the model, minus the tracer that excluded the convectiveerably deeper than usual. Flux into the coastal outflow layer
transport. 2.3 units are transported into box-5 via convecwvaries substantially about the mean of 15.3 units and builds
tion over land, while 0.8 units are transported into box® vi during the early days of August. The final drop reflects the
convection over the sea. increase in MBL height. Throughout July there is an anti-

There remain 7 unknown transports (the black bands incorrelation between coastal outflow and vertical ventilati
Fig. 6 plus the convective transport from the MBL) to obtain of the continental BL reflecting availability of tracer ineth

from the mass budgets of 5 boxes. For example= Frs+  residual layer for transport via either pathway.
CLs — F56 whereC5 is the convective mass transport from

the continental BL to box-5 as estimated from steg<d; is

the non-convective transport from the CBL to box-5 dfd

is the net horizontal transport from box-5 to box-6. Since
one of the five budget equations is not independent, due to
the constraint that the box masses sum to 100%, three further
relations are required to solve the simultaneous equafioris
the 7 transports:

4 Characterising the problem using a time-dependent
box-model

Box-model evolution equations

) ) A box-model is now developed to describe the evolution of
1. Since the tracer decay rate is the same everywhere, acer amounts in the layers above the land and sea intro-
vertical transport over the ocean is weak, the ratio of yced in the last section. The aim is to reduce the complex-
the masses of tracer in box-4 and box-2; Ma/Mz = ity of the air pollution problem to a simple system described
3.33, must equal the ratio of the horizontal fluxes igto py 4 few fundamental parameters that can be estimated from
those boxes across the coast. Therefore, it is assumeghta. The behaviour of the reduced system is explored and
that Fry/Fra=r. related to the mesoscale model and atmospheric composition

2. Assume that the horizontal transport in the free tropo-OPservations.
sphere from box-5 to box-6 is related to the horizon- As with the mesoscale model simulation, pollution is mod-
tal transport below by a known rati® = Fg /(Fro + s eled within the box-model using a passive tracer with e-
Fr4). The simple assumption used relaie® the mass ~ folding lifetime . Tracer is emitted at a constant rate in

of tracer available to advect horizontally from the con- the lowest box over land only (box-1) as a representation of
tinentR = Ms/M. anthropogenic emissions. Tracer mixing ratio and air dgnsi

are assumed to be well mixed within each box at any instant.

3. The proportion of convective to resolved vertical trans- : . .
: 595 The horizontal wind{/, advecting tracer from land to sea
port over the sea from box-2 to box-4 is assumed to be

] - is assumed to be eastwards:$ 0) and uniformin heightand
the same as from box-4 10 box64/F2s = Cis/ Fis. time. There is no vertical advection between boxes. How-

These three assumptions were used to solve for the massver, transport between the boundary layer and residual lay
transport estimates in Fig. 6. The magnitude of tracer venti occurs via entrainment and detrainment as the boundary laye
lated from the continental boundary layer via coastal owtflo top over land moves up and down with the diurnal cycle.
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The boxes over the sea are assumed to extend sufficientllgox-integrated source rate. This expression is exact and de
far downwind from the coast that any tracer entering thesepends only on the definition of the volumes and tracer con-
boxes decays before it can leave (i.e., no outflow). Theservation.
width of the land boxesl() is an important parameter of the ~ Now some simplifying assumptions are made. The hori-
model. This is because the horizontal inflow into the conti- zontal velocity is assumed to be uniform and the tracer mix-
nental boxes from the west is assumed to carry no tracer anihg ratio and density at an outflow boundary are assumed to
thereforeL determines the width of the domain experieneing equal the average throughout the b{pg). Therefore,
emissions and therefore the total tracer in to the modehdn t

L . U
parameter studied, is varied betweemn00m and10,000km (pqu) ., YH=U (pq)Y H = —M 4
to represent emissions along a narrow coastal strip to an en-
tire continent. usingM = (pq) LY H. Now consider box-1 describing the

