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Abstract Recent studies of flow over forested hills have been motivatea num-
ber of important applications including understanding,@dd other gaseous fluxes
over forests in complex terrain, predicting wind damagenfitoees and modelling
wind energy potential at forested sites. Current modelinglies have focused al-
most exclusively on highly idealised, and usually fully éeted, hills. This paper
presents model results for a site on the Isle of Arran, Sadtlgith complex terrain

and a heterogeneous forest canopy. The model uses an exgghi@sentation of the
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2 Eleanor R. Grant et al.

canopy and a one-and-a-half order turbulence closure étutbulence within and
above the canopy. The validity of the turbulence closuresthis assessed using
the turbulence data from the field experiment before compagpredictions of the
full model with the field observations. For near-neutrabgity the results compare
well with the observations showing that a relatively simga@opy model such as this
can accurately reproduce the flow patterns observed wittpnterrain and realis-
tic variable forest cover, while at the same time remainiognputationally feasible
for real case studies. The model allows a closer examinafioine flow separation
observed over complex forested terrain. Comparison witdehsimulations using a
roughness length parametrization show significant diffees, particularly with re-
spect to flow separation and this highlights the need to eiXlglimodel the forest

canopy if detailed predictions of the near-surface flow atbiorests are required.

Keywords Complex terrain, First order mixing length closure, Flovpaetion,

Forest canopy, Numerical modelling

1 Introduction

There has been significant interest over the last few yeansoidelling the effects
of canopy flow over complex terrain. This has been motivate@ mumber of is-
sues, particularly the need to understand and interpretfli® measurements over
complex forested sites, where advective affects can leadsignificant difference
between above-canopy fluxes and the source / sinks withinghepy (Katul et al.,
2006; Ross and Harman, 2015). Other important applicatiarisde assessing wind

damage to trees and estimating potential wind energy resstior wind farms. Real-
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Modelling canopy flows over complex terrain 3

world sites tend to be complicated, in terms of both the teraad heterogeneity in
the forest canopy. In contrast the vast majority of modglktudies so far have ad-
dressed highly idealised problems. Many concentrate ogrhifogeneous canopies
(e.g. Pinard and Wilson, 2001). Where they do study hetereges problems, these
are often highly idealised such as a sharp forest edge (Lé&l,e1996; Yang et al.,
2006; Dupont and Brunet, 2008, 2009; Dupont et al., 2011;eHaa et al., 2013;
Schlegel et al., 2015) or idealised fully forested hills $8@and Vosper, 2005; Ross,
2008; Dupont et al., 2008; Patton and Katul, 2009). The repaper of Ross and
Baker (2013) takes this slightly further by looking at pailtti forested (but still ide-
alised) hills. There are good reasons for starting with sdefalised problems. It
allows for a systematic study of the individual processdsi@mcing flow over for-
est hills. These problems may also be amenable to analgtiedysis (e.g. Finnigan
and Belcher, 2004). It is also possible to reproduce sombeset problems in the
laboratory (e.g. Poggi and Katul, 2007) to provide validatdata for the models.
However, ultimately we need to be able to model flow over rahplex terrain with
complicated, heterogeneous forest cover. This study arde that. The simulations
discussed here are based on the field experiment descrilBzaim et al. (2015) and
the field observations will be used to validate the modellifige aim is to assess the
feasibility of using existing models to tackle such compbegblems and to investi-

gate some of the issues faced when making such realistidagions.

There are currently two principal approaches used for ntiodelurbulence in
canopy flows: mixing length closure schemes (e.g. Pinard/¥irethn, 2001; Ross and

Vosper, 2005; Banerjee et al., 2013) and large-eddy simual(LES) (e.g. Brown
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4 Eleanor R. Grant et al.

et al., 2001; Yang et al., 2006; Ross, 2008; Dupont et al.328atton and Katul,
2009). LES offers advantages in terms of requiring fewenmgdions about the na-
ture of the turbulence in forest canopies, but the excessimgputational demands
make it usually impractical in terms of modelling realist&eses over large domains,
although Schlegel et al. (2015) have demonstrated thaishpessible, at least for
idealised flow across a forest edge with a real heterogereamepy structure. Pre-
vious work has shown that while there are limitations in ipplacability, mixing
length closure schemes actually perform reasonably wédrins of predicting mean
flow over relatively flat, homogeneous canopies from bothemthtical (Finnigan
and Belcher, 2004) and a practical (Pinard and Wilson, 2p8d9pective. In a recent
paper Finnigan et al. (2015) have reviewed the applicgtaitid limitations of mixing
length closure schemes from a theoretical perspectivénisnstudy we will look at
how applicable such schemes are for modelling more compleaih and heteroge-
neous forest canopies in reality, using the one-and-aehddfr mixing length closure

scheme from Ross and Vosper (2005).

