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Abstract. Coastal outflow describes the horizontal ad- 1 Introduction
vection of pollutants from the continental boundary layer
across a coastline into a layer above the marine boungaryhe term coastal outflow is used to describe the decoupling
layer. This process can ventilate polluted continentahloieu  of pollution from the surface via the formation of an intdrna
ary layers and thus regulate air quality in highly populatedstable boundary layer which occurs when there is horizon-
coastal regions. This paper investigates the factors @entr tal transport from land to sea and the land boundary layer
ling coastal outflow and quantifies their importance as a venis deeper than the marine boundary layer (as is typically the
tilation mechanism. Tracers in the Met Office Unified Modgl case on non-frontal summer days) (Dacre et al., 2007). In
(MetUM) are used to examine the magnitude and variabil-this paper we thus define coastal outflow as the horizontal
ity of coastal outflow over the eastern United States for a 4-advection of pollutants across a coastline at a height above
week period during summer 2004. Over the 4-week periodthe marine boundary layer (iz;) and below the maximum
ventilation of tracer from the continental boundary layer v height that the continental boundary layer reaches duting i
coastal outflow occurs with the same magnitude as verticatliurnal cycle (H,..). Pollutants emitted over land can be
ventilation via convection and advection. The relative im- mixed to the top of the continental boundary layer during
portance of tracer decay rate, cross-coastal advectien ratthe day through vertical turbulent mixing and can then be
and a parameter based on the relative continental and marirgxported horizontally above Hg;. Pollutants with a long
boundary layer heights, on coastal outflow is assessed by reznough lifetime can continue to undergo coastal outflow dur-
ducing the problem to a time-dependent box-model. Theeraing the nighttime due to their remaining presence in thelresi
tio of the advection rate and decay rate is a dimensionlessial layer which is left behind as the continental boundary
parameter which determines whether tracers are long-livedayer height collapses at nightfall.
or short-lived. Long- and short-lived tracers exhibit eliff Coastal outflow is a potentially important mechanism for
ent behaviours with respect to coastal outflow. Short-livedihe ventilation of continental boundary layers and regoifat
tracers exhibit large diurnal variability in coastal outflout ., of ajr quality in coastal regions. Human population tends
long-lived tracers do not. For short-lived tracers, in6ie8  to be concentrated in coastal regions and consequently so
the advection rate increases the diurnally averaged magnire pollutant sources from industrial and residential srea
tude of coastal outflow, but has the opposite effect for veryag well as road traffic and other transportation. Episodes of
long-lived tracers. By combining the MetUM and box-model poor regional air quality often occur in anticyclonic situa
simulations a landwidth is determined which represents,th&jons where the large-scale flow is relatively stagnanticed
distance inland over which emissions contribute signifiyan  jng outflow, and vertical ventilation of the boundary layer i
to coastal outflow. A landwidth of between 100 and 400 km gjsq inhibited, for example by descending dry air creating a
is found to be representative for a tracer with a lifetime of strong inversion at the boundary layer top. In this article,
24 hours. a month-long mesoscale model simulation of summer 2004
es over the eastern side of North America is used to investigate
the relative importance of coastal outflow and vertical ven-
tilation for pollutant levels within the continental bouarg
Correspondenceto: Helen Dacre layer. In addition, the evolution of the tracer distributiis
(h.f.dacre@rdg.ac.uk) summarised in terms of a box model with only a few pa-
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2 D. L. Peake: Coastal Outflow

rameters controlling the behaviour. The box model is suffi- ated with localised convection or coastal outflow events may
ciently simple to have analytic solutions, but is also cépab be small, over the whole summer period they play an impor-
of describing the diurnal and synoptic timescale varigpili tant role in the ventilation of pollutants from the boundary
in tracers in the mesoscale model. layer. However, they used the MOZART chemical transport

The month chosen for investigation was during the inten-model driven by NCEP GFS analyses at 1.9%k&solution
sive observing period of the ICARTT (International Cen- which is too coarse to capture mesoscale flows such as sea
sortium for Atmospheric Research on Transport and Transbreeze circulations. In this paper we will use a mesoscale
formation) experiment in summer 2004 (Fehsenfeld et al. model at 12km resolution run with online tracers for 4 weeks.
2006). ICARTT was an umbrella organisation for more Its representation of the sea breeze circulation is evedliat
than 100 collaborations that focused on transport and chem- The simulations are performed using an operational nu-
ical transformation across the eastern USA and then spanmerical weather prediction model (the Met Office Unified
ning the North Atlantic to Europe. The observations of Model, abbreviated to MetUM) to determine the meteoro-
most relevance for this study were associated with flights oflogical variables controlling coastal outflow. The key tast
the NOAA WP-3D aircraft and the ground-based network are captured by reducing the problem to a box-model with
enhanced as part of the New England Air Quality Study simplified meteorology. It is used to investigate the retati
(NEAQS), including more than 100 ground sites measukingimportance of three variables: tracer lifetime, crossstala
chemical constituents and 7 boundary layer wind profilerswind speed and the ratid, .../ Hys g1, in controlling coastal
measuring continuously throughoutthe period (5-minute re outflow. The box model framework is applied to MetUM re-
olution). There were no prolonged periods of flow stagnationsults and used to estimate the width of land over which emis-
during this summer, and therefore there were no episodes afions can contribute significantly to coastal outflow.
particularly poor regional air quality. However, there @gr  The Met Office Unified Model (MetUM) and experimental
marked episodes of cross-coastal pollutant transportesomdesign are described in Section 2 and the simulated winds are
of which was observed by research aircraft as the air crossegvaluated using wind profiler observations throughout the p
the Atlantic to the Azores and Europe (Methven et al., 2006;riod. The time evolution of vertical trace gas profiles fallo
Owen et al., 2006; Real et al., 2007). ing air offshore in the ICARTT experiment are also compared

