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Abstract The investigation of airflow over and within forests in coepterrain has
been, until recently, limited to a handful of modelling aatbdratory studies. Here,
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2 Eleanor R. Grant et al.

situated on a ridge on the Isle of Arran, Scotland. The spetigerage of the obser-
vations all the way across the ridge makes this a unique@afbso case studies of
across-ridge flow under near-neutral conditions are ptedeand compared with re-
cent idealized two-dimensional modelling studies. Changéhe canopy profiles of
both mean wind and turbulent quantities across the ridgbra@dly consistent with
these idealized studies. Flow separation over the lee sfopeen as a ubiquitous
feature of the flow. The three-dimensional nature of theaterand the heteroge-
neous forest canopy does however lead to significant vanisith the flow separation
across the ridge, particularly over the less steep westepe sFurthermore, strong
directional shear with height in regions of flow separatias b significant impact on
the Reynolds stress terms and other turbulent statistise. @bserved is a decrease
in the variability of the wind speed over the summit and lesps| which has not
been seen in previous studies. This dataset should prowdduable resource for

validating models of canopy flow over real, complex terrain.

Keywords Boundary layer, Complex terrain, Flow separation, Forarbpy, Hills

1 Introduction

In recent years there has been a growing interest in theaictten of airflow within
and above forest canopies, particularly over complexiteridis has been motivated
by a number of factors. For example, the uptake of carbonidiolxy forests is an
important and uncertain part of the carbon cycle. There bas b large worldwide in-
vestment in continuous measurements of the surface-atmospxchange of carbon

dioxide (Baldocchi et al., 2001) but interpretation of the@seasurements requires
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Field observations of canopy flows over complex terrain 3

a thorough understanding of canopy flows over complex terfginnigan, 2008;
Belcher et al., 2008; Ross, 2011). Wind damage in hilly tarim a serious threat
to managed forests (Quine and Gardiner, 2007; Gardiner, @13) and reduces the
yield of recoverable timber, increases the cost of hamgstiecreases the landscape
quality and harms established wildlife habitats (Gardieteal., 2010; Hanewinkel
et al., 2013). There is, to date, little theoretical framewfor describing and under-
standing the turbulence structure within canopies on cergrrain, and yet this is
crucial for predicting wind damage to forests. Hills and mtains exert an impor-
tant drag on the atmosphere and this requires the correatgdrization in global
weather and climate models (Webster et al., 2003) but treepoe of a forest canopy
can modify this drag (Ross and Vosper, 2005). Lastly, thgelarorldwide investment
in wind energy has wind turbines sited in forested areas @&thtopography. It is
therefore essential that the yield of these turbines is tifasiaely understood (Ayotte

etal., 2001).

Airflow through forest canopies has been extensively studigg the last six
decades, but the majority of these studies have been tedtiic idealized condi-
tions, i.e. homogeneous canopy, flat terrain, neutral gthii unstable conditions
(see e.g. Kaimal and Finnigan, 1994; Finnigan, 2000). Meat forests are not ho-
mogeneous and are rarely on completely flat sites and soithafendamental need
to increase our understanding of these heterogeneousycéiows. While there is
a considerable body of literature on flows over rough hillsitial and Finnigan,
1994; Belcher and Hunt, 1998), it is only relatively recgrtiat much attention has

been paid to canopy covered hills. This, to a large partp¥asl from the theoretical
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4 Eleanor R. Grant et al.

work of Finnigan and Belcher (2004). In addition increasatiggntion has been paid
to heterogeneous canopy cover over the last 10 years, bintthgmhas been largely
focused on sharp forest edge transitions (e.g. Irvine £1887; Morse et al., 2002;

Dupont and Brunet, 2008; Romniger and Nepf, 2011).

Over the last twenty years there have only been a handfulsgrehtional stud-
ies of flow over forested complex terrain, the majority of ethihave been lim-
ited to wind-tunnel experiments, including Ruck and Adamh891) and Neff and
Meroney (1998). Both studies investigated flow over modetldges covered with
plant canopies of differing heights. The wind-tunnel stwdyFinnigan and Brunet
(1995) conducted on a ridge covered with a tall canopy pexvithore comprehen-
sive measurements, showing that the inflection point atdh®f the canopy profile
is heavily influenced by the presence of the hill. On the wiadhslope the inflection
point was observed to disappear while on the crest of thehalstrength of the in-
flection point was substantially greater. More recentlyréeseof flume investigations
(Poggi and Katul, 2007a,b) explored the role of the hilltined pressure perturbation
and advection on the flow velocity. Field experiments thaehraeasured the airflow
at complex forested sites (e.g. Bradley, 1980; Zeri et 81,02 have tended to make
measurements at a single tower and hence do not quantifypiimlsvariations in

flow across the terrain.

In addition to these observations there are a number of¢fieat and modelling
studies, almost all of which make use of idealized terraith @atnomogeneous, uni-
form canopy. Finnigan and Belcher (2004) extended theiagigteory of Hunt et al.