In section 2 the model setup is described. Section 3 prodde®e validation
for the mixing length closure by testing the closure assionptusing observational
data over complex terrain from Grant et al. (2015). Sectigne$ents a comparison
of the model and observational results in terms of the mean fftmmentum fluxes
and turbulent kinetic energy. The sensitivity of the modehie parametrization of the
surface is investigated in Section 5, and the model restdtssed to better understand
the complicated flow separation over a realistic site. lredction 6 provides some

discussion and conclusions.
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Modelling canopy flows over complex terrain 5

2 Description of observations and model

The case study used in this paper comes from a field expericostucted on the
Isle of Arran, Scotland during spring 2007. The experimendéscribed in detail
in Grant et al. (2015). The field site is the ridge Leac Gharlhlictvis situated on
the north-east coast of Arran. The ridge is orientated Radht / south-east with
the southern end of the ridge being mostly covered with Sitkaice and mixed de-
ciduous trees. Here we make use of wind speed and directiasurements made
from a network of 12 automatic weather stations (AWS) ands®immented towers
as described in Grant et al. (2015). The AWS were fitted wiih ammemometers and
wind vanes at 2m height and were located both within and deitsie forest canopy.
The 3 towers varied in height from 15 to 23m with 4 sonic aneriams mounted
on each. The towers formed a transect across the forestedfilae ridge. The data
presented is based on 15-minute average wind speeds actatiee The choice of
coordinate system for sonic anemometer measurements iplexnfiorested terrain
is non-trivial, as highlighted by a number of recent studietuding Ross and Grant
(2015); Oldroyd et al. (2015), however for simplicity and émnsistency in compar-
ing with the model, a double rotation into streamwise caaaths is carried out here,
as in Grant et al. (2015). This coordinate system meaeghe velocity component
in the streamwise directiony is the slope normal velocity component ané the
remaining velocity component in the axis perpendicular &mdw.

Given the uncertainty in the forest parameters and in thé&reg® flow condi-
tions, and also the local variability in the observatiohss study aims to model some

generic flow conditions (neutral flow with a 10 m'sgeostrophic wind and different
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6 Eleanor R. Grant et al.

fixed geostrophic wind directions) and compare them withabgervational clima-
tology, rather than trying to precisely model particulaseatudies. The focus here
is on near-neutral flow for a couple of reasons. Firstly, moicthe previous theoret-
ical work (e.g. Finnigan and Belcher, 2004; Ross and Vog#95; Ross and Baker,
2013) is for neutral flow, and one motivation of the paper isetst how these ideas
can be applied to more complex terrain and canopy cover.ré&cainder stable
conditions canopy flows are known to decouple, with an inepgrdrainage flow dis-
tinct from the above canopy flow (see e.g. Belcher et al., 0lis is an important
problem, but the mixing length closure model described hasenot been developed

or tested with such flows in mind, and so for this study sucinmeg are excluded.

Numerical simulations were conducted using the BLASIUS ebaatiginally de-
veloped at the UK Met Office and described in Wood and MasoBA3)1.9rhe model
solves the three-dimensional, time-dependent Boussiegsgtions of motion in a
terrain-following coordinate system. The addition of a@aydrag term and a mod-
ified turbulence scheme (see Ross and Vosper, 2005) makigaiblsufor modelling
canopy flows over hills. It has been used for studying a ratfiggealised problems
related to canopy-covered hills (Brown et al., 2001; Ross$ @sper, 2005; Ross,
2008, 2011; Ross and Harman, 2015), partially forested (Rbss and Baker, 2013)
and variable canopy densities (Ross, 2012). The model hars \wdidated against
wind tunnel measurements over a hill, and against obsenafrom a flat hetero-
geneous forest (Ross and Vosper, 2005), but this is theifitstthe model has been

applied to such complex, heterogeneous terrain as this.
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Modelling canopy flows over complex terrain 7

The simulations described here use a one-and-a-half oridéergriength closure
scheme with a prognostic equation for the turbulent kinetiergy,k. The scheme
is described in Ross and Vosper (2005), however in summargddy viscosity is
calculated as; = Fé/zkl/zlm whererl g is the (assumed constant) ratio between the
stress and the energy algis the mixing length, which is constant within the canopy
and scales with height above the canopy. In BLASIUS a defallie of[ g = 0.357
is used. The turbulent kinetic energy satisfies

Dk _ Ui
pa = p0- (wiOK) +T1j; x| pe 1)

wherep is the density of the ait); is the mean wind speed, is the Reynolds stress
tensor andt is the dissipation. The Reynolds stress is modelledjas —pTu’j =
pvcSj whereSj = dU; /ox; +0dU; /0x; is the deformation tensor. To close the prog-
nostic equation for turbulent kinetic energy requires tiasigation termg to be
parametrized. This takes the standard form above the cafsapy- k% ng/ Z/Im),
with an enhanced dissipatiaiiq = Ca|U|k within the canopy (following Wilson
et al., 1998) to account for canopy drag rapidly convertingrgy from large scales
to small, quickly dissipated “wake scales”. The overalkiiation within the canopy
is taken as the maximum of these two terims maxec,€1q). See also Katul et al.
(2004) for a useful discussion &fandk — € models applied to canopy flows.