Based upon diagnosis & and Hy; 7, from the MetUM continental BL wheré/, = (pq), LY H andH is BL height.
simulation (Figure 8)H 51, in the box-model is held con- The tracer inflow is assumed to be zero. If the BL top is
stant andd varies sinusoidally between a maximufh,, .., %0 descending it is assumed that air from the BL is continuously
at 3pm LT and a minimum (50m) at 3am LT. The resid- redefined as residual-layer air and has the mixing ratio and
ual layer extends from the top of the marine or continentaldensity of the average within the BL. Conversely, if the BL
boundary layers K, and H respectively) to the maxi- top is ascending itis assumed that the BL entrains air with th
mum height of the continental boundary layéf,{,,) asde-  current mixing ratio and density of the residual layy) ;.
scribed earlier. The residual layer represents the layairef Using (3) andM3 = (pq); LY (Hna. — H) and introducing
between the current boundary layer height and the maximunthe normalised BL height = [/ / ... where0 < h < 1, the
height through which pollution could have been turbulently net result for the evolution of mass in box-1 can be written:
mixed on previous days. Coastal outflow in the box-model, dM, S — (LM — BM; + L (@)M3 . dh/dt>0
i.e. horizontal advection across the coast betwBang, I —{ Sf(L)M aM 1 i g_}g ’ (5)

3) M 1+ 1 (VM5 dh/dE<0
andH,,.. is represented by tracer transport into box-4.

The equations governing the rate of change of tracer mass where theadvectionrate 5 = U/ L. Similarly for the other
M, to Mg in each of the boxes are derived from integrating two boxes over land we find:

the general tracer conservation equation: dMs :{ (1 ()JV§3 _BM;— ﬁ E%;N& : dh?dtz 0 ©
%Jrv-(pqw:ps—p— 1) '
«
dMs 1 M e 7
whereg is tracer mixing ratiop is air densityt is time,u is a  \a)7 —BMs (7)

the 3-D wmd vectors represents sources (per un|t mass) and

and using Gauss’ theorem gives: layer and marine boundary layer depends upon the ratio of
the height of the residual layer to the marine boundary layer
height,y = H,,,4../ Hy 51, typically greater than 1. In addi-
///pqdv+//pq u- ) ndS = /// dV(Z) tion, since the mixing ratio in the continental boundaryelay
. . (box-1) is generally greater than in the residual layer abov
whereu, is the velocity of the boundary of the volume it (box-3), another important parameter is the normalised B

andn is thehoutvxllard p]?lntlng nlormﬁl tohthe l:l)oundary NegW(JSEight,h. The outgoing tracer from the box is assumed to
assume without loss of generality that the volume Is a cuboig g 7, (i.e., it decays before it can leave by advectiong. Th

W'th lengthY” along the cpast with depth and width L resulting equations for the boxes over ocean are:
in the cross-coastal direction. Further assume that tkedlat

boundaries do not movai{ = 0), but the top boundary can dM, — () Mo+ (Lh BM;,: H>Huypr
move. It can then be shown that: = ) o C)
. - dt —(g)Jsz—i—ﬁMl-i-(WJYh BMs; H<Hupr
- =(pqu),;, Y H—(pqu),,,, Y H~+ [pq o }LY+S——(3) . )
dMy —(g)JVf4+(1——)ﬁM1+ﬁM3 ;. H>HwumpL
where M is the total tracer mass in the box, the angle- dt — () M+ (V 7}1)51\43 . H<HuypL

brackets represent averages across the inflow and outflow lat
eral boundaries of the box and the square brackets denote ap /, 1
average across the top boundary. Note that only the cgpss=— =~ (5) Mg+ BM; (10)
coastal component of the flow has been included for sim-

plicity, but the other components could readily be included Equations (5) to (10) are six coupled ordinary differential
dH/dt is the rate of movement of the box top afds the  equations. The continental BL heigl#,, is prescribed as a