(1988) for flow over rough hills and developed an analyticaldel for flow over
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Field observations of canopy flows over complex terrain 5

canopy covered hills. This model restricts itself to a shalhill with a dense canopy
(all the momentum is absorbed by drag on the foliage) but ét ¢laarly defined
the important parameters of the problem and offers a thieafdtamework with
which to understand the earlier wind-tunnel results. Bratal. (2001) and Allen
and Brown (2002) conducted large-eddy simulations (LE®) raixing length sim-
ulations of wind-tunnel observations using both a roughhesgth parametrization
and a canopy model. The canopy simulations modelled thervdigens with better
accuracy, showing reduced acceleration over the hill aridarase in the drag. Ross
and Vosper (2005) conducted a series of numerical simulsttmmparing the use
of an explicit canopy model with a roughness length paramston. Results from
both roughness length and canopy simulations are compatled bbservational data
of Finnigan and Brunet (1995), demonstrating the benefitssofg a canopy model
over a roughness length parametrization. In the last fewsytheee more notable LES
models have been developed. Dupont et al. (2008) analyzesdiddte results from a
nested LES using the wind-tunnel results of Finnigan anch8tr(1995); Ross (2008)
conducted LES of the flow over a series of small forested gpged Patton and Katul
(2009) used LES to explore the impact of vegetation densitthe flow interactions
above and within vegetation on a series of gentle ridge®i@tindelling studies have
looked at the impact of these canopy flows on tracer trangpogs, 2011) and have
begun to explore the potential impact of non-homogeneausyias over hills (Ross
and Baker, 2013). To date all of these theoretical and miodedtudies have focused
on simple idealized terrain and, with the exception of Ross$ Baker (2013), also

assume a uniform homogeneous canopy.
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6 Eleanor R. Grant et al.

Thanks to the combined efforts of these studies we are noavtabtentify and
explain the key features of canopy flows over complex teriaiteast for a uniform
homogeneous canopy. However, there remain few studiesrmeez complex and
realistic terrain with heterogeneous canopy cover. As kas Ipointed out (e.g. Poggi
and Katul, 2007a; Belcher et al., 2008), further progresshieen restricted due to
a lack of the field measurements necessary to validate madelapments. This
paper presents a unique observational dataset of airflogume@ments from within
and above a forest situated on a ridge and compares thesrésukcent idealized
theoretical studies. It is the first dataset of its kind anousth help to progress our
understanding of this subject. Section 2 gives an overviethe field experiment
and the data collected. Section 3 presents results from antgcplar case studies of
flow across the ridge under near-neutral conditions, canatmg on the mean flow
and the occurrence of flow separation. Section 4 provideslgef profiles of various
turbulence statistics from the towers, while Sect. 5 diseashe results from this real,
complex and heterogeneous field site in the context of pusvidealized models of
neutral flow over two-dimensional ridges covered with a amif canopy. Results are
also compared with previous observations within and aba¢egfbmogeneous forest
canopies in order to highlight the impact of the complexaierion flow turbulence

characteristics. Finally Sect. 6 draws some conclusions.

2 Overview of the field measurements

The field measurements were made on a forested ridge, Leabl&G(E540.2'N,

5°33.6'W), located on the north-east coast of the Isle of Arethkm off the south-
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Field observations of canopy flows over complex terrain 7

west coast of the Scottish mainland. The island has prelyideen used for field
measurements of boundary-layer flow and flow separationoverested hills (Vosper
et al., 2002). Typical hill heights at the northern end ofakrare between 400 m and
800 m with the island’s highest hill, Goat Fell (874 m), lyiegkm to the south-
west of the field site. Leac Gharbh itself varies in heighirfrapproximately 160 m
at the south-east to 260 m at the north-west and is 1.5 km miHeffrig. 1). The
north-eastern slope of Leac Gharbh is steeper than the-sasgtern slope (average
values ofH /L are 0.36 and 0.24 respectively wheteis the ridge height and is
the half width of the hill) but the terrain on both slopes isdnsistent and there are
areas that are both significantly shallower and signifigastiéeper than these val-
ues. However, on average, both slopes are well above theatyglues of 0.05 - 0.1
required for flow separation in a canopy (Ross and Vosper52P0ggi and Katul,
2007b). The summit of the ridge is approximately 250 m widee Tidge is forested
primarily with a dense (1600 trees per hectare) Sitka spflicea sitchensis Bong.
Carr.) plantation with an average tree heighhof 17.5m. There are also patches
of western hemlocKTsuga heterophylla) and silver birch Betula pendula) mixed in
with the Sitka spruce, particularly on the north-east sldjpethe southern end of the
ridge there are also hybrid larcharix x marschlinsii (Syn. L. x eurolepis)) of a simi-
lar height to the Sitka spruce. Further north along the ratggbeyond the forest the
land cover is rough moorland. A detailed analysis of thefbcanopy was conducted
by the Forestry Commission, with the survey splitting ttie Bito 23x 0.01 ha plots
(Fig. 1), and for each plot the number, species and diametaeast height (1.3 m

above ground) of each tree was recorded. The height of thentita the greatest di-
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8 Eleanor R. Grant et al.

ameter was also recorded. As the aerial photograph in Figowsthe density of the
canopy varies significantly over the field site and there everal large clearings, the

largest of which is B across.

Measurements were made continually from 13 March to 14 M&y 20hree ver-
tical profile towers (T1, T2, T3) were located across theeigmd were supplemented
with a network of 12 automatic weather stations (AWS) givimeasurements near the
surface (2 m above the ground). The AWS are labelled ARA tlfinda ARQ and the
location of each site is shown in Fig. 1. Four three-dimemsiconic anemometers
sampling at 10Hz were mounted on each tower along with sixrtistor temper-
ature sensors and six cup anemometers at various heigltede®? m and 23 m.
The sonic anemometers were logged using a Moxa UC-7420 loveipoomputer
at each tower running custom logging software. One-mineeage values from the
cup anemometers and thermistors were logged with a CampR&l000 data logger
at each tower. Each AWS measured wind speed and wind dineati@ m (with a
wind cup and vane), temperature (with a thermistor and wilesiron SHT1x digi-
tal sensor) and pressure. The AWS logged data every 3 s usingt@m made lower
power data logger. Table 1 in Appendix 1 provides a detailehdew of the instru-
ments used. All instrumentation was deployed within an aféess than 2k The
vertical profile towers were constructed in a transect dveridge (henceforth, the
canopy transect), with Fig. 1 showing the location of eagbetcand AWS. The ma-
jority of the AWS were erected in the same transect as thelgtofivers to provide as
much information as possible over this specific area. A sgcemaller transect was