Stratified layers of pollutants over oceans have beensobwith the simulated profiles of idealised tracer. The stretu
served by many studies (Paluch et al., 1992; Muller et al.of the box-modelis introduced in Section 3 and used to quan-
2001; Davis et al., 2012). Pollutants exported above the matify the relative magnitudes of ventilation from the bounda
rine BL have longer lifetimes (Dickerson et al., 1999), are layer over the eastern USA by coastal outflow and vertical
decoupled from the surface by the inversion at the top of theransport. Evolution equations for the box model are derive
MBL (Vickers et al., 2001), and are subject to less dry.de-in Section 4 and used to map out the behavior of tracer in
position, lower humidity and higher wind speeds than tracerparameter space. The magnitude and diurnal variability of
exported below W, 51, (Skyllingstad et al., 2005), allowing coastal outflow in the mesoscale simulation are interpreted
more efficient long-range transport of pollutants (Van@ure using the box model in Section 5 which allows an under-
et al., 2005; Holzer and Hall, 2007). For example, distinct standing of the parameters that have the most influence on
layers of pollution have been observed over the Indian Ogearoastal outflow amounts.
at altitudes between 500m and 3km far from the Indian coast
(Verma et al., 2006).

Angevine et al. (2006) observed the formation of stable2 Four-week mesoscale model simulation
marine boundary layers over the cool waters of the Gulf of
Maine in the summer of 2004. A sharp cooling of 5to 15K 2.1 Model and experiment specification
occurred in the lowest (approximately) 100m of air within 30
minutes of the air crossing the coast. Turbulence was greatl The Met Office Unified Model (MetUM) is used to simulate
reduced in this layer of the atmosphere. Skyllingstad et althe atmosphere over a domain containing the eastern half
(2005) performed a large eddy simulation and showed:¢habf the United States and western half of the North Atlantic
turbulence was damped from the surface upwards whilst @cean (Figure 1). The 27-day period 0000UTC 13 July 2004
maximum in turbulence remained at the top of the MBL for to 2300UTC 8 August 2004 was chosen to coincide with the
20km offshore. The decoupling from the surface occurredlICARTT field campaign measurements. The MetUM version
very quickly after air flowed over the cool sea, allowing pol- 6.1 is run with 5 minute timesteps and a horizontal gridspac-
lutants exported by coastal outflow to become isolated froming of 0.1 (~12km) in both the longitude (250 gridpoints, a
the surface flow. Fang et al. (2009) showed, in a study of 15~vestern boundary of 85.9%/) and latitude (271 gridpoints,
summers, that whilst the largest export events from théhrort a southern boundary of 23.7N) directions. The simula-
east USA were associated with the passage of extratropicdlon uses the v6.1 level configuration that was used for op-
cyclones35% of the total export took place during high pres- erational numerical weather prediction: 38 terrain-failog
sure situations. This suggests that whilst the export &ssoc model levels in the vertical, with 10 levels in the lowest 2km
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D. L. Peake: Coastal Outflow 3

above ground level, and model top at 39km. The simulation(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-espondence is better. Over the whole time series, the stan-
Range Weather Forecast (ECMWF) archive with a gridspac-dard deviation of the difference between the MetUM wind
ing of 0.25° x 0.25° lat/lon, (approximately 22x27km). Fress 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 m's 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. almost 500km inland, shows a similar standard deviation, bu

An important aspect for this study is the diagnosis of smaller bias.
boundary layer depth from the model. At each horizontal A diurnal composite was constructed for both datasets by
gridpoint, the boundary layer is defined by the number ofremoving the 24-hour filtered data from the full winds and
turbulent mixing levels (NTML). For stable conditions ties.s then compositing the remainder by averaging each hour of
the region in contact with the surface where the bulk Richard the day over the 27-days available. Figure 3 presents the
son number is smaller than 1. For unstable conditions arcomparison between the MetUM and wind profiler. The ob-
adiabatic moist parcel ascent is performed in the model; asservations pick out a marked diurnal cycle in winds. Below
cent is stopped when the parcel becomes negatively buoyans00m the flow is offshore from 0000 to 1000LT and then on-
If the layer is well mixed the NTML is set to the parcel as- shore from 1100 to 2300LT, as expected for a seabreeze cir-
cent top (inversion height). If the layer is cumulus-cappedculation. The average amplitude of onshore or offshore sur-
the NTML is set to the lifting condensation level (cloud face winds is 2 ms!. Above 500m, but below the top of the
base) (Lock et al., 2000). Above this layer the convectionresidual layer at 2000m, the offshore winds peak 2-4 hours
scheme mixes tracer from cloud base to the top of the cloudhfter the maximum in the onshore sea breeze, indicative of a
and below this level mixing is performed by the boundasy- return circulation. The model captures some aspects of the
layer scheme. The maximum boundary layer height at eaclsea breeze circulation. The nocturnal land breeze peaks too
land point every day was calculated. The 90th percentile ofearly in the night and appears to be too shallow and too weak
the maximum boundary layer height was found to vary little at later times. The subsequent onshore flow at 1000m is too
from day to day, thu#/,,, ., was fixed at 2000m. The residual strong. The evening sea breeze is better represented. Since
layer is defined to extend from the top of the boundary layerboth the synoptic and diurnal variability are represented i
to Hyyqe. The domain from heightf,, .. to the model top  the simulation, it is reasonable to suppose that the viditiabi
will be described as the “free troposphere” since a verysmalin tracer transport can also be simulated realistically.
proportion of tracer crosses the tropopause, but the ialegr
extend to model top to capture all the tracer mass. 2.2 Tracers in the model