690

695

700

705

710

715

720

725

730

735
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sinusoidally varying function. This introduces switche®i  flow box (box-4) as a function of tracer decay rate and ad-
the equations due to the conditional statements, makimg the vection rate using a constant BL-ratio=5. As the decay
nonlinear. If the parametexs, 3, H,..., v and S are alkso rate (') decreases the proportion of tracer in the coastal
taken as constants, an analytic solution is possible, asrsho outflow layer increases. The increased lifetime of the trace
in the Appendix. However, since time varying winds vill enables it to undergo greater horizontal advection betore i
be used as input, the results presented in all plots were obdecays to small values, and thus has greater potential to be
tained using numerical integration a simple finite differen exported across the coast. Decreasing the decay rate lgy thre
scheme with 600s timestep (but the results are not sensitiverders of magnitude increases the percentage of traceein th
to the scheme chosen). The model is initialised with zerocoastal outflow box from 1% to 70% (for a fixed advection
tracer. The source rate of tracer was arbitrarily chosen asate oflday!).
unity, as the tracer mass in each box simply scales wfth As the advection rate increases (faf < 10) the propor-
(see Appendix). tion of tracer undergoing coastal outflow also increases, co
There are 3 timescales in the problem: the length of:daysistent with the idea that a greater cross-coastal winddspee
(controlling variation inh), a and1/3. The firstis used to  allows greater advection and thus greater tracer exparsacr
scale the time dimension, leaving only 3 non-dimensionalthe coast. However, in the long-lived regimei> 10) in-
parameters plus the sinusoidally varying non-dimensionakreasing advection rate results in a decrease in coastal out
boundary layer height;, controlling the solutions (see Ap- flow. This occurs because the advection rate is so large that
pendix for details). In the following exploration of outflew tracer advected horizontally out of the continental reaidu
regimes, the parameters are varied as follows: layer during the night-time, is not replenished in the resid
ual layer until theH increases in depth the next day. This
reduces the availability of tracer available to undergcstala

«ais varied between 600s and 32 days, representingutflow. The dependence on daylength is most obvious for
a wide range of potential airborne pollutant lifetimes, the tracers with slowest decay rate, where the maximum in
the outflow layer occurs for an advection ratelday *. For
tracers with faster decay, the maximum occursdf@r= 10.

The 3 =U/L, whereU is the wind speedis~") The variation of the diurnally averaged proportion of trace
andL is the landwidth {2). The advection rate is pro- in the coastal outflow layer with changes i and ~ is
portional to the mass of tracer advected horizontally shown in figure 9(b). For long-lived tracers/{ > 1) the
from the land to sea boxes per secofids varied from  proportion of tracer undergoing coastal outflow depends on
10-*day ' (e.9.,U =0.1ms~ " andL =10,000km) t0  the BL-ratio, v, and this dependence is much weaker for
100day ' (e.g.,U = 10ms~" and L = 100m). short-lived tracers. As increases, the proportion of tracer

in the coastal outflow layer increases due to the change in
0 proportion of time tha#d > H ),y in the box-model. How-

Y= Hpaa/Hupe is the ratio between the maxi-  ever, given the relatively small range of BL-rativ< v < 6)
mum continental boundary layer height and the marineexhipited in the MetUM simulation, and the small impact
boundary layer height. =1 then there is no coastal that variation in BL-ratio produces in coastal outflow, inca
outflow layer. In the MetUM simulation, the parame- pe concluded that synoptic variations in BL-ratio are rela-
ters Hy,q, and Hyy g, did not vary greatly and ~5. ., tively unimportant in determining the day-to-day variétyil
In the parameter studyy is varied from 1 to 7 based in coastal outflow amount.
upon observations from studies that observed typical The mass of tracer in the continental residual tracer, as a
MBL depths of up to 250 to 750m in the Gulf of Maine proportion of all tracer over the land (i.875 /(M + Ms)), is
(Angevine et al., 2006; Wolfe et al., 2007). shown in figure 9(c) fory = 5. The maximum percentage of

An important combination of parameters describes th&° tracer in the continental residual layer is 50% in the diurna
decay rate of tracers relative to the advection rate and has &/€r2g€ due to the sinusoidal variationfihbetween 50m

major influence on the solutions. Whai = 1, tracer decay (h =~ O)_ and f = Hynq, (h=1) within thg box-model. .Folr
and advection rates are equal, thus it takes one tracémldet short-lived tracers{g < 0.1) the proportion of mass within

for tracer to be advected a distance equal to one landwidthth® continental residual layer is dependent only on thestrac

Whena,3 > 10, the tracer isong-lived relative to the advec® decay rate, with less surviving in the residual layer fotdas
tion timescale. Whem,3 < 0.1, the tracer is described as d€cay: Forlong-lived tracers,¢ > 10) the proportion within