constructed well outside the forest ridge canopy usinget®&/S (henceforth the
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Fig. 1 Top: 1:25000 Ordnance Survey map of the field site with imsamtation sites marked. Red circles
indicate the vertical profile towers (T1, T2, T3) and bluangles indicate automatic weather stations
(AWS). Inset is a map of Scotland highlighting the locatidrth® Isle of Arran. The 1:25000 map ©
Crown Copyright / database right 2010. An Ordnance SurveRIN& supplied service. Outline map of
Scotland is reproduced from Ordnance Survey map data byiggan of Ordnance Surveyg) Crown
copyright 2013. Bottom: aerial photograph of the field sémapy showing the 23 canopy survey plots
(white squares), the tower sites (red circles) and the AWSidy triangles). The white squares of the

survey plots are to scale.
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Fig. 2 Photographs from the field site showing (a) Leac Gharbhntéiieam the sea looking north-west.
(b) Taken from AWS ARP, looking south-east, down onto T1.§ élevated slightly from its surroundings
and is in a clearing that is approximately three canopy heiglde and five canopy heights long. (c) T1
looking north-west, showing the dense canopy to the northemst of the tower and the large clearing
to the west. (d) The site at T2 looking north-east, showirg ldrch canopy. To the west the canopy
is Sitka spruce. These two canopies are divided by a smdiwagt to the north-west which leads to
AWS ARG. (e) T3 looking north-west, showing the dense spplaatation upslope. (f) T3 looking east.
This picture illustrates the steepness of the terrain dimpesfrom T3. It also shows how some of the
canopy (of mainly birch) directly downslope of the tower da®t reach the same level as the bottom
sonic anemometer, which is just visible to the right of thedgpabove the second cup anemometer. (g)
Schematic cross-section profile (west to east) of Leac Ghaith tower locations shown and canopy

marked in green.
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Field observations of canopy flows over complex terrain 11

northern transect), and at each site a differential GPSgwnas conducted to calcu-
late altitude accurately. Tables 2 and 3 in Appendix 1 surimadne main features of

each instrument site.

For the results presented here the 3-s data from the AWS weraged. The
mean wind speed is the 15-min average of the instantaneos speeds and the
mean wind direction was determined as the direction of tlegaged instantaneous
wind vectors over the same period. The wind speeds preséetedrom the sonic
anemometers are 15-min averages of the instantaneous peeds (for direct com-
parison with the cup anemometers). Wind directions arenatifes direction of the
mean wind vector. For calculating momentum fluxes each Ibpmiiod of data was
rotated into streamwise coordinates using a double rotésiee e.g. Lee et al., 2004).
The presented fluxes are therefore in streamwise coordinaitt u being in the di-
rection of the 15-min averaged mean wind. The flux data wesditgucontrolled
using the stationarity test of Foken and Wichura (1996) witich 15-min period
subdivided into five, and a 30% threshold for the differertodse classified as non-
stationary. At the more exposed sites this resulted in less 1% of the data being
rejected, but at some of the more sheltered in-canopy gités 10% of the data was
rejected. Following data quality control, continuous @tiem for 44 days between 1
April and 14 May 2007 provided 4224 15-min mean measurenfems the major-
ity of the AWS and vertical profile towers. Quality contralldata between 13 March
and 31 March 2007 are also available but these data are inetanphe following

analysis only uses data from 1 April until 14 May 2007, afted burst on the trees.
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12 Eleanor R. Grant et al.

This minimizes the impact of changing leaf cover on the cgriypg, and hence the
flow patterns in the patches of deciduous trees (mainly wnchlarch).

The field campaign was dominated by anticyclonic conditiwitk anticyclones
located over Arran for 24 of the 44 days. These anticycloaiiquls were associated
with low wind speeds from the north to east and a well-definednal cycle was
established in the potential temperature time series.elpesods were interspersed
with two large cyclonic systems and a series of fronts. Th&onjic systems coin-
cided with high wind speed south-westerlies and a breakduwhe diurnal cycle
established during the anticyclonic periods.

In order to compare the field observations with theory dgwedidrom 2-D, neu-
tral flow over forested ridges we concentrate on periods vthersynoptic flow is
across the ridge. Cross-ridge flows were defined when the afighe synoptic flow,
a,is 50 < a < 90° (henceforth, north-easterlies) and 240a < 260° (henceforth,
south-westerlies). The south-westerly cases based on aviadtion at AWS ARP
amounted to 50 h of data. North-easterlies were determirrezhvboth AWS ARP
and the top sonic anemometer on T3 recorded wind directietvedena = 50° and
o = 90°. This amounted to 15 h of data. Data from both AWS ARP and tGv@eare
used to identify north-easterlies and so rule out any cafsssuth-westerly flow sep-
aration. The 40window for north-easterlies is used to allow a large enowghse.