Terrain and land use data (50 m horizontal resolution) cawa the Ordnance
Survey Landranger and MasterMap products, accessed vidA&(2011). The model
domain was 6knx 6km with 120 grid points in each direction giving a horizdnta
resolution of 50m. The domain is centred on the Leac GhadderiThe height of

the domain was 5km with a stretched vertical grid of 80 pogigg a vertical res-
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x (km)

Fig. 1 The model domain used in the BLASIUS simulations. The shapled colour denotes the terrain
height, with contours every 25m. The solid green line maheskioundary of the forest. The red circles
labelled T1-T3 denote the 3 instrument towers and the bluewshe location of the AWS. The light blue
area around the edges denotes sea, where a lower roughmgtbszgeis used. The dashed line marks the

edge of the damping layer.

olution varying from 05m at the surface to approximately 180m at the top of the
domain. In order to keep the model domain to a computatipmalinageable size
lateral periodic boundary conditions were used, with a damfayer applied over
the outermost 500m of the domain to relax the solution baesfatds the geostrophic
wind profile. The terrain is also smoothed to zero in the dagpayer domain and
the surface roughness set to the value over the sea to ermutiBuity across the
periodic boundaries. Figure 1 shows the model domain amstifites the topography

and forest cover used. The white area around the edges amel timpt right is sea.



156

158

159

160

161

162

163

164

165

166

168

169

170

171

172

173

175

176

Modelling canopy flows over complex terrain 9

The location of regions of different land use is accuratdétamed from the Ord-
nance Survey data, however there is significant uncertairttye correct roughness
length and canopy parameters to use in these regions. Fiesddurements of tree
properties made by Forest Research near the field site (6raht2015) suggest that
a canopy height = 15m, uniform canopy density of®Bm? m—3 and canopy drag co-
efficientCy = 0.25 are broadly representative of the forest cover on thesridibere
is variation in the canopy cover, however given the lack dailied measurements
across the whole ridge and the other uncertainties in theeftiiogl, these represen-
tative canopy parameters should be reasonable. The rosglerggth used over the
land outside the forest and at the forest canopy flooids B, representative of grass-
land. Over the sea a lower representative value@®®m is used. The sensitivity of
the results to these roughness lengths will be assessedTlaeemodel simulations

were all run to steady state (approx 1000s or twice the doardhaction time).

3 Validation of mixing length closure

Typically turbulence closure schemes are validated usatg ttom relatively flat,
homogeneous sites (e.g. Pinard and Wilson, 2001). To testdhdity of the tur-
bulence closure assumptions in BLASIUS over a site with demypheterogeneous
terrain observational data from the field campaign desdriheGrant et al. (2015)
is analysed. The one-and-a-half order turbulence scheBeASIUS assumes that
the Reynolds stress tensoy is given byTij = —pTu’j = pwSj. Even in complex
canopy flows scaling analysis suggests that the stressrt§ps®usually dominated

by the vertical gradients of the horizontal velocity coments, and so here we focus
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Fig. 2 Momentum fluxu/w’ in streamwise coordinates as a functiorkb?dt/dz wherek is the turbulent
kinetic energy. The colours denote the direction of the nveiad for each 15-minute averaged data point.
The solid line is a best fit line to the data which passes thrdhg origin. The slope of the line is pro-
portional to the mixing lengthy,. The three columns correspond to towers T1 (left), T2 (e3rdand T3
(right). The rows correspond to the different heights orheaever with the top row corresponding to the

top of the tower, and the bottom row the lowest instrumengfiei
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Fig. 3 As for Fig 2, but forw as a function ok'/29v/dz The dotted line shows the slope of the equivalent
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subplot in Fig 2.
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12 Eleanor R. Grant et al.

on —UwW =~ Fé/zlmkl/zau/az and —Vw ~ Fé/zlmkl/zav/az. The vertical gradients
in streamwise coordinate are calculated by first rotating &fixed frame of refer-
ence relative to the ground, calculating the gradients entidpoints between the
observations by finite differencing, linearly interpofagithe results back onto the
measurement heights and then finally rotating back intodbal Istreamwise coordi-
nates at each height. Here quality controlled data from Gataad. (2015) for all wind
directions and stabilities is used to assess the validitg@€losure assumptions. The
quality control involves ensuring sufficient data is avaléain each 15-minute aver-
aging period and also that the data passes the statioresttgft Foken and Wichura
(1996) as described in Grant et al. (2015). This quality ietd data amounts to

about 4000 data points for T1, 3600 data points for T2 and 208 points for T3.

Figure 2 shows the momentum flux /W, plotted againsk'/2du/dz for the 3
turbulence towers (T1, T2 and T3) situated across the ritige.linear best fit line
through the data is also plotted. The slope of this line igoproonal to the average
mixing length,l, with the constant of proportionality beirfg%/z. The results show
that for tower T1 the data collapses well, with the mixingg#nrelatively constant
with height within the canopy (the best fit line has the sarapesht different heights).
There is some slight evidence of a decreased mixing lengtiredbwest height due
to the close proximity to the ground. Similar plotsvoi againskY/?dv/dzin Fig. 3
show a relatively small vertical flux of across-stream motaen suggesting little

directional shear and an approximately two-dimensional.flo

In contrast to tower T1, at tower T2, which is surrounded oarlyeall sides by

trees and where there is often flow separation at the lowetevads, the collapse of
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Modelling canopy flows over complex terrain 13