Coastal outflow in the model will depend on the repre-
sentation of horizontal flow across the coast. The qualityPollution is represented within the MetUM simulation us-
of cross-coastal winds in the 27-day simulation is illustdas ing two passive tracers, both with e-folding lifetimes of
using observations taken with a 915MHz Doppler radar wind24-hours, initialised and continuously emitted in the Ietve
profiler sited at Pease, New Hampshire, which was at the fomodel level uniformly over the land (as determined by the
cus of activity for the ICARTT experiment (Fehsenfeld et al. land-sea mask of the model). One tracer is transported by ad-
2006). The profiler is part of the NOAA-DOE Cooperative vection, parameterised convective mass fluxes and turbulen
Agency Radar Wind Profiler Network. The data has a vesti-mixing, and the other is transported by advection and turbu-
cal resolution of 60m (Carter et al., 1995). At this location lent mixing only. Whilst the effects of the different tramsp
the terrain is flat (site at 30m ASL) and the coast is oriemied i processes on tracer distribution are not simply additiye, b
approximately the same direction as the average for the Eagireventing one of the tracers being transported via convec-
Coast USA (see Fig. 1). Figure 2 shows the component otion the relative importance of convection can be quantified
the horizontal wind perpendicular to the coast versus heighFigure 1 illustrates the tracer distribution at 2000UTC 20
on atime series obtained from the MetUM and wind profiler. July 2004 coinciding with a segment of flight of the NOAA
In both cases, the diurnal cycle has been filtered from thé/NP-3D aircraft (blue track). This was the first day during the
data using a running mean with a centred 24-hour windowmajor coastal outflow event of the ICARTT campaign period
The synoptic variations are clearly represented in the thode when several observation platforms (including the NOAA
indicating that the continuous update of its boundary cerndi wP3-D aircraft tracks shown) followed pollution across the
tions using analyses is sufficient to keep the synoptic scalé&ulf of Maine on 20, 21 and 22 July 2004. The tracer dis-
evolution on track. There are events with larger differance tribution shown is very similar to the distribution of ozone
For example, the model simulates stronger offshore windsimulated by WRF-Chem (and averaged below 1700m) that
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is shown in Fig. 9 of Lee et al. (2011). Note that here a log2006). Methven et al. (2006) also identified a Lagrangian
scale is used to pick up the weaker concentrations fustheconnection between these flights and two flights of the DLR
offshore. In both simulations at this time the tracer extend Falcon aircraft flying near Ireland and the UK on the 25 and
further from the coast in the location of the flight track and 26 July respectively. They named it the ICARTT Lagrangian
immediately to its south. The tracer gradientis closeransh  Case 3, and it has been used to examine long-range transport
between Nova Scotia and Maine. and chemical transformation (Real et al., 2007; 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 « 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 area 91 x 10*2m?2. The emisss files of trace gases with the idealised tracer simulatiore Ih
sion rate was chosen to spin-up to an average steady stategments 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 whol€16:06-19:00 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 unitermmatch identified by Methven et al. (2006) as well as neigh-
emission rate across the entire land surface and a uniforrbouring vertical profiles up to approximately 4km. The flight
decay rate (without chemical reaction). It is hard to evalu-tracks on 20 and 21 July are coloured by CO mixing ratio in
ate the simulation against data since pollutants haveadpati Figs. 4a and 5ain Lee et al. (2011). Their analysis focuses on
and temporal variability in emissions. However, it would be the evolution of an air mass they label the “New York Plume”
desirable to know to what extent the idealised tracer yildswvhich was characterised by the highest concentration ef pol
information relevant to regional air quality. lution observed on those flights. It was intercepted overg_on
The idealised tracer was chosen to have a lifetime of ondsland at about 18:30 UTC on 20 July and at 15:15 UTC on
day which is comparable with typical advection timescales,21 July around 42N, 68W. The air mass examined here was
as well as matching the timescale for boundary layer heightocated further east on both days and links with trajectorie
variation which is dominated by the diurnal cycle. It will crossing the North Atlantic. The air mass was broader and
be shown that the most interesting part of parameter spaceelated to pollution outflow from a wider area of the East
occurs when the 3 timescales are comparable. HowevelCoast, rather than the tight plume related to the strong-emis
none of the chemical species measured at high frequency dusions in the New York area (which would not be represented
ing the ICARTT experiment, either at the ground or by air- in the tracer simulations). Vertical profiles of a wide range
craft, behave like a tracer with a uniform photochemicatias measurements are also shown in Davis et al. (2012) from the
timescale of one day. Comparison is made with 3 speciesame 3 flights, but the segments shown do not correspond to
observed at high frequency (using 0.1 Hz data here). Carbothe Lagrangian intercepts identified by Methven et al. (2006
monoxide (CO) behaves most like a passive tracer. It is emitConsequently the time evolution is not as apparent as shown
ted directly by vehicles and industry and subject to advec-here.
tion and mixing. However it has an average photochemical Figure 4b shows the CO measurements versus altitude
loss timescale in the troposphere of 25 days and is thereforémeasured by GPS) using the same colour code for the 3 con-
long-lived relative to the idealised MetUM tracer. NOx (a secutive flights. Profiles of the model tracer obtained from
combination of the active nitrogen oxides NO andfN®as  all points over the sea near the aircraft tracks are shown in
strong anthropogenic sources, but is short-lived. Far fromFig. 4a. Both model and observation show a maximum mix-
source it comes into a photochemical balance with losgeling ratio above the surface but below 700m altitude, near the
lived species such as ozone. Ozone is a secondary pollutatdp of the marine boundary layer at these locations. Mixing
that is produced chiefly through photochemistry rather thanratio decreases with height above this. At all altitudes-mix
surface emission, and has a strong diurnal cycle related ting ratios decrease with time. A notable difference is that t
photochemistry. idealised tracer decreases more rapidly with height than CO
The heterogeneity of sources renders comparison withsth@ his is a consequence of the much shorter tracer lifetime.
idealised tracer over land difficult. So the approach takenAs a result of the exponential decay with time away from