To restrict the comparison to near-neutral conditions #ite dre also filter based
on h/L calculated at the top of tower T1 (the most exposed site) revhes the
Obukhov length given by

_Th3/2
Lo Euw)TTe @)
KW' T’
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Field observations of canopy flows over complex terrain 13

whereu'w’ is the momentum fluxw/ T’ is the kinematic heat fluxg is the absolute
potential air temperature (K§j = 9.81ms 2 is the acceleration due to gravity, and
K = 0.4 is the von Karman constant. Following Dupont and Pattod220wve restrict
the data to cases where0.01 < h/L < 0.02 (near neutral) and.02 < z/L < 0.6
(transition to stable). In their comparison of data over adtahard site during the
CHATS experiment Dupont and Patton (2012) observed sirfelaiures of the flow
structure in these two regimes. Limiting to near-neutraksaonly would result in a
rather small sample size. These regimes occurred mosilygwindy and / or cloudy
periods with low radiative forcing, or around the eveningorning transitions when
the sensible heat flux is small. The south-westerly caseariticplar are associated
with stronger winds and a weak diurnal cycle of temperafline.north-easterly cases
associated with high pressure are generally weaker windia atronger diurnal cycle

so the selected cases occur around the evening and moraingitions.

3 Flow structure and flow separation

Figure 3a-f shows 15-min averaged tower data for all timesmihe synoptic flow
was south-westerly with Fig. 3a-c showing velocity profifes each tower. The
coloured circles show data from the sonic anemometersyoadiaccording to wind
direction) and the black crosses are data from the cup aneteosn The interquartile
ranges (25th — 75th percentile) of the 15-min mean wind-Gpuizsga for all south-
westerly periods are shown as horizontal bars. Figure 8dvis vertical momentum-
flux profiles for each tower, where again the sonic anemondetiarare coloured ac-

cording to wind direction and interquartile ranges are stawgure 4 shows wind
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Fig. 3 (a-c): Wind-speed profiles for each tower during south-emstflow. Cup anemometer data are
indicated by black crosses with sonic anemometer datadtetichy coloured circles, coloured according
to mean wind direction. The error bars show the interqeartihge of the 15-min mean wind-speed data.
Canopy height is indicated by a dashed line. (d-f): Vertitaimentum-flux profiles/w’ (circles) and
VW (squares) for each tower during south-westerly flow, dalaured according to mean wind direction.

Interquartile ranges of the 15-min mean momentum fluxestares.
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Fig. 4 15-min averaged wind data from the AWS and sonic anemomfeteed! times when the synoptic
flow was south-westerly showing (top): frequency distitnuitwind roses for wind direction, coloured
according to wind speed in m& for each AWS. Dashed radius indicates a frequency of 5%. \\isds
plotted on a contour map of field site, terrain contours ptbtt 10-m intervals, shaded green marks the
forest, black dots mark tower locations. (Bottom): Freaguediistribution plots for wind direction, coloured

according to wind speed in m&for each tower.
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16 Eleanor R. Grant et al.

roses of 15-min averaged wind data for the same period foht8 (top panel) and
towers (bottom panel). The AWS cup anemometers are subja@78 ms ! stalling
threshold, and so data 1ms (coloured red) should be treated with caution. The
sonic anemometers do not have a stalling threshold so lod-gfpreed data from the
towers can be treated normally. Similar plots for cases whersynoptic flow was

north-easterly are shown in Figs. 5 and 6.

For south-westerly flow (Figs. 3a-c and 4) the observatibns/sstrong evidence
of flow separation, with the flow at tower T3 on the lee slopenggiredominantly
north-easterly or easterly. Tower T2 on the top of the ridygears to be close to the
separation point with reversed, easterly flow deep withindainopy, but with south-
westerly flow near canopy top. The AWS wind data in Fig. 4 supihds conclusion,
with flow from the north-east to south-east over the lee s(@éS ARG, ARF and
ARH), and also at the AWS near the summit (ARN). This suggadtrge region
of flow separation covering most of the lee slope where theggnificant forest
cover. Note that within the canopy over the lee slope winédpeare very low, almost
exclusively in< 1ms™1. Flow separation along the ridge crest is less appareritieuts
the forested region, with AWS ARQ still showing broadly wesyt flow, although
the flow appears to be more north-westerly than south-wegterhaps indicating
the commencement of some flow separation. The AWS ARN sit&hwik on clear
ground, but with trees to both the south-west and north-esastws a reversal of
winds. The east slope of the ridge is sufficiently steep thoat eparation might
occur even in the absence of the canopy, however it seemglynthat this would

happen at AWS ARN. Interestingly there is considerablealality in wind direction
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Field observations of canopy flows over complex terrain 17

over the upwind slope as well, with AWS ARA, ARB and ARC extliitg either

north-westerly or south-easterly flow.

In south-westerly flow the stronger winds at tower T1 leadtioanced shear and
a larger along-stream momentum fluxyw/ compared to the other two towers. The
relatively exposed site implies that the wind shear is exight down to the surface,
and that the flow cannot be considered as a pure canopy flowudifiem wind
direction means the cross-stream momentum e, is much smaller. The large
negative values offw’ at the top of tower T2 (Fig. 3 e) indicate a downward flux
of momentum as faster moving air above the canopy is drawmdloiw the canopy.
However, further down in the canopyw is positive indicating that momentum in
the along-flow direction in local streamline coordinatesamnsported upwards. This
is somewhat counter-intuitive at first glance, but can bdagrpd by the directional
shear with height caused by the region of flow separatiors Tésults indu/dz in
streamwise coordinates being small or negative througimaieh of the canopy, al-

though the wind speed increases with height. Alongside tisétipe U'w, larger val-

ues ofv'w/, similar in magnitude to'w/, are observed, which is again consistent with
directional shear being important. At tower T3 the regiosgbarated flow appears
to extend above the tower and inside the separation regiodsare very light with
little variation in wind speed or direction with height, cistent with the small and

almost constant momentum flux. Since the change in wind sigeesty small, the

directional shear that is present gives rise to the smaltipes/'w values at T3.