— e-folding tracer lifetime, «

— advection rate,

— boundary layer ratio, v

short-lived the continental residual layer is dependent only on the ad-
vection rate; increasing the advection rate depletes the pr
4.2 Exploring parameter regimes of coastal outflow portion of long-lived tracer over land within the continaht

=0 residual layer and causes the subsequent reduction obtoast
Figure 9(a) shows the diurnally averaged tracer amount (asutflow, which can also be seen in Figures 9(a), and 9(b).
the proportion of total domain tracer) within the coastatou The diurnal variability of tracer in the coastal outflow box
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is defined as the range over 24 hours divided by its diurnalwhich is close to the value obtained from the boundary layer
average. Figure 9(d) shows the diurnal variability for a BL- in the mesoscale model.
ratio of v =5. For short-lived tracersy(5 < 0.1) the diurnal
variability is independent of the advection rate and elytiee 5.2 Representing day-to-day variability
dependent on the lifetime of the tracer. As the lifetime &f th
tracer increases, the diurnal variability decreases. f@ame  An alternative method for estimating the representatind4a
ple, a tracer with a 1-day lifetime has a diurnal variabitify ~ width is to compare longer timescale variability in the &ac
3% about its mean value of coastal outflow tracer percentagenass in the coastal outflow layer predicted by the simple
caused by the variation in H. For long-lived tracexg (> 1), box model with the time series calculated from the realis-
the advection rate also affects the diurnal variabilityraters tic mesoscale model simulation. In particular, the diurnal
in the coastal outflow layer. Increasing in the advectioa rat cycle has been filtered out to focus on synoptic timescale
causes increases in the diurnal variability of coastal owtfl variability. In order to carry out this comparison it is nec-
as the availability of tracer decreases. essary to force the box-model using the time varying cross-
coastal windspeed from the MetUM simulation. The cross-
sss  coastal wind speed was calculated along a smoothed repre-
5 Understanding observed tracer evolution using the sentation of the coastline with an average offshore normal
box model orientation of120° relative to grid North. The 850hPa pres-
sure level occurs at a height within the coastal outflow layer
For a short-lived pollutanto(3 < 1), it is reasonable to as- based upon the boundary layer heights calculated from the
sume it must be emitted close to the coastline to enablesit tdetUM. The 850hPa cross-coastal wind speed is on aver-
undergo coastal outflow before it decays to very small conageU = 2.14ms~". A running median filter with 24-hour
centrations. Likewise, for a long-lived pollutanig > 1), it window is used to remove the diurnal cycle from the hourly
can be emitted further inland and still undergo coastal out-mesoscale model output. The standard deviation of the-cross
flow. In addition, we might expect that the average diur- coastal time-filtered winds is = 1.49ms~".
nal variability of tracer in the coastal outflow layer is ia-  The filtered time series of cross-coastal wind was fed into
fluenced by emissions within a short transport range of thethe box model run using fixed parameters- 1day, v =5
coast, while longer timescale variations could be affebyed and a value for landwidth,, used to find3=U/L. The re-
transport from further afield. We introduce the concept of asulting output was also passed through the 24-hour filtez. Th
representative landwidth as the width of the coastal strip with  box model was re-run with different values bf This fixes
emissions (assumed uniform) that best explains the observethe width of the domain experiencing emissions. The amount
variability of coastal outflow using the box model. Implic- of tracer in the coastal outflow box\{;) depends on the
itly it is assumed that the approximations leading to the boxamount of tracer over land\{;) which in turn depends oh

model reduction are to some extent valid. (equations 5-9). We find that a landwidth of approximately
400 km gives box-model results that match the MetUM sim-
5.1 Representing diurnal variability s Ulation most closely. Figure 11 shows 24-hour running aver-