the data is far less good. The fluxes are generally lower,taar@ is significant direc-
tional wind shear in the vertical (see Grant et al., 2015dftrils). This directional
shear is not observed at tower T1 and may be responsibledq@uabrer data collapse
at tower T2. Interestingly there does seem to be a dependenite mean wind di-
rection, which is most noticeable at the top of T2. For patéicwind directions (e.g.
easterly winds) the data does seem to collapse, but theislagenction of the wind
direction. For other wind directions (e.g northerly / neviesterly winds) there is
no clear collapse. This may suggest that the mixing lengtteeendent on the flow
direction. This would makes sense since it is the upwindstazanopy density which
will control the observed mixing length. At the second heéidbwn on T2 there is
a much stronger linear relationship, but the sign of the flixhilgits a strong depen-
dence on the wind direction. The negative values'of are at first glance surprising
given the wind speed typically increases with height atltigation. Due to the strong
direction wind shear howevelu/dz is actually negative. It is not clear why the data
collapse is better at the second height down than at the top,@flthough it might be
related to the proximity of the top of the tower to canopy o difficulties in accu-
rately calculating the shear in this region. The strongafiomal wind shear at the the
second height down might also result in a stronger cormidietween the local shear
and the local turbulent momentum fluxes. A further compidzats the presence of a
SW-NE aligned fire break across the ridge just to the soutiRoffiich may impact
on the flow for certain wind directions. It is not clear thouplat the data collapse
is worse for cases where the wind is blowing from this di@ctiAt the lowest two

measurement heights, in the region of separated flow andewherspeeds are low-
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14 Eleanor R. Grant et al.

est, there is little evidence of any linear relationshipieeinu'w’ andk/2dt/dz. At
the lowest height, the apparent trend is negative, whicbrigrary to the underlying
assumptions in the closure model and suggests either aocahdource for the tur-
bulent eddies responsible for the momentum transport orsin the calculation of
the wind shear at this location. The scatter however is largkso the relationship is
not clear. The plots of w againsidv/dz show that the cross-stream momentum flux
is not insignificant at this site (again, consistent with ittn@ortance of directional
shear). The first order closure still seems to hold reasgnadll, particularly at the
second height from the top of the mast. The slopes of the aolitidashed lines are
very similar showing that the mixing lengths inferred frafa/ are very similar to
those derived fror’w/, which is again encouraging. At the lowest height, asifof,
the data collapses surprisingly well but gives a negatiopesl The other noticeable
feature at tower T2 is that the sign of the shear ttffdv/dzis strongly dependent
on wind direction suggesting two different flow regimes foodudly north-easterly
and broadly south-westerly flow, which is again consisteitt the profiles given in

Grant et al. (2015) and with the plotslof2du/dz.

T3 is taller that T1 and T2, and so the top measurements aredhe canopy.
Despite this the data collapse is less clear. For much ofrtiednd for certain wind
directions the data does lie on a straight line, howevemadaiing periods of flow
separation there is often a positive valueub¥, indicative of the effects of direc-
tional shear. The diagnosed mixing lengths are relativehstant with height, similar
to those at tower T1. The plots vfn’ show a similar collapse of the data to those of

u'w and very similar mixing lengths. Values @fv lie somewhere between those at
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Modelling canopy flows over complex terrain 15

towers T1 and T2, suggesting that direction shear may bertauptchere, but proba-
bly less than at tower T2. The data at the lower heights ceflapvell, but as fow'w’

there is a directional dependence on the mixing length abimef the tower.

Calculating an average mixing length from the slope of thetfieline using only
data with'w' < 0 gives fairly consistent results, with mixing lengths ie ttange of
2.3—3m at most heights on towers T1 and T3, and lower values ctode&m at
the lowest instrument heights. These mixing length valuessarprising consistent
with values derived from the plots ofw/, particularly at towers T2 and T3 where
the directional shear and cross-stream momentum flux areimpsrtant. The data
from the top of tower T3 remains somewhat different and isassed into two flow
regimes. The bulk of the data, for broadly easterly windéwit flow separation, lies
on the steeper line with a slope givihg= 4.8 m. This tower is taller than towers T1
and T2 and the instrument is well above the height of the cgrsmone would expect
to see an increase in the mixing length at this location utitese conditions. The
remaining data is predominantly for westerly cases with 8ewaration and stronger
directional shear and is characterised by larger valugseagtiear terrk!/2du/dzbut
weaker momentum fluxes. Mixing length closure schemes ase/krio have issues
in separated flows (e.g. Ross et al., 2004) and so it is perapsurprising that a

different behaviour is observed in this separated flow regim

From all these profiles one can conclude that in many casesc{garly where
there is little directional shear) a mixing length closusswmption is reasonable,
and that the diagnosed mixing lengths from the observatiomgonsistent with the