For north-easterly flow (Figs. 5(a)-(c) and 6) wind speedslawver than for the

south-westerly cases. Consequently the flow patterns beeidge are less defined,
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Fig. 5 As Fig. 3, but for north-easterly cases.

with much of the AWS data showing windspeeds below the 1trtBreshold. The

280

upwind profile at T3 shows much stronger winds than in soutisterly flow, even

281

though synoptic winds are lighter. The profile above the psradso appears closer

282
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Fig. 6 As Fig. 4, but for north-easterly cases.

23 10 logarithmic in character than the south-westerly flonecakere tower T3 was in

s the separation region; this is consistent with the nearfystamt profile ofu'w’ and

»s negligiblevw. For this north-easterly case there is less evidence of fiparstion
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from the tower data over the summit and in the lee. The flow\&etdr2 remains
north-easterly, and at tower T1 the flow is also north-ebsttcept at the lowest
measurement height. At this height$8m) the flow is very variable in direction,
but having a more westerly component. The AWS data in Fig. Baleever provide
further evidence of flow separation, with flow at sites on thiedward slope being
predominantly north-easterly, while over the lee slopewires are again very light
and variable with flow broadly south-westerly. The weaket simallower flow sepa-
ration seen in this case is likely to be explained by the lesspslee slope and also
the fact that tower T1 is closer to the summit of the ridge tlsatower T3. As in
the south-westerly case there is no strong evidence of flparaton on the transect
outside the forest canopy. The AWS ARJ site, at the upwind dbshe ridge, does
show a reversal in the flow, with consistently westerly ortkewesterly winds. This
is a recurring feature of the easterly flow over this ridge iaradtributed to the block-
ing of the low-level flow by the steeply rising land and theefsiredge. At tower T1,
despite the tower being mostly outside the separation ne¢fi@ wind speeds decay
relatively slowly with height in the canopy, and as a redudt tnomentum flux values
also only decay slowly with height (Fig. 5 a). At the lowestran tower T3 there
is evidence of a sub-canopy jet near the ground due to ther loareopy density in
the trunk space compared to higher up in the canopy. Thiarke# present at tower
T3 in the south-westerly case as well, but is less distinettdithe generally weaker
flow in the separation region. For north-easterly flow theralso some evidence of
a sub-canopy jet at tower T2, which is not present in the saasterly cases. This

is due to differences in the canopy cover, with the canopyhéowest of tower T2
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being much denser Sitka spruce, with the trees to the easistioig of a mix of Sitka
spruce and hybrid larch with a much more pronounced trungespa

One further noticeable feature of the wind profiles in Figa-8 is the much
larger variability in 15-min mean wind speeds on the upwilups, evident from
the wider interquartile spread. One would expect a largegezof wind speeds at
tower T1 because the mean wind speed is higher. One normatieasure of the
variability is the interquartile range divided by the meaimavspeed (i.e. the width
of the error bars divided by the mean values in the figure).oietr T1 this gives
values of 0.78-0.82, but in comparison, at towers T2 and T3egaare smaller, in
the range of 0.44—-0.51 and 0.39-0.57 respectively. Winddgpare often assumed to
follow a Weibull distribution (e.g. Justus et al., 1976, andny subsequent studies),
with a shape parametkrclose to 2. Assuming this distribution, then the normalized
interquartile range can be calculated as approximateB. 0fis suggests that winds
on the upwind slope are slightly more variable than mightygeeted, while those
over the summit and in the lee demonstrate significantlyvassbility. The north-
easterly cases show a similar pattern of variability in wépeéeds as occurs in the
south-westerly cases, with much higher variability at tipgvind tower T3 (0.67—
1.08) compared to tower T2 at the summit (0.36—0.58) and Tthe@fee slope (0.35—

0.43). This therefore seems to be a robust feature of thesgpgdlows.

4 Profiles of turbulence statistics

Here, we present profiles of various turbulence statistiddsutated from the sonic

anemometer data at the three tower sites over the hill. Eigarc shows profiles of
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Fig. 7 Profiles of (a-c) turbulent kinetic enerdynormalized by the friction velocity, squared, (d-f)
horizontal variance normalized by the friction velocitg;if vertical velocity variance normalized by the
friction velocity, (j-I) horizontal velocity skewnessk, and (m-o) vertical velocity skewne&k,,. Profiles
are plotted for both south-westerly ) and north-easterly+) cases at each tower. For each plot the error

bars show the interquartile range of the 15-min averageal dat
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turbulent kinetic energy, normalized by the friction velocity squared?(= [Uw|)
calculated at the top of tower T1. This is used as a refereince & is relatively
exposed and gives an indication of the overall flow at a giuae.tSimilarly Fig. 7
presents profiles of both (d-f) horizontal velocity variario,) and (g-i) vertical ve-
locity variance 6,) normalized byu, at the top of tower T1. Using a single value
of u, allows the relative magnitude &f o, andoy, at the different towers to be as-
sessed. Itis immediately obvious that tower T1 exhibitdiilgaest levels of turbulent
kinetic energy and velocity variances, particularly inttewesterly flows. Given the
relatively exposed location of tower T1 this is perhaps ngpgsing, since in a north-
easterly flow, where tower T1 is slightly more shelteredhtlgnce levels are lower.
At tower T3 turbulence levels are generally lower than ateioivl, possibly due to
the less exposed site, although again there is evidencgloéhiurbulent kinetic en-
ergy and velocity variance levels when the flow is from thetim@ast compared to
the south-west. It is interesting to note that increasedbdity in the normalized
15-min mean wind at the upwind tower (Figs. 3 and 5) corredpada increased nor-
malized turbulence levels (the mean of the 15-min TKE valuastower T2 near
the summit there is less difference in the magnitude of tHadence levels between
the two wind directions, especially at the top of the towehats obvious is a more
rapid increase ik, o, andoy, in the upper canopy compared to that at towers T1 and
T3, probably related to the increased wind shear due to @singooth wind speed
and direction with height. Profiles of the vertical veloaigriance oy /u., show typi-
cally smaller values than the corresponding horizontalaig} variances with values