ages of coastal outflow from both models. The box-model is
One way to examine the representative landwidth over whichable to capture the major episodes of coastal outflow, wéh th
emissions influence coastal outflow, is to examine the averproportion of tracer in the coastal outflow exhibiting a simi
age diurnal variability of tracer in the coastal outflow laye lar variation to that shown in the MetUM. Furthermore, the
The diurnal cycles in percentage of tracer in the coastaksutshape of the time series is similar to the time series of CO flux
flow layer (box-4) are compared from the MetUM simula- through the northeast boundary in the MOZART simulation
tion and the box-model. Model parameters are varied andf Fang et al. (2009) (their Fig. 3) illustrating that vaiilab
the maximum correspondence between the average diurndtly in the tracer has relevance to the variability in polburi
cycle in the two models is sought. We require that the cycleacross the region. The correlation between the percentage
in the box model is well correlated with the realistic simuda of tracer in the coastal outflow box in the MetUM and box-
tion, but also obtains similar magnitude of variation suett  model simulations is +0.69, which implies that the variipil
the RMS difference between the models is small. A sensitivein the cross-coastal windspeed accounts for 48% of the vari-
diagnostic is to calculate the correlation divided by the®RM ance in coastal outflow. For some periods, the box-model
difference, as shown in Fig. 10 for a fixed tracer lifetime of 1 does not capture the variability in MetUM simulated coastal
day. A maximum in correlation divided by difference ocours outflow. This is likely to be due to weak synoptically forced
at3=2day . Thus, given an average 850hPa cross-coastasituations when mesoscale circulations, such as shallow co
wind speed ofU =2.14ms~! (based on the MetUM sim- vection and sea breeze circulations, can ventilate tracer f
ulation), the representative landwidth=U/§ is approxi-  the continental boundary layer. These mesoscale ciroukati
mately 100 km. Note that the diurnal cycle is relatively in- are not represented in the box-model, but are represented in
sensitive toy, but the best fit is obtained when using=4ss the MetUM as discussed in Section 2.
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6 Conclusions Appendix A

ws  ANALYTIC SOLUTIONS FOR THE BOX MODEL

_ ] o The box model equations (5) to (10) can be solved analyti-
In this paper the magnitude and variability of coastal outflo cally if the parameters, 3, Hynaz, v andsS are all taken as

is quantified using the MetUM mesoscale model and inter-constant. In doing so, it is most convenient to recast them in
preted using a simple box-model framework. The MetUM iha non-dimensional form:

showed that over a 4-week period in summer 2004, horizon-

tal ventilation of the continental boundary layer by cobsta 1—(1+X)mi+ %m3 h>0
outflow was similar in magnitude to vertical ventilationwhe "1~ 1— (1 +A— 'ﬁ) my h<0 (A1)
considering a domain covering the eastern USA. h
_ ~(1+a+ iy )ms 20
The regional tracer mass budget was reduced to a boxms = P ) (A2)
model describing coastal outflow using only three parame- —(14+A)mz — (z mi h<0
ters; the tracer lifetime, cross-coastal wind speed, atid ra
Hypaw/Hypr. The least important parameter influencing —mg—i—/\(hT’“)ml h>hy,
the variability of tracer in the coastal outflow layer fromyda "2 = g4 Amy 4 A (hf:—hh) ms h<h,, (A3)
to day wasH,,a./HyBL -
) —m4+)\(1—h;l”)m1+/\m3 h>h,,
A non-dimensional ratiod(3) is defined by dividing the 724 = . )\(1_;% L (A4)
. . 4+ —h | M3 <hm
advection rate by the decay rate. Short-lived& 0.1) and
long-lived (@3 > 10) tracers exhibit different coastal outflow s = — (1+\)ms (A5)

dependencies. For short-lived tracers, increasing theadv
tion rate increase_s the magnitude of (_:oastal outflow. 95!3:0%6 — —mg+Ams (A6)
long-lived tracers increasing the advection rate decesthee
magnitude of coastal outflow, due to reduced availability of In equations (Al) to (AG) time, |ength and mass have been
tracer in the residual layer. non-dimensionalised so thdt=t/a,h = H/H,nau,m; =