common assumptions of a constant mixing length in the car@ply at T3 do mea-
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surements extend much above the canopy, and these seengé&ssagnixing length
which increases with height (at least for non-separated)flalthough there are not
enough measurements to conclude whether this relatioishipar with height as
expected from theory. This has important implications fa& humerical modelling
of canopy flows in complex terrain. There remain a number eésgparticularly at
T2 near the summit) where there is flow separation and stroagtibnal shear, and
in these cases the mixing length closure assumptions doppeta to hold as well.
Some cases with directional shear (e.g. the 2nd height fnrentop on tower T2) do
actually support the assumption of a constant mixing leragil so it may be that it is
not the directional sheger se which is important, but the fact that the mixing length
is strongly dependent on the wind direction due to very diifé upstream conditions
in different directions. For many of the cases where the Emypxing length closure
assumptions do not hold the corresponding momentum flueesnaall anyway, and
so the overall impact on the mean flow may not be significanerd@lis also more
uncertainty associated with the observations in the cagessignificant directional
shear. Weak mean flow and larger directional shear make diehao calculate the
gradient termslu/dz in the mean flow in a robust manner. Weak mean winds also
lead to more variability in the calculated streamwise cowte rotations, which may
impact on the calculated momentum fluxes. Both of these kedylio increase the
scatter in the results as for example is observed in the pfaiéy’ from the lower
two instruments on T2 (Figs. 2(h) and (k)) located deep withie canopy. Over-
all these results support the use of the one-and-a-half enddéng length closure

scheme implemented in the BLASIUS model. The precise imihectegions of di-
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rectional shear, and the associated errors in the mixingtheturbulence closure,
have on model predictions of mean flow fields will be invedggan the following

section by comparing results from the full model with theetvations.

4 Comparison of model and observations

As in Grant et al. (2015), only observational data from nezutral or transition-to-
stable conditions is used in order to allow comparison whth neutral flow model
simulations. Two flow regimes of north-easterly and soudsterly are presented
here. These are the same cases used in Grant et al. (2015§, avdetailed obser-
vational analysis of these cases is given. There are soonesisgth interpreting cup
anemometer measurements, particularly in a canopy flostlfsithe cup anemome-
ters have a stall speed (notionally7@n s in this case) below which they will not
turn, and so under low wind conditions (typical in the canapgy will tend to give
an underestimate of the wind speed compared to sonic anef@omeasurements.
Secondly, at higher wind speeds, the cup will respond botihheéamean wind, but
also to larger turbulent gusts, and will therefore tend terestimate the wind speed
so the measured wind speed is eﬁectivelm

Figure 4 shows wind roses from the 12 AWS and 3 tower sitesdtir bbserva-
tional and model data. The observations are for cases whergnd is broadly north-
easterly with the wind direction at AWS ARP (a ridge top sitéside the canopy)
being between 50and 90. This equates to about 15 hours of data. The model results
are for a geostrophic wind direction of 9@vhich gives a 2m wind direction at AWS

ARP of about 80. Figure 4(a) show wind roses of 15-minute averaged wind® fro



315

316

317

318

319

320

322

323

325

326

327

328

329

330

331

332

333

335

336

337

18 Eleanor R. Grant et al.

the 15 hours of observational data, while Fig. 4(b) showsthavalent wind rose plot
from the model, with just a single wind value at each locatMate the model is for

a representative geostrophic wind speed of 10fm$his gives winds at the AWSs
which are similar in magnitude to the observations, but tilaes cannot be directly
compared. It is worth noting that the red bins are for meamwinhich are close to or
below the stall speed of the cup anemometers on the AWS arteqrécise values
should be treated with some caution. It is likely that theseuader-representing the

true wind speed due to stalling.

It is however interesting to look at the wind directions ahne variations in wind
speed across the hill for both the observations and modéheleasterly case there
is evidence of flow separation in the observations from a rermbthe AWS sites
(Fig. 4a), with sites within the canopy on the ridge and oher lee slope showing
strong deviations from the geostrophic wind. The flow is galenot reversed, but
there can be significant variability in wind direction. Gdtsthe canopy there is less
variability in wind direction with winds predominantly reaiming north-easterly. As
might be expected, wind speeds outside the canopy are ghkertthan those in the
canopy. The tower profiles (Fig. 4c) show little sign of segian, with tower T1 (on
the lee slope) still showing broadly north-easterly wirgdgept at the lowest level in
the canopy where there is some indication of more souttedgstinds. This appears
to be a marginal case of flow separation and highlights hoeetliimensional flow
separation can be over real terrain, in contrast to prevaraised two-dimensional
studies. In this case the model predictions broadly agréetive observations. Out-

side the canopy the predicted flow is easterly / north-elgsiad stronger than inside
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the canopy (Fig. 4b). Over the upwind slope the flow remainshreasterly, while
near the ridge the wind is more along the ridge. The two AW&ssitear the forest
edge on the lee slope (ARA and ARC) show light winds and cotaglew reversal.
This is rather more dramatic than the observations, and eféact the fact that unre-
solved small scale local features are important in deténgiwind direction in very
light winds and under an adverse pressure gradient. Thewatsss are particularly
variable at these sites. The model tower profiles (Fig. 4st) ok very similar to
the observations, and even show the same tendency for thedlb@come south-
easterly at the lowest level on tower T1. The model also slaosisiilar (though less
pronounced) tendency for the wind to turn clockwise at lolegels on tower T2,
which is not seen in the observations. This tower is closa@éostimmit of the ridge
and so the precise wind direction is likely to be quite sérestb the exact location of
the grid point. In both observations and model, the resultsveer T3 on the upwind
slope show a north-easterly wind at all levels. Broadly ¢hsragreement between
the model and observations in terms of the wind speeds. Teki winds are seen
above the canopy, particularly at the top of tower T2 nearittgee summit. The low-
est winds in the observations are at the lower levels on ®W&rand T2. The model
is slightly different, with low wind speeds low down on towEt, but slightly higher
winds at the bottom of tower T2. Again the differences hendhgps represent the

sensitivity of the exact grid location at the ridge top.