at and above canopy top arouog/u, = 1.5— 2.5 andoy/u. =1—1.5.
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Profiles of horizontal and vertical skewness are given in F{go) where the
skewness is given bgky = X3/ (x’?)¥/2 andy is either the horizontal velocity com-
ponentu or the vertical velocity component. In contrast to the turbulent kinetic
energy and intensity profiles, towers T1 and T3 show simitafiles of skewness in
both upwind and downwind cases. For both towers the skewaestively small
at and above canopy top, but increases deeper into the canmipysk, ~ 0.5 and
S =~ —0.5 near the ground. In contrast, bigger variations in skewags seen be-
tween cases at tower T2. For south-westerly f8y remains small throughout the
profile, with the largest values being near canopy top. |a taiseSk,, is small at
canopy top, but with large values of aboul within the canopy. It is possible that
this very different pattern of skewness is related to thergfrdirectional shear seen
at tower T2 for south-westerly cases where the tower is émtatose to the sepa-
ration point of the flow. In contrast, for north-easterly floe profiles ofSk, are
more typical, with small values at canopy top and larger eslwithin the canopy.
Sk however shows a peak at about 10m (below canopy top), witkegadeeper in
the canopy dropping close to zero again. Large changes ithdaction with height
are not present at tower T2 in the north-easterly cases, J@w8sV is comparable
to UW at this height suggesting that the flow is not representativi,ow over an

idealized homogeneous canopy.
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5 Discussion

5.1 Comparison with idealized models of flow over a foresti#id h

From previous theoretical studies (e.g. Finnigan and Be|cb004), numerical sim-
ulations (e.g. Ross and Vosper, 2005) and laboratory exeits (such as Finnigan
and Brunet, 1995; Poggi and Katul, 2007b) we have an idehtipaceptual picture
of flow over a two-dimensional forested ridge. The key feasuof this conceptual
picture are seen in the field observations presented heesriddpe has slopes 0.1,
and so based on Ross and Vosper (2005) we might expect flowasiepa This is
indeed observed, both at the towers and at the AWS. As woudxpected flow sep-
aration appears to be stronger for south-westerly casese\ine lee slope is steeper.
Unlike the simple two-dimensional model, flow is not simpéversed over the lee
slope, and there may be significant along-slope componetitg tflow in these flow
separation regions (e.g. at AWS ARA, ARB and ARC in Fig. 6)tiBthe three-
dimensional nature of the terrain and the heterogeneousanat the canopy appear

to be important in determining the exact nature of the sepdrfiow.

In previous idealized studies differences in the inducea flathin and above the
canopy lead to changes in the shear layer at canopy top gbeokdl. Over the up-
wind slope the shear is reduced since there is relativélly cceleration of the flow
above the canopy, but there is induced upslope flow withic#m®py. Near the sum-
mit the above-canopy flow accelerates to its maximum speéie the in-canopy
flow decelerates, leading to an increase in the shear lagea aharp inflection point

in the velocity profile. Over the lee slope the developmerd ogégion of flow sep-
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aration leads to low wind speeds and reversed flow directidhé canopy. Again
we also see these features qualitatively in the field obSenspresented here (e.g.
Figs. 3 and 5). For the south-westerly case this is enhanct#tklfact that tower T1
is at a relatively exposed site and so the flow is not a puremafiov. Near the sum-
mit at tower T2 we do see a large increase in the momentum fldxsame evidence
of the inflection point in the velocity profile, however to Hgaconfirm this would
require observations further above the canopy. As mightdpeaed, the reduced
shear over the upwind slope leads to a reduction in the getearbulent mixing at
canopy top in this region, although the fact that there is amflow component into
the canopy implies that turbulence levels in the upper camap actually increase
due to vertical advection of more turbulent air from abovieefe is some evidence
of this at towers T1 (for south-westerly flow) and T3 (for fedasterly flow) in both

the momentum-flux profiles (Figs. 3 and 5) and the turbulemttic energy profiles

(Fig. 7).

For south-westerly flow the tower on the lee slope (T3) shovidemce of the
flow separation region extending well above the canopy tope3his slope is signif-
icantly steeper than the critical slope for flow separatmaxtend above the canopy
found by Ross and Vosper (2005) this is not too surprising.ititeresting that we do
not see the same features at tower T1 for north-easterlyélsm though the western
slope is still relatively steep, although less steep thanetdistern slope. The differ-
ences in the site may well play a role here. Tower T1 is moressg with a relatively
large clearing to the west. The profilesw@® in Fig. 5 suggest there is significant

mixing of momentum down into the canopy, and this is supbiotethe wind speed
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profile which shows little sign of a strong inflection pointanecanopy top. Miller
et al. (1991) and Belcher et al. (2003) have shown that, oaegfound, the mean
wind speed rapidly increases as the flow leaves the canopgfionse to the removal
of the drag force associated with the canopy, and that tlseaediownward motion
into the clearing to conserve mass. With its location at adise of approximately
h from the forest edge, tower T1 is very likely to be affectedtbgse features in
north-easterly flow. As shown by Ross and Baker (2013) irr idealized modelling
study, the flow over complex terrain with heterogeneous pgmover is driven by a
combination of canopy edge induced and terrain-induceskpre perturbations. Rel-
atively localized canopy-edge effects will dominate neathte canopy edge, while
elsewhere terrain effects will dominate. In their simwdas Ross and Baker (2013)
observed that flow separation was primarily constraineditbinvthe canopy over
moderate slopes, only extending a short distance beyoretie of the canopy over
the lee slope. This is consistent with the shallow separailiserved here at tower

T1.