M, /(aS) andrn, denotes the derivative with respect tand

Itis argued that the parameter values from the simple box80 On- There are then only two constant non-dimensional pa-
model that obtain the best fit relative to the mesoscale mwdel@meters\ = af andh,y, = Hypr./ Hypax = 1/7 plus the si-
simulation are relevant to the transport regime across thdusoidally varying boundary layer height, Note that in this
eastern USA. In particular, if the wind field for the period, Particular scaling of time, the length of day=ta/a where
tracer lifetime and raticH, ./ Hy 1, are taken as given, (IS the dimensional day length, is a third parameter that
the only free parameter is thepresentative landwidthwhich ~ implicitly influences the solution via the diurnal variatiof

relates the average cross coastal wind speedto a tracer-gelve?:

tion rate,3. One interpretation of the landwidth is thatitis  These coupled first order ODEs can be solved by judicious
the width of the coastal strip where emissions have an influinspection of the nature of the coupling and the conditional
ence on coastal outflow (for a given tracer lifetime). It was SWitches. The equation fons is decoupled from the rest of
obtained as the lengthscale that best explains variafility the system and sa; can be easily solved first. The solution
the pollutant loading in the coastal outflow layer. When ¢sn-can then be plugged into the last equation to solverfer

sidering the composite diurnal cycle a relatively shordlan . (1N
width of 100-200km was found to be capable of explaining ms(t) =ms(0)e (A7)
the average range of the diurnal variation. However, for syn me(t) =meg(0)e ™t +ms(0)e (1 — e~ ) (A8)

optic timescale variability (after applying a running meéin

ter with 24hr window) a landwidth of 400km was found to  Wiith the specified initial conditionsy; (t) = 0, Vi, we get
describe best the observed variability. The results imipdy t ms(t) = me(t) =0, Vt; hence, boxes 5 and 6 play no role
coastal outflow has a strong influence on regional pollutionand we effectively have a 4-box model.

across the region for a considerable distance inland fren th  The equations forn; andm; are coupled to each other,
coast. Although not represented in the tracer simulationsand those forn, andm, are mutually coupled as well as to
the eastern USA also has a much greater population densitiyose form, andms. Hence, it is sensible to solve far,
along the coastal strip and anthropogenic emissions. Thigindm; first, followed bym, andm,. Three unconditional
could only act to increase the influence of coastal outflow,0nequations can be obtained by adding the above equations for
the air quality of the region. the total massn = m; +ma +ms +my +ms +msg, the sum
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of the mass in boxes 1 ands3,;3 = m1 +ms and the sum efs From equations A3 and A4 the solutions far andmy

mass in boxes 2 and #y04 = mo +my : can be written formally as
fm=1-m (A9  ma=ma(0)e ™ + M, fy S ds B>y, (AL7)
g =1—(1+A)m AL0) oy =ma(0)e "+ A(1 =) fy S ds b < by (AL8)
Thog = —Maoa+Amis (A11) with the corresponding solutions of; for h < h,,, andmy

) . . w0 for h>h,, obtained by subtraction from the solution of
The solution of equation A9 for the total mass is moa4, €quation Al4. Substitution of the solutions fer and

mg into equations A17 and A18 include terms with residual
integrals that cannot be evaluated explicitly but that can b

This solution shows that, irrespective of the initial mage) ~ "€adily computed by numerical quadrature, e.g. using Simp-
in the system, the steady state mass is givemlgyo) = 1, Son's rule.

.e. M(co) =S, th_e amount Of_m_aterlal emitted in a time Acknowledgements. The authors would like to thank the Met Of-
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+1-+>\ (1—e™t)

m(t)=m(0)e t+(1—e ") (A12)

£ = e (1HNE L~
mas( ) ms( )6 +1+)\

which can be used with equation A1l to give

In the asymptotic limit — oo we find thatm3(c0) =1/(1+  References
A) andmay(00) = A/(1+ ), so that the proportion of mass
over sea is a factor af3 times that over land at steady state.