Figure 5 is similar to Fig. 4, except that results are for dipaouth-westerly
winds (observed wind directions in the range 249260 - about 50 hours of data).

The model results are for a westerly geostrophic wind (spweding to a wind di-
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Fig. 4 Wind roses for the 12 AWS sites (a,b) marked with letters ABARQ and 3 tower sites (T1, T2
and T3) (c,d). Results are from observations with northeslgswinds (a,c) and from the model simulation
with a 10ms? easterly geostrophic wind (b,d). The grey shading is heigtih contours plotted every

10m. On the maps the locations of the three towers are markbkdlack circles.

rection of about 260at 2m at AWS ARP). The ridge is asymmetric with the eastern
slope steeper than the western slope and so for westerl\s\thiedee slope is steeper
and flow separation occurs more easily than for easterly sviitle AWS observa-
tions (Fig. 5a) show very weak winds and reversed flow at all¥V/S sites near the
ridge and over the lee slope (ARF, ARG, ARH, ARN). Even the AdiSthe coast
(ARJ) outside the forest shows reversed flow. The obsemnatbow large deviations

in the flow near the upwind canopy edge as well (ARA, ARB, ARtgssible due to

canopy edge effects or local features of the terrain or candye tower observations
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(Fig. 5c) corroborate this picture. Tower T3 over the legslshows reversed flow
up to the top (about 23 m), which is well above canopy top. Toliappears to be
close to the separation point and the lowest two instrumeighitis show reversed
flow, the flow is roughly southerly at the next height, and tloevfls still westerly
at the top of the tower. Again the model shows very similaravédur to the ob-
servations (Fig. 5c¢), with the AWS sites over the lee slopmalestrating reversed
flow. The directions are similar to those seen in the obsemvat The most notice-
able difference is that the model shows more consistentisterly winds over the
upwind slope compared to the observations (ARA, ARB, ARG)CS these sites
also showed more variability in the observations in theezfstvind cases it seems
likely that the deviations are due to unresolved local fe=stwf the terrain or forest
canopy. The model profiles from the tower sites (Fig. 5d) shawmarkable simi-
larity to the observations, capturing the flow reversal atetioT3 and the turning of
the wind with height at tower T2. The magnitudes of the modields also appear
to vary between locations in a similar way to the observatids a sensitivity test
to the choice of geostrophic wind speed in the model an auditisimulation for
the south-westerly case was done with a higher geostrophit speed of 20ms'.
Results for the sensitivity test (not shown) were very samiib Fig. 5. Visually, there
were only very minor differences in the normalised profil@sst noticeably at T2.
This supports the comparison of the model with normalisesolations over a range
of background wind speeds. It also highlights the sengjtivi T2, which is perhaps

not surprising given its proximity to the separation point.
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with a 10ms! westerly geostrophic wind (b,d). The grey shading is heiglith contours plotted every

10m. On the maps the locations of the three towers are markbkdlack circles.

Figures 6 and 7 provide a more detailed comparison of the mach profiles

from the three towers, and also the profiles of momentum flaxesturbulent ki-

netic energy. To allow for a more quantitative comparisomvieen observations and

model the profiles are all normalised using a reference itglbe; which, for both

the observations and the model, is taken as the wind spebd hetght of the high-

est instrument on the upwind tower (tower T1 for south-wdisteand tower T3 for

north-easterlies). This normalisation is to account fdiedences in the background

windspeed between the model and the different observafiaide 1 gives the value
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Table 1 Values of the reference wind spedgs from the observations (median and interquartile range)

and from the model for the north-easterly and south-westates.

Wind Reference  Median wind  Interquartile Model wind
direction  tower (msh) range (ms!) (ms?)

NE T3 4.3 2.8-59 54

SW T1 10.0 79-125 3.7

for Urer from the model and the median and interquartile range franotservations
for each wind direction. Several interpolated model prefidee shown, one from the
location of each tower and 4 more from 25m north, south, eastgest of the tower
(25m is half the grid resolution of the model) to give an idéthe spatial variability
in the model, and hence the possible uncertainty in the raololegrvation compari-
son. It is worth noting that the mean wind speeds measurelegup anemometers
are lower than those measured by the sonic anemometersastafestalling at low
wind speeds in the canopy. This problem is particularlygezble in Fig 6(a)-(c) due

to the lower wind speeds in the north-easterly flow condgtion

For north-easterly cases (Fig 6) the model mean wind pradiiéswers T1 and
T3 are in reasonable agreement with the observations, resvilee modelled pro-
files at tower T2 appear to significantly overpredict the wspded, although they do
capture a profile with fairly constant wind speeds in the pgrand increasing wind
speeds above. There is also a large spread between theuiffeodel profiles sug-
gesting a region of complex canopy cover with large diffeesnin wind speed over
short spatial distances. Bearing this is mind, along withrilatively simple treat-