here will be to compare over the sea, off the east coast USAource, a faster decline with height would be expected for
away from strong CO and NOx emissions. During the pe-shorter-lived tracers subject to the same transport and mix
riod 20-22 July 2004, offshore flow carried pollution from ing processes, reflecting the age spectrum of air at each leve
New York City across the Gulf of Maine. This episode was Therefore, a log scale is used to plot both model and obser-
well observed by 3 aircraft (NOAA WP-3D, NOAA DC3 and vations to emphasise the roughly exponential profile below
NASA DC8), instrumented balloons in the boundary layer, adkm. In an idealised scenario where there were no emis-
ship and surrounding land-base stations (Fehsenfeld,et alsions influencing the airmass from 20 July 2004 and the air-
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mass was surrounded by air with much lower mixing ratio, simulated by the MetUM is reduced to a few variables that
the profile would be expected to retain its slope but shift to-describe tracer amounts in these six “boxes” and the fluxes
wards lower concentration. This is observed to leading or-between them. In Section 4.1, equations will be derived for a
der. Furthermore, in both the model and observations théox-model that describes the evolution of the masses in each
profile is steeper on 20 July 2004 than on the subseauwerthox and their dependence on a few parameters defining the
days indicating that the transport and mixing in the modelproblem. The Appendix gives an analytical solution to the
is a good representation of the processes happening inthe ahox model in the simplest situation where the model param-
mosphere. Fang et al. (2009) present a comparison betweeaters are constants. The box model represents a way of ra-
their MOZART model simulation of CO and observations tionalising the behaviour of regional pollution concetitras
spanning the eastern USA by the NASA DC8 aircraft duringand coastal outflow in a realistic model, and the fundamental
ICARTT. The model is sampled at all the flight tracks points parameters upon which they depend.
and both model and observations are averaged in 2km alti- The box model consists of three layers: the boundary layer
tude layers. The observed CO at 4km across the whole regiofbox-1 and box-2), the residual layer (box-3 and box-4) and
is similar to that observed on 22 July 2004 (Fig. 4b) but thethe free tropospheric layer (box-5 and box-6). One column of
regional average profile only increases to 135 ppbv at dknboxes is above the land (box-1, box-3 and box-5), the other
(compared with 170-180 ppbv in the case shown). Therecolumn is above the sea (box-2, box-4 and box-6), and the
fore the pollution plume followed remains substantiallg-el interface between the two columns lies along the coastline.
vated relative to the background CO throughout the 3 days. The mass of tracer in each ba¥, is calculated for each
The MOZART model used by Fang et al. (2009) produced atimestep. The quasi-steady state mass of tracer in each box
larger drop in CO than observed between 1km and 3kmssbuts represented by numbers in the centre of each box in Fig. 6.
similar above, indicating that vertical transport awaynfro It is defined by calculating the percentage of the total domai
the surface in their simulation was too weak. tracer in that box at each timestep, and then averaging those
A similar exponential profile was measured for NOx with values over the 27 day period. The arrows indicate the direc-
a marked decline in mixing ratio with time (Fig. 4c). The tion of net transport between each box that would be neces-
steep slope of the NOXx profiles is at first surprising givemts sary to maintain steady state, given that all the tracergnte
short lifetime. However, the ozone profiles (Fig. 4d) show the domain at the land surface, but tracer is lost everywhere
a marked increase in ozone with altitude above 1km. Pho-at the uniform decay timescale of 24 hours. The continen-
tochemistry strongly influences both profiles, although thetal boundary layer and continental residual layers are com-
constant slope of the profiles is likely to be a signature ofbined (box-1 and box-3) to avoid depicting the large diur-
mixing processes. Also ozone is depleted rapidly in thesma-nal cycle mass transport between them. The boxes over the
rine boundary layer (below 1km during this time) as a resultsea are assumed to extend sufficiently far downwind from
of both deposition to the ocean surface and also a shift fronthe coast that any tracer entering these boxes decays before
photochemical production to destruction of ozone and theit can leave (i.e., no tracer outflow from the domain). By
ozone precursors become more dilute in an environment wittconstruction, the mass transports are defined such that the
high water vapour mixing ratios, as shown in Fig. 9 of (Gain steady-state mass of each box is decomposed into a sum of
et al., 2012). The ozone observations highlight the cohtrastransports in, minus the sum of transports out. Note thaesin
between pollution export from the coast within the marine all emissions are into the boundary layer over land, 10Gunit
boundary layer and airimmediately above. Marine boundaryare emitted into this box. Deposition to the surface is netin
layer air is in rapid contact with the ocean surface and humidcluded. Therefore, it should be interpreted as depictieg th
resulting in a much more rapid change in chemical compssivarious branching ratios into and out of different boxes.
tion (generally cleansing). In contrast, air immediatdigze To estimate the average transport pathways the following
can be transported right across ocean basins without lposinsteps are performed. Firstly, the vertical transport ofdra
its pollution signature. The flow is also typically fasteoab by convectionis calculated using the difference in thedstea
the boundary layer. This motivates our definition of coastalstate masses in the free tropospheric boxés &ndMs) for
outflow in terms of the air exported from a continent, but«ge- two tracers: the tracer transported by all processes in the
coupled from the surface over the ocean. model, minus the tracer that excluded the convective trans-
port. 2.3 units are transported into box-5 via convectiogrov
land, while 0.8 units are transported into box-6 via convec-
3 MetUM tracer budget partitioned into box-model tion over the sea.
structure 495 There remain 7 unknown transports (the black bands in
Fig. 6 plus the convective transport from the MBL) to obtain
The evolution of tracer mass within in the MetUM simulation from the mass budgets of 5 boxes. For example= F5+
is analysed by partitioning the domain into areas over landCy 5 — F5s whereC'5 is the convective mass transport from
and sea and then also in the vertical depending upon boundhe continental BL to box-5 as estimated from steg“d; is
ary layer depth (Figure 5). The complexity of the situation the non-convective transport from the CBL to box-5 did
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is the net horizontal transport from box-5 to box-6. Since4 Characterising the problem using a time-dependent
one of the five budget equations is not independent, due to box-model