The above solutions hold for all time The individual
form of the solutions forn; andm; will depend on the siqg)10
of h and, forms andmy, additionally on the sign ok — A, .
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(a) PEASE CROSS-COASTAL WIND: SYNOPTIC AVERAGE: UM Simulation
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(b) PEASE CROSS- COASTAL WIND: SYNOPTIC AVERAGE: Wind profiler observatlons
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Fig. 2. 24-hour centred running average of cross-coastal diregtiod speed at Pease (a) as simulated by the MetUM and (b)saswehl
by 915MHz wind profiler. The x-axis is labelled with the dategduly and August 2004. Positive wind speeds represergtaife flow and
negative wind speeds represent on-shore flow.
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(a) PEASE CROSS-COASTAL WIND: DIURNAL COMPONENT: UM Simulation
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(b) PEASE CROSS-COASTAL WIND: DIURNAL COMPONENT: Wind profiler observations
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Fig. 3. 27-day average diurnal component of cross-coastal direetindspeed at Pease (a) as simulated by the MetUM and (ljsesved
by 915MHz wind profiler. The x-axis is labelled by the hour atdl summer time (UTC-4). Positive wind speeds represé+shmfre flow
and negative wind speeds represent on-shore flow.
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Fig. 4. (a) Vertical profiles of tracer mixing ratio from the MetUMnsillation on 20th (blue), 21st (green) and 22nd (red) July4200
Profiles are averaged over sea points only within the retgarghown in figure 1. 50th percentile (solid) and 25/75ttcgetiles (dashed).
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Fig. 7. 24 h running average timeseries of net tracer fluxes from the
Fig. 5. A schematic of the 6-box partition used to analyse tracer continental boundary layer including the residual layexgs 1 and
transport in the MetUM simulation, which subsequently ferthe ~ 3) expressed as a percentage of total tracer in the domaimisy
basis of a box modelf andH 51, are the heights of the continen- quasi-stationary masses. Mass transport into the marinedaoy
tal and marine boundary layers respectivély, .. is the maximum  layer, Fi; (dotted), into the coastal outflow layefr.4 (solid) and
height of the continental boundary layer, defining the toghef  Vertically into the free tropospheré}.s (dashed).
residual layer.Hro 4 represents the top of the atmosphere. Boxes
1, 3 and 5 are over land whilst boxes 2, 4 and 6 are over the sea.
L represents the width of the domain experiencing emissaoiisY
represents the length along the coast.
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Fig. 6. Schematic showing the quasi steady-state distribution of Time of Day (Eastern Daylight)
tracer in balance between continuous emission at the larfidcsu
and uniform decay with a 24-hour lifetime in the MetUM simula
tion. The continental boundary and residual layers (boxasdL3) ) ) ) )
are combined into one box. Numbers in the center each bogrepr Fig- 8. Diurnal cycle in boundary layer heights averaged over the
sent the average units of tracer residing in each box (piusrone  and (solid lines) and sea (dashed lines) for the MetUM satioi.
standard deviation) normalised such that the total is 16@.afrows  Individual grey lines represent different days of the Metisisula-
indicate the direction of net mass transport between bomggte 1o, the thick black lines represent the mean boundaryr lagight
numbers and width of each band represent the amount traedpor Cycles. Time is presented with respect to Eastern DayligimeT
along the related pathway in order to maintain steady statght (UTC-4).
grey arrows are estimates of transport by convection, aridgtay
for advection and turbulent mixing.
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Fig. 9. (a) Diurnally averaged tracer in the coastal outflow box ¢petage of total domain tracer) as a function of decay tate and
advection rated. (b) Diurnally averaged percentage of tracer in the coasttilow layer as a function ak3 and BL-ratioy for o = 1day.
(c) Diurnal average of tracer in the residual layer above ks /(M1 + Ms)) as a function oft /a and 3. (d) Diurnal variability of tracer
(diurnal range divided by diurnal mean) as a functiori &k andg. In (a), (c) and (d) the BL-ratio is constant=5. Long-lived tracers are
represented by > 10, short-lived tracers are represented by < 0.1.



18

Y
N
T T T T T I

-
(=]
I:

<
1

Fafi=

0.001 0.010 0.100 1.000 10.000  100.000
B (day’)

Fig. 10. Correlation between the diurnal cycles of percentage of
tracer in the coastal outflow layer in the MetUM simulatiordan
box-model divided by the root mean square difference beivlee
diurnal cycles. Tracer has 24-hour lifetime. The maximuti-in
cates best parameter fit maximising correlation/bias.
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Fig. 11. Timeseries of tracer in the coastal outflow layer as a per-
centage ofM; + M2 + Ms + Ms. Comparing the MetUM sim-
ulation (solid line) and box-model (dashed lines) forcedhvihe
cross-coastal wind speeds at 850hPa obtained by averalging a
the coast and filtering out the diurnal cycle.
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