The impact of forest edges and clearings can also be useglairthe south-
easterly winds recorded at AWS ARA during south-westeflgg. 4). The theoreti-
cal model of Belcher et al. (2003) predicts an adverse preggadient upwind of a
clearing to canopy transition, which acts to deceleratdltve as it approaches the
forest edge. In three dimensions this deceleration mayttedéflection of the flow
along the canopy edge (as seen at AWS ARA, ARB and ARC), or ®vilow rever-
sal (e.g. AWS ARJ). Similar flow separation at the upwind eofgbe canopy is seen

in the large-eddy simulations of Cassiani et al. (2008) dia¢ground and also at the
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upwind canopy edge on the upwind slope in the idealized timeedsional numerical

simulations of Ross and Baker (2013).

5.2 Comparison of turbulence statistics with idealized aied

The profiles of turbulent statistics presented in sectionedbaoadly consistent with
previous observations over flat, homogeneous canopiesyanarized for example
by Raupach et al. (1996) who present data from a number adrdift experiments
over very different (but homogeneous) canopies. Few of diealised studies over
hills (either experimental or numerical) include turbuletatistics, however there
are wind-tunnel observations presented in Finnigan and@&r{1995). Dupont et al.
(2008) largely reproduced these observations in theieladdy simulation, includ-
ing additional observations unpublished in the origingdgraof Finnigan and Brunet
(1995). Again these profiles over an idealised ridge areelgrgonsistent with the
real field observations presented here. Below we highliggnkey differences.

As in Finnigan and Brunet (1995) and Dupont et al. (2008)héigvalues of
ou/u, andow/u, are observed in the lower canopy at the upwind tower (T1 for
south-westerly flow and T3 for north-easterly flow). Thisilely to be due to the
mean flow into the canopy leading to advection of turbulenomfthe upper canopy,
and is in line with the observed increase in turbulent kinetiergy at these loca-
tions. Low values oby,/u. andoy/u, are observed above the canopy on tower T3
in south-westerly winds, probably because T3 is entirethiwithe separation region
and subject to weak winds and low shear even above the cafbgynly point on

tower T2 which seems to deviate from previous results ovémgflaund and from
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the wind-tunnel data is the lowest instrument height in seug¢sterly winds, which
shows larger values afy,/u, than expected (about 0.8), which are also significantly
larger than at the height above. At this lowest height shgblevated values df/u?

are also observed, along with positive momentum fluxesetairgmagnitude than

at the height above. There is relatively little evidencerahk space flow in these
conditions (thick Sitka spruce to the west of the tower), andhe increased tur-
bulence is probably related to the strong directional slaak is a feature of the

three-dimensional flow in this non-idealized situation.

In Finnigan and Brunet (1995) and Dupont et al. (2008) thevskss changes
relatively little over most of the hill, with small values bbth Sk, and Sk, aloft and
K, increasing to 1 to 1.5 in the canopy a8kl, decreasing to-1 to —1.5. These
are slightly higher in magnitude than many of the profilesprged in Raupach et al.
(1996) for canopies on flat ground and the values do not deemséh height lower
down in the canopy. This is probably a reflection of the magktlanopy in the wind
tunnel rather than the fact that the flow is over a ridge. \&lae quite variable in
the wind-tunnel data over the summit and just downwind, hate¢ does appear to
be peaks in botlsk, and Sk, near canopy top over the summit. In the recirculation
region in the wind tunnek, takes its largest positive values a8ig, takes its largest
negative values. The variations in skewness across thsdii in the field observa-
tions presented here are broadly consistent with thosenimigan and Brunet (1995),
although the values of the skewnesses are less than thasénstee wind-tunnel
experiments. The key location where the skewness differa the results over flat

ground presented in Raupach et al. (1996) is at tower T2 ithseasterly winds
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where Sk, is small throughout most of the canopy, only increasing towaanopy

top. In contrastk,, has large negative values in the canopy (up-5). So in this

region close to flow separation and with strong directiorasliee horizontal winds
show relatively little skewness, while vertical motion isndinated by strong down-
ward gusts from the upper canopy. The only other notablemiffce from skewness
profiles over flat ground are near canopy top at tower T3. Fathreasterly cases
Sk becomes slightly positive above the canopy, while it remaiegative for south-
westerly cases. In the south-westerly flow the tower is efytivithin the separation
region and so strong downward events dominate. In confasthe north-easterly
cases the mean flow and other turbulent statistics profilgs $imilar to over flat

ground, and so this slight increase in strong upward motemts is somewhat sur-

prising.

6 Conclusions

A unique set of airflow measurements from within and aboverastocanopy in
complex terrain has been presented. This dataset providels needed information
to help support and improve our current understanding ardbftiog of canopy flows
over complex heterogeneous terrain.

Data from across-ridge flows have been presented and hawesheen, at least
qualitatively, to be in agreement with predictions fromatieed two-dimensional
theory, numerical models and wind-tunnel experiments aitigular the occurrence
of flow separation appears to be a common event in both soesterly and north-

easterly flows, although the details of the separation anedependent on local het-
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erogeneities in the canopy cover and the terrain. Cleaim{se canopy have been
seen to modify the wind profile and reduce or prevent the ftionaf flow separa-
tion, even at a short distance of ordeinto the clearing. Cases such as these have
highlighted the necessity to explicitly model the canopy &m capture the canopy
heterogeneity if models are to accurately predict flow pasi€including flow sepa-
ration) over small-scale hills, or if comparison is to be madth observations made
in clearings. The occurrence of flow separation can also biyéficant effects on
scalar transport, as highlighted by Ross (2011) and so stelislare also likely to be
important in the planning and interpretation of flux meamwats at sites in complex

terrain.