the constraint that the box masses sum to 100%, three further

relations are required to solve the simultaneous equafitsns 4.1 Box-model evolution equations

the 7 transports:

A box-model is now developed to describe the evolution of
jracer amounts in the layers above the land and sea intro-
duced in the last section. The aim is to reduce the complex-
ity of the air pollution problem to a simple system described
3.33, must equal the ratio of the horizontal fluxes into by a few fundamental parameters that can be estimated from
those boxes across the coast. Therefore, it is assume ta. The behaviour of the reduced system is_explored ?‘.”d
that Fra/Fra =1 so related tq the mesoscale model and atmospheric composition

observations.

As with the mesoscale model simulation, pollution is mod-
eled within the box-model using a passive tracer with e-
folding lifetime «. Tracer is emitted at a constant rate in
the lowest box over land only (box-1) as a representation of
anthropogenic emissions. Tracer mixing ratio and air dgnsi
are assumed to be well mixed within each box at any instant.

The horizontal wind{J/, advecting tracer from land to sea
is assumed to be eastwards$ 0) and uniformin height and

1. Since the tracer decay rate is the same everywherg,
vertical transport over the ocean is weak, the ratio of
the masses of tracer in box-4 and box-2; My /M, =

2. Assume that the horizontal transport in the free tropo-
sphere from box-5 to box-6 is related to the horizon-
tal transport below by a known rati® = Fsg/(Fra2 +
Fr4). The simple assumption used relaiet the mass”®
of tracer available to advect horizontally from the con-
tinentR = Ms/Mj,.

3. The proportion of convective to resolved vertical trans- _; X . .
) 50, time. There is no vertical advection between boxes. How-
port over the sea from box-2 to box-4 is assumed to be

. - ever, transport between the boundary layer and residual lay
the same as from box-4 10 bOX634/ Fo1 = Cas/ Fis. occurs via entrainment and detrainment as the boundary laye

) top over land moves up and down with the diurnal cycle.
These three assumptions were used to solve for the mass e poxes over the sea are assumed to extend sufficiently

transport estimates in Fig, 6. The magnitude of tracer venti tar downwind from the coast that any tracer entering these
lated from the continental boundary layer via coastal owtflo |5yeg decays before it can leave (i.e., no outflow). The

is similar to the magnitude of tracer ventilated by vertical \igth of the land boxesl() is an important parameter of the
processes out of the continental BL (13.3 units by resolvedyqdel. This is because the horizontal inflow into the conti-
vertical advection and mixing, 2.3 by convective mass flixes pental hoxes from the west is assumed to carry no tracer and
for the eastern half of the United States (the domain arga ofereforer, determines the width of the domain experiencing
the MetUM simulation). The horizontal transport from land gmjssions and therefore the total tracer in to the modehdn t
over the Atlantic is dominated by the coastal outflow layer parameter studie, is varied between00m and10,000km

above the marine boundary layer. In reality, soluble pollu-, yepresent emissions along a narrow coastal strip to an en-
tants would also be rapidly deposited to the ocean surfacge continent.

from the marine boundary layer, while they would be some-
what isolated from deposition in the coastal outflow layer simulation (Figure 8)H; 51, in the box-model is held con-
above. stant and varies sinusoidally between a maximuff,, .,
Figure 7 shows the net tracer fluxes from the continentaly; 3pm LT and a minimum (50m) at 3am LT. The resid-
boundary layer and residual layer (boxes 1 and 3) verticallya| jayer extends from the top of the marine or continental
into the region aboveH(5) and horizontally into the maring  poundary layers i, 5. and H respectively) to the maxi-
boundary layer £7.;) and coastal outflow layet{.4). The  mum height of the continental boundary layéf,{..) as de-
estimates are obtained at each time from the box masses kytriped earlier. The residual layer represents the layairof
solving the simultaneous equations described above, assumetween the current boundary layer height and the maximum
ing a quasi-stationary state. The transport into the maringejght through which pollution could have been turbulently
boundary layer is the smallest term and least variable, Withnixed on previous days. Coastal outflow in the box-model,
the exception of the last few days when the MBL was consid-j ¢ horizontal advection across the coast betwHaRs .
erably deeper than usual. Flux into the coastal outflow Iayerandeaz is represented by tracer transport into box-4.
varies substantially about the mean of 15.3 units and builds The equations governing the rate of change of tracer mass
during the early days of August. The final drop reflects theM1 to Mj in each of the boxes are derived from integrating

increase in MBL height. Throughout July there is an apti- ihe general tracer conservation equation:
correlation between coastal outflow and vertical ventlati
of the continental BL reflecting availability of tracer ingh  9(pq)

- P4
residual layer for transport via either pathway. ot +V.(pqu) = ps — o (1)

Based upon diagnosis éf and H ;g from the MetUM
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wherey is tracer mixing ratiop is air densityf is time,u is The tracer mass crossing the coast into the coastal outflow
the 3-D wind vectors represents sources (per unit mass) andlayer and marine boundary layer depends upon the ratio of
« is a loss timescale. Integrating over an arbitrary volumethe height of the residual layer to the marine boundary layer
and using Gauss’ theorem gives: height,y = Hya./Hy pL, typically greater than 1. In addi-
d g. tion, since the mixing ratio in the continental boundaryelay
E///pqu—k//pq(u—ub).ndS:///p(s—a)dV(Z) (box-1) is generally greater than in the residual layer abov
it (box-3), another important parameter is the normalised B
whereu, is the velocity of the boundary of the volume height,h. The outgoing tracer from the box is assumed to

andn is the outward pointing normal to the boundary. Now pe zero (i.e., it decays before it can leave by advectiong. Th

assume without loss of generality that the volume is a cuoidtesulting equations for the boxes over ocean are:
with lengthY along the coast, with deptH and width L.

in the cr(_)ss-coastal direction. Further assume that teedlat ;. — () M2+ (V_lh BM,; H>Huygr

boundaries do not moves( = 0), but the top boundary can  —.~ = . 1 _ (8)

move. It can then be shown that: —(3) M+ M+ (v—vh pMs;  H<Hwupr

dM dH M

— = (paw)y, YH —{pqu),,, Y H+ {pqg}LYJrS—g(?ﬂ My | —(2) M+ (1—V—1h)ﬁMl+ﬁM3; H>Hypr,
where M is the total tracer mass in the box, the angle- dt —(L)My+ (]__Wlh)ﬁMs i H<HusL

brackets represent averages across the inflow and outflow lat
eral boundaries of the box and the square brackets denote at\/ 1
— =—|— | Mg+ M5 (10)

average across the top boundary. Note that only the cross- ¢ (a)
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 thesso €quations. The continental BL heiglff, is prescribed as a
box-integrated source rate. This expression is exact and desinusoidally varying function. This introduces switchewi
pends only on the definition of the volumes and tracer con-the equations due to the conditional statements, makimg the
servation. nonlinear. If the parameters, 5, H,q., v @and S are all