ment of the canopy properties (uniform canopy height anditkeaverywhere within
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the canopy) it is perhaps not surprising that the model asgmations show some
discrepancy. Tower T2 is characterised by quite differamopy cover to the east
(relatively sparse larch) and to the west (dense sprucd)jeme is a fire break to the

south, so the uniform canopy parameters are not necesaagitypd approximation

at this location. Interestingly the profiles of streamwisenmentum fluxu'w/, are in
good agreement at all three towers. Note also that thereydittée variability in the
normalised observations of streamwise momentum flux, siggethat the single
reference velocity at the top of tower T3 provides a goodisgdbr the momentum
flux. The relative accuracy of the streamwise momentum fl@distions at T2 is
likely to be due to the fact the model captures the right winelas profile through-
out most of the canopy, it's just that the wind speeds areistamly too large. In
contrast the profiles ofw show generally less good agreement between model and
observations. The model profiles do demonstrate a signifabegree of variability
suggesting tharw’ is sensitive to the details of the local canopy and flow stmect
Comparisons of turbulent kinetic energy profiles betweemtiodel and observations
are also reasonable at T1 and T3, although at T2 the modeaepfreconsistently
overpredict the turbulent kinetic energy within the canaplgich may be related to

the overprediction of the wind speeds in this case.

For south-westerly cases (Fig 7) the model mean wind pratl&é® and T3 show
reasonable agreement with the observations, although tteinseems to predict
more wind shear at T2 than is seen in the observations. AthElgcomparison is a
little less good, with the model underpredicting wind spebdlow canopy top and

too strong a shear near canopy top. T1 is sat on a small oymdpn south-westerly
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winds the flow is likely to accelerate over this outcrop, eatitnan passing through the
upwind canopy, but this feature is not well resolved by theletovith the given 50m
horizontal resolution. Streamwise momentum fluxes areialsgasonable agreement
at most locations, except at the top of towers T1 and T2 wherertodel predicts a
much more rapid increase in the momentum flux than was obdeFere is slightly
more wind shear in the model wind profiles, but not enough tmant for the large
increase in momentum flux. The model profiles are very cargistnd so this does
not appear to be due to spatial heterogeneity. It may be dakgtat differences in
the canopy height between the model and observations, siramodel assumes a
constant height of 15m, or due to vertical variations in theapy structure which are
not represented in the model simulation. Once again actosam momentum fluxes
VW are very variable and show little agreement between modelotiservations
except at T3. This highlights the very three-dimensionaureaof the flow at T1
and T2. For the south westerly cases turbulent kinetic gnprgfiles seem to be
overpredicted by the model at most heights, even where tlreentum fluxes are in
reasonable agreement. This is most pronounced at T1 anch&verprediction of
shear near the canopy top may lead to extra generation afleuntkinetic energy in
the model, which is then mixed down into the canopy. A furthessibility is that
the simple representation of dissipation used in the madebt correct in complex

heterogeneous canopies. Further work is needed to undetase discrepancies.

Overall the model reproduces surprisingly well the obsgmatterns of wind
speed and direction over the hill. Those sites where thesaggat is less good appear

to be primarily located close to the forest edge or near ttigeritop at tower T2.
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The model also appears to often capture the observed stisammementum fluxes,
although the across-stream momentum fluxes and turbulaeti&ienergy profiles
are not always captured as accurately. The agreement giméislence in using the
model results to study more closely the patterns of mean flodvflow separation

over the ridge.

5 Flow separation and sensitivity to surface parametrizatn

The results of Ross and Vosper (2005) suggested that flowaapais an intrinsic
feature of uniform canopy flows over idealised hills, and this is fundamentally
different to flow separation over a hill with a rough surfadere the sensitivity of the
model results to the surface parametrization over a morgboonand realistic hill is
investigated, with particular focus on flow separation.

To test the importance of explicitly resolving the canopyhiase simulations the
westerly wind case was re-run with the forest canopy beipgesented by a rough-
ness length parametrization rather than with the explanitopy model. The rough-
ness length was chosen to match the equivalent roughnelss ofhopyz, = 0.35
(see e.g. Ross and Vosper, 2005). All other aspects of théation were unchanged.
Figure 8 shows the wind roses from this simulation. In congaarwith Fig. 5 there
is clearly less strong flow separation with the roughneggtleparametrization of the
surface. The sites that would be in the canopy over the lgegbow a flow which
is slowed and deflected along the slope to the south rathetiag completely re-
versed as occurs with the canopy model. Outside the canepy i little difference

between the results, suggesting that the impact of the gasogplatively localised. In
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Fig. 8 Wind roses from the model simulation with westerly winds amdughness length parametrization

of the canopy. Results are shown at the 12 AWS sites (a) ariélttheers (b).

the vertical (not shown) the region in which the flow is reeersr strongly deflected
appears to extend up to about 55m above ground level (40nmeahevcanopy top)
with the explicit canopy model. In contrast, with the roughs length parametriza-
tion the depth and horizontal extent of the region of strgmtgflected flow is much
reduced, reaching a maximum height of only about 12m abowergt level. This
suggests that even above the canopy, perhaps up to a coutieesfthe canopy
height, the flow may be fundamentally different under cdondg of flow separation
depending on the way the effect of the canopy is modelled.