The observed flow is strongly three dimensional with strangational shear with
height in regions of flow separation. This has a significargdot on the Reynolds
stress terms/w andv'w’ with U'w’ being positive and/w’ being similar in mag-
nitude tou'w’ at a number of locations, particularly for south-westertyvis with
larger-scale flow separation. This is something not seehd@mtany idealized two-
dimensional theoretical and modelling studies and makiesgretation of the flow
and direct comparison with simple theories complicatee gthong directional shear
may be important for wind damage to trees and for wind enepgpi@ations since
it may place additional torsional forces on the trees or wiimtdines. Higher order
turbulence statistics show similarities with profiles offat ground at some sites and
for some wind directions, but there are also significaned#hces, again particularly

around regions with strong directional shear.
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In future this dataset will also offer useful opportunitiegest the validity of the
turbulence closure schemes used in numerical models opgdlwev in complex and
heterogeneous terrain. It will also be important to vakdhe models themselves for
predicting flow in such conditions. Such validation beyointide idealized problems
is essential if these models are to be used to understandeoognopy flows and to

make predictions of the impact of such flows.
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Instrument make and

model

Use

Accuracies

3-D sonic anemometer

Metek USA-1

Four on towers T1
and T3, two at lower

heights on tower T2

Atims 1 +0.1ms land+5°.
At4dms 1 +0.15mstand+3°.
At10ms 1 £0.3mstand+2°.

For 20— 50ms1: +£2% and+2°.*

3-D sonic anemometer

Two at upper heights

Wind speed<1% rms, wind directionx

Gill R3A onT2 +1% rms™*

Cup anemometer: NRG Towers and AWS 0.1ms! within a range of 5ms! to
Type 40 25ms?t

Wind vane: NRG Type| AWS 1%

200P

Temperature sensor: Bg- Towers and AWS 1% at 25C
tatherm Series 1 thermisr

tor

Pressure sensor: IntersemaAWS +0.5hPa at 25C
MS5534

Digital temperature seni AWS +0.5°C

sor: Sensirion SHT1x

Table 1 Overview of instruments used throughout the field campaigecuracy applies for horizontal
wind speeds:*Accuracy applies for wind speed32m st and for wind incidence angles20 from the

horizontal.
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Tower| Within| Canopy description Altitude Site description
canop (m)

T1 Yes Dense Sitka spruce 170+ 10 Located on south-west facing slope |n

plantation (16.8 m) a large clearing (approximately 4@
Tower located to the north-east of the
clearing. Steep rocky outcrop (approxj-
mately 5 m tall) dropping off to west o
tower.

T2 Yes Dense Sitka spruce 165+ 10 Located on summit of ridge in a small
plantation (18.5 m) clearing (approximately 15#).

T3 Yes Sitka spruce planta{ 110+10 Located on north-east facing slope in|a
tion upslope, mixed natural clearing, on significantly steepér
deciduous forest] terrain than T1 and T2.
downslope (15.7 m).

Table 2 Summary of the main features of each tower site describingma altitude and general terrain.
The heights included in the canopy description are meanpgaheights calculated from the survey plots

nearest each site.

Belcher SE, Hunt JCR (1998) Turbulent flow over hills and veavennu Rev Fluid
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AWS | Within| Canopy description Altitude Site description

canop (m)

ARA | Yes Dense Sitka spruce 150+5 Located on south-west facing slope, with
plantation (14.5 m) a large clearing to the south-west and gx-

tending east.

ARB | Yes Dense Sitka spruce 175+5 Located approximately 30 m south-east pf
plantation (17.6 m) T1.

ARC | Yes Dense Sitka spruce 112+5 Located on the south-west facing slope, |at
plantation to the the edge of the plantation. Plantation to the
north-east (18.6 m), north-east, open field to the south-west.
no canopy to the
south-west.

ARE | No NA 230+1 Out of the canopy, approximately 200 m
north-west of the plantation edge, on the
north-east facing slope.

ARF | Yes Mixed canopy | 135+10 Located on the steep, north-west facing
of Sitka spruce and slope, directly downslope from T2, fully
hybrid larch (26.8 m) surrounded by canopy, though canopy lgss

dense than further upslope.

ARG | Yes Dense Sitka spruce 180+ 10 Located approximately 50 m north of TR
plantation (20.2 m) in a small clearing (approximately 5

ARH | Yes Mixed canopy of| 115410 Located on the steep, north-east facipg
Sitka spruce and slope approximately 30 m north of T3.
western hemlock Fully surrounded by canopy though less
(27.0m) dense than further upslope.

ARJ | No NA 8+5 Located at the base of the ridge, on the

coast, out of the canopy.

ARL | No NA 13+5 Located at the base of the ridge, out of the
canopy, at a valley mouth, approximately
100 m inland from the sea.

ARN | No NA 221+1 Located on the ridge summit, out of the
canopy on a small plateau.

ARP | No NA 263+1 Located on the ridge summit, out of the
canopy, on the summit of a small hillock.
Rocky outcrops to the north-east.

ARQ | No NA 213+1 Located on the north-east facing slope, qut
of the canopy.

Table 3 Summary of the main features of each AWS site describingmaraititude and general terrain.

The heights included in the canopy description are the heighe tree with the greatest diameter at breast
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