Now some simplifying assumptions are made. The hori-taken as constants, an analytic solution is possible, agrsho
zontal velocity is assumed to be uniform and the tracer mix-in the Appendix. However, since time varying wing# ill
ing ratio and density at an outflow boundary are assumed tde used as input, the results presented in all plots were ob-

equal the average throughout the b{yg). Therefore, tained using numerical integration a simple finite diffexen
U scheme with 600s timestep was used (but the results are not
(pqu),,,YH=U{pq)Y H= EM 4) sensitive to the scheme chosen). The modelis initialiséfal wi

e0 Zero tracer. The source rate of tracer was arbitrarily anose

usingM = (pq) LY H. Now consider box-1 describingthe as unity, as the tracer mass in each box simply scales with
continental BL wheré/, = (pq), LY H andH is BL height. aS (see Appendix).
The tracer inflow is assumed to be zero. If the BL top is There are 3 timescales in the problem: the length of day
descending it is assumed that air from the BL is continuously(controlling variation ink), o and 1/3. The first is used to
redefined as residual-layer air and has the mixing ratioandcale the time dimension, leaving only 3 non-dimensional
density of the average within the BL. Conversely, if the BL parameters plus the sinusoidally varying non-dimensional
top is ascending it is assumed that the BL entrains air wéh th boundary layer height, controlling the solutions (see Ap-
current mixing ratio and density of the residual lay@y);.  pendix for details). In the following exploration of outflow

Using (3) andM3 = (pq)5 LY (Hma. — H) and introducing  regimes, the parameters are varied as follows:
the normalised BL heighit = H/ H,,4, Where) < h < 1, the

net result for the evolution of mass in box-1 can be written: ~ — e-folding tracer lifetime, o

dM, { S— ()M —BMy + 15 (%) Ms; dH/dt>0 5) ais varied between 600s and 32 days, representing
at S—(L)M; M, ++ (%) M;; dH/dt<0 a wide range of potential airborne pollutant lifetimes.
where the advection ratgé= U/ L. Similarly for the other — advection rate,

two boxes over land we find: The3=U/L, whereU is the wind speedrs—*)

dMs [ —(2)Ms—BMs— 2 (42)Ms; dH/dt>0 5 and L is the landwidth £2). The advection rate is pro-
dt —(é)M3—ﬁM3— % (d_’tl)Ml . dH/dt<0 ( portional to the mass of tracer advected horizontally

from the land to sea boxes per secofds varied from
aMs (1 M — BMs 7 10*3da)q1 (e.9..U= O.lnﬂisl*1 andL = 10,000km) to
dt 100day~* (e.g.,U = 10ms~* and L = 100m).
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8 D. L. Peake: Coastal Outflow

— boundary layer ratio, v in the coastal outflow layer increases due to the change in
proportion of time thaf{ > H ;1 in the box-model. How-
ever, given the relatively small range of BL-rat®< v < 6)
boundary layer height. H =1 then there is no coast4l exhibite_d ?n the MetUM simulatioq, and the small i”."paCt
outflow layer. In the MetUM simulation, the parameters that variation in BL-ratio p_roduc_es_m cqastal out_flow, inca
be concluded that synoptic variations in BL-ratio are rela-

H,,q..mdid notvary greatly ang ~ 5. In the parameter | . ind ining the d d il
study,~ is varied from 1 to 7 based upon observations IV€!Y Unimportant in determining the day-to-day varidpi

from studies that observed typical MBL depths of up in coastal outflow amo_unt. . _
to 250 to 750m in the Gulf of Maine (Angevine et &F, The mass of tracer in the continental residual tracer, as a

2006; Wolfe et al., 2007). proportion of all tracer over the land (i.&13 /(M7 + M3)), is
shown in figure 9(c) fory = 5. The maximum percentage of
An important combination of parameterg describes the tracer in the continental residual layer is 50% in the dilrna
decay rate of tracers relative to the advection rate and has average due to the sinusoidal variationfinbetween 50m
major influence on the solutions. Whew = 1, tracer decays (h~0) and H = H,,,, (h = 1) within the box-model. For
and advection rates are equal, thus it takes one tracémidet short-lived tracersd(3 < 0.1) the proportion of mass within
for tracer to be advected a distance equal to one landwidththe continental residual layer is dependent only on thestrac
Whena3 > 10, the tracer isong-lived relative to the advec- decay rate, with less surviving in the residual layer fotdas
tion timescale. Whem3 < 0.1, the tracer is described as decay. For long-lived tracers/$¢ > 10) the proportion within

v = Hpmaz/Hyupr is the ratio between the maxi-
mum continental boundary layer height and the marine

short-lived. w0 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

residual layer and causes the subsequent reduction obtoast

Figure 9(a) shows the diurnally averaged tracer amount (agutflow, which can also be seen in Figures 9(a), and 9(b).
the proportion of total domain tracer) within the coastatQy  The diurnal variability of tracer in the coastal outflow box
flow box (box-4) as a function of tracer decay rate and ad-is defined as the range over 24 hours divided by its diurnal
vection rate using a constant BL-ratio=5. As the decay average. Figure 9(d) shows the diurnal variability for a BL-
rate (') decreases the proportion of tracer in the coastakatio of v = 5. For short-lived tracers\(3 < 0.1) the diurnal
outflow layer increases. The increased lifetime of the trace variability is independent of the advection rate and ehytire
enables it to undergo greater horizontal advection betore idependent on the lifetime of the tracer. As the lifetime &f th
decays to small values, and thus has greater potential to bgacer increases, the diurnal variability decreases. %ame
exported across the coast. Decreasing the decay rate 8y thrgle, a tracer with a 1-day lifetime has a diurnal variabitify
orders of magnitude increases the percentage of tracee in th3os about its mean value of coastal outflow tracer percentage,
coastal outflow box from 1% to 70% (for a fixed advection caused by the variation in H. For long-lived tracer$ & 1),
rate oflday ). 7 the advection rate also affects the diurnal variabilityrater

As the advection rate increases (fe# < 10) the propor-  in the coastal outflow layer. Increasing in the advectioa rat
tion of tracer undergoing coastal outflow also increases; co causes increases in the diurnal variability of coastal owtfl
sistent with the idea that a greater cross-coastal winddspeeas the availability of tracer decreases.
allows greater advection and thus greater tracer exparsacr
the coast. However, in the long-lived regime(> 10) in-
creasing advection rate results in a decrease in coastal ous Understanding observed tracer evolution using the
flow. This occurs because the advection rate is so large;that box model
tracer advected horizontally out of the continental reaidu
layer during the night-time, is not replenished in the resid For a short-lived pollutanto(3 < 1), it is reasonable to as-
ual layer until theH increases in depth the next day. This sume it must be emitted close to the coastline to enable it to
reduces the availability of tracer available to undergstala undergo coastal outflow before it decays to very small con-
outflow. The dependence on daylength is most obvious forcentrations. Likewise, for a long-lived pollutanig > 1), it
the tracers with slowest decay rate, where the maximuga ircan be emitted further inland and still undergo coastal out-
the outflow layer occurs for an advection ratelday *. For ~ flow. In addition, we might expect that the average diur-
tracers with faster decay, the maximum occursd@r= 10. nal variability of tracer in the coastal outflow layer is in-

The variation of the diurnally averaged proportion of trace fluenced by emissions within a short transport range of the
in the coastal outflow layer with changes daf and v is coast, while longer timescale variations could be affebted
shown in figure 9(b). For long-lived tracera/f > 1) thewo transport for further afield. We introduce the concept of a
proportion of tracer undergoing coastal outflow depends orrepresentative landwidth as the width of the coastal strip with
the BL-ratio, v, and this dependence is much weaker for emissions (assumed uniform) that best explains the obderve
short-lived tracers. Asg increases, the proportion of tracer variability of coastal outflow using the box model. Implic-
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itly it is assumed that the approximations leading to theseoxamount 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 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, with 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 coastal outshape 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 variedsancbf 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 polbuti
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 simula 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 occurs 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 sims 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= 4 the MetUM as discussed in Section 2.
which is close to the value obtained from the boundary layer
in the mesoscale model.
6 Conclusions

5.2 Representing day-to-day variability

s In this paper the magnitude and variability of coastal outflo
An alternative method for estimating the representatimdda  is quantified using the MetUM mesoscale model and inter-
width is to compare longer timescale variability in the #ac  preted using a simple box-model framework. The MetUM
mass in the coastal outflow box predicted by the simpleshowed that over a 4-week period in summer 2004, horizon-
box model with the time series calculated from the realis-tal ventilation of the continental boundary layer by cobsta
tic mesoscale model simulation. In particular, the diurmal outflow was similar in magnitude to vertical ventilation whe
cycle has been filtered out to focus on synoptic timescaleconsidering a domain covering the eastern USA.
variability. In order to carry out this comparison it is nec- The regional tracer mass budget was reduced to a box-
essary to force the box-model using the time varying crossimodel describing coastal outflow using only three parame-
coastal windspeed from the MetUM simulation. The cross-ters; the tracer lifetime, cross-coastal wind speed, atid ra
coastal wind speed was calculated along a smoothed kepred,,....,/ Hypr. The least important variable in controlling
sentation of the coastline with an average offshore normathe proportion of tracer in the coastal outflow layer from day
orientation of120° relative to grid North. The 850hPa pres- to day wasH ../ HyBL-
sure level occurs at a height within the coastal outflow layer A non-dimensional ratiod(3) is defined by dividing the
based upon the boundary layer heights calculated from thadvection rate by the decay rate. Short-lived & 0.1) and
MetUM. The 850hPa cross-coastal wind speed is on averlong-lived (3 > 10) tracers exhibit different coastal outflow
ageU =2.14ms~ 1. A running median filter with 24-hour dependencies. For short-lived tracers, increasing theadv
window is used to remove the diurnal cycle from the hourly tion rate increases the magnitude of coastal outflow. For
mesoscale model output. The standard deviation of the-crosdong-lived tracers increasing the advection rate decssthee

coastal time-filtered winds is = 1.49ms 1. magnitude of coastal outflow, due to reduced availability of
The filtered time series of cross-coastal wind was fedsintotracer in the residual layer.
the box model run using fixed parameters- 1day,y=>5 Itis argued that the parameter values from the simple box

and a value for landwidth,, used to find3=U/L. There- = model that obtain the best fit relative to the mesoscale model
sulting output was also passed through the 24-hour filtez. Th simulation are relevant to the transport regime across the
box model was re-run with different values bf This fixes  eastern USA. In particular, if the wind field for the period,
the width of the domain experiencing emissions. The ameuntracer lifetime and ratidd,,,.../ Hy 51, are taken as given,

of tracer in the coastal outflow box\{;) depends on the the only free parameter is thepresentative landwidth which
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relates the average cross coastal wind speed to an tracer aihplicitly influences the solution via the diurnal variatiof
vection rate3. One interpretation of the landwidth is that it h.

is the width of the coastal strip where emissions have an in- These coupled first order ODEs can be solved by judicious
fluence on coastal outflow (for a given tracer lifetime). Isa@ inspection of the nature of the coupling and the conditional
obtained as the lengthscale that best explains varialiility switches. The equation fers is decoupled from the rest of
the pollutant loading in the coastal outflow layer. When con-the system and sa;s can be easily solved first. The solution
sidering the composite diurnal cycle a relatively shordlan can then be plugged into the last equation to solverfer

width of 100-200km was found to be capable of explaining (£) = ms (0) (14Nt (A7)

the average range of the diurnal variation. However, for syn —mslbje
optic timescale variability (after applying a running méis — mg(t) = mg(0)e ™ +ms(0)e (1 —e ) (A8)

ter with 24hr window) a landwidth of 400km was found to ) L i )

describe best the observed variability. The results impagt ~ With the specified initial conditionsy; (t) = 0, Vi, we get
coastal outflow has a strong influence on regional pollutions(t) = ms(t) = 0, Vt; hence, boxes 5 and 6 play no role
across the region for a considerable distance inland fram th @nd we effectively have a 4-box model.

coast. Although not represented in the tracer simulations, 1h€ équations fom, andm; are coupled to each other,

the eastern USA also has a much greater population défisiggnd those for, andm, are mutually coupled as well as
o those form; andms. Hence, it is sensible to attempt to

along the coastal strip and anthropogenic emissions. Thi :
solve form; andms first, followed byms andmy. Three

could only act to increase the influence of coastal outflow on o ) ) L
the air quality of the region. unconditional equations can be obtained by adding the above
equations for the total mags = mi +mo+ms+my+ms+
s Mg, the sum of the mass in boxes 1 anth3,3 =m1 +ms

Appendix A and the sum of mass in boxes 2 andiéy = mq +ma :

ANALYTICAL SOLUTIONS FOR THE BOX MODEL m=1-m (A9)
. iz =1—(1+X)mi3 (A10)

The box model equations (5) to (10) can be solved analyti-

cally if the parameters, 3, Hnqz, v andsS are all taken as 71224 = =24+ A3 (Al11)

fr?grswfr?td:r:edr?sl?ognztl)f(;trrﬁ most convenient to recast thegg: ""rhe solution of equation A9 for the total mass is

. m(t)=m(0)e "+ (1—e") (A12)
' 1—(1+)\)m1+ Fm3 h>0 ) ) ) ) o
my = ) 14 i <0 (A1) This solution shows that, irrespective of the initial mag®)
B ( TA _) m < in the system, the steady state mass is givemifyo) = 1,
i.e. M(o0)= S, the amount of material emitted in a time

' - (1 +A+ ﬁ ms3 h>0 (A2) ws equal to the tracer lifetime, and is independent gf.
m3 = ; . i ; N
(14 A)my — (% my <0 Equation A10 integrates to give:
maz(t) =maz(0)e” 1TV L L (1 - e*<1“>t) (A13)
. —ma+ A (2= )my h>hm L+A
2= +)\( h) s he<h,, (A3)  which can be used with equation A11 to give
Moy (t) =maog(0)e =t + (m13(0) — 2 ) (et — e~ (1FM
. —m4+)\(1—hTm)m1+)\m3 hth _i_(L(l_e—tl;_)\)( )(A14)
my = he<h (A4) T+A
" oo Inthe asymptotic limit — co we find thatn3(c0) =1/(1+
ris = — (14 \)ms (A5) A) andm2_4(oo) =\/(1 +_/\), so that the proportion of mass
over sea is a factor ef3 times that over land at steady state.
e = —me+ A\ms (AB) The above solutions hold for all time The individual

form of the solutions forn; andm; will depend on the sign
In equations (A1) to (A6) time, length and mass have beerof h and, form, andm,, additionally on the sign of — h,,,.

non-dimensionalised so thdt=t/a,h = H/Hmam,mi = The solutions forn; andms are given by
M, /(aS) andriy denotes the derivative with respecttand B

. . m1(0)+m (O)M e—(1+X)
so on. There are then only two constant non-dimensional pa- 1 3 1—Ah(0) .
rameters\ = a8 andh,, = Hyrpr,/ Hoae = 1/7 plus the si- B +ox [1—e” a+2e) h>0 ALS
nusoidally varying boundary layer height, Note thatin this """ t)= my (0 ) h() e —(142)t (A15)
particular scaling of time, the length of day=t4/a where f st 2y <0

tq is the dimensional day length, is a third parameter tha
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ms(0) gy e TV,
[m3(0) +my (0)7}1(0,3(_0};(75)} e~ (1+A)t
_,’_IL 1 _67(1+>\)t

t (1+X)(s—t)
—h(t) 0 st’

h>0 10

m3(t) =

h<0
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Davis, S. R., Talbot, R., and Mao, H.: Transport and outflow

to the North Atlantic in the lower marine troposphere during

(A16) ICARTT 2004, Atmos. Chem. Phys. Discuss., 12, 2395-2434,

doi:10.5194/acpd-12-2395-2012, 2012.

Dickerson, R. R., Rhoads, K. P., Carsey, T. P., Oltmans,, Bui-

rows, J. P., and Crutzen, P. J.: Ozone in the remote marinebou

Note that here the zero point of time is taken as the last ary layer: A possible role for halogens, J. Geophys. Red, 10

time switching betweert > 0 and i < 0 occurred, so that

21385-21 395, 1999.

m1(0),m3(0) and h(0) each refers to the end value ob- Fang, Y., Fiore, A. M., Horowitz, L. W., Gnanadesikan, A., Il

tained from the previous solution. The residual integral

in equation A15 and Al6 can be computed numeri€#lly

for known h(t). Assuming a sinusoidally varying boundary
layer height, we may writé(t) = esin(wt) + (1 —¢€), where
€= (1= hmin)/2, w=2n/tq andty =ty/a, wheret, is the
length of day. 100

From equations A3 and A4 the solutions fas andmy
can be written formally as

h>h, (AL7)

1045

ma =m2(0)e " + Ay, f(f 7657;?;1(5) ds

ma=ma(0)e™" + (1= ) fy Ste) ds

with the corresponding solutions of; for h < h,,, andmy

for h > h,, obtained by subtraction from the solution of
may, €quation Al14. Substitution of the solutions for andsso
mg into equations A17 and A18 include terms with residual
integrals that cannot be evaluated explicitly but that can b

readily computed by numerical quadrature, e.g. using Simp-

son’s rule.
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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
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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
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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.
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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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