In three dimensions it is hard to identify flow separatiortia velocity field. Un-
like in two dimensions it is not simply a matter of looking f@versed flow since the
flow may be deflected rather than reversed. This makes ieti#mgrthe flow pattern
based on point observations tricky. Using the model allowstter understanding of
the flow across the whole ridge, but it is still difficult to ity flow separation from
near surface winds. As Hunt et al. (1978) showed, flow sejoaré associated with

a singularity in the surface stress field and this can proaidalternative method for
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identifying points or lines where the flow separates fromeattaches to the surface
in three-dimensional flows. The surface stress is giveduayon whereus is the ve-
locity tangential to the surface amds the normal to the surface and so the surface
stress gives an indication of the flow direction at the swféut has the advantage
of being non-zero, except where flow separates or reattadfoexl (1995) suggested
using plots of surface stress “streamlines” or streaks ¢atifly these singularities.
The streaks are plotted by calculating a series of two-dgiogral surface trajectories
(x,y), where the two horizontal components of the surfacessttake the role of the

velocity field so

o dy_
dt — ¢ dt

Ty. (2)
The streaks are initialised from a series of points acrassrtbdel domain and then
calculated by integrating the trajectories forward andkbaads for a specified length
time. This works well for the examples used by Wood (1995édwer the large
difference between surface stress values inside and euts&dcanopy means that
streaks in the canopy are very short. To circumvent this Ipropwe use a longer
integration time, but limit the length of the streaks pldto that streaks outside
the canopy are not too long. The surface stresses are itdtrddrom the model
grid using bilinear interpolation and the integration isrizad out using the ode45
function in Matlab. Using this approach and integratingsMard numerically from
t = 0tot = 20000, and limiting the length of the streaks to 500m givestmmore
even lengths of streaks inside and outside the canopy, akelawésualisation of flow

separation much easier in partially forested flows. Locetiwhere the surface stress

streaks all converge at a line or point are associated with $ieparating from the
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surface, while locations where the surface stress strdhkiészarge from a line or

point are associated with flow reattaching to the surface.

Figure 9 shows plots of the surface stress streaks calduiae the model. For-
ward trajectories (blue) show flow separation and backwajédtories (red) show
reattachment. Wind direction vectors are also plottedepthints where trajectories
are initiated. For the easterly wind simulation (Fig. 9a) slurface stress plot clearly
illustrates the flow separation occurring over the lee slmpéhe forested part of the
ridge. There is one clear separation line just upwind of i@er summit stretching
right along the forested part of the ridge there is also sameation of a second
separation line downwind of the ridge on the southern steyudd the ridge. Reat-
tachment appears to occur at a singular point on the lee sloge tox = 1300m
andy = 1100m. This highlights the rather complicated three-disi@mal structure
of the flow separation over a real ridge with heterogeneonsmacover in compar-
ison with previous idealised two-dimensional modellingl daboratory studies. To
the north where there is no forest cover then the stresskstigass right over the
ridge showing that flow separation does not occur, even thdlg ridge is slightly
higher at this point. Around the southern edge of the ridgeside the canopy the
stress streaks run more or less parallel to the lower eddeeafanopy and the con-
tours. This demonstrates the importance of flow around theheon end of the ridge

in easterly flow.

In contrast, for the westerly case (Fig. 9b) where the stespeen slope of the
ridge is on the downwind side there is clear evidence of flopasgtion all along

the summit of the ridge, with reattachment occurring someeloff the coast. Even
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without the forest canopy this slope is steep enough to gémélow separation. In
this case there is a single separation line running rightrdthe ridge. Outside the
canopy the separation line is downwind of the ridge sumntiilewvithin the canopy
separation occurs nearer the ridge summit. The flow off thesttceemains almost
parallel to the ridge and to the coastline, suggesting treategion of separated flow
extends well beyond the foot of the ridge and is thereforehmarger than in the
easterly wind case. The streaks in this case also suggetsteat less important role
for flow around the southern end of the ridge in westerly flolede figures support
the interpretation of the flow separation based on the obgeamd model wind fields
made above and highlight the differences between casesteip lee slopes where
flow separation would occur anyway (westerly flow) and lesssiee slopes, where

flow separation requires the presence of the canopy (eafiter).

The conclusions on the sensitivity of the results to theiekglanopy parametriza-
tion are supported by the surface stress plot for the rouggleagth simulations. For
the easterly wind case (Fig. 9¢) no flow separation was obsdeav all in the sur-
face stress streaks with a roughness length parametrizatialear contrast to the
simulation with an explicit canopy. For the westerly casig(Bd) a clear separa-
tion line downwind of the summit of the ridge is apparent wifie roughness length
parametrization. Outside the canopy the streaks look viemjas in the two sim-
ulations. Inside the canopy, parametrizing the canopy bgugihiness length shifts
the flow separation further down the lee slope, and signifigaeduces the variabil-
ity caused by the heterogeneous canopy cover and chamn#iliough gaps in the

canopy. Explicitly modelling the canopy appears to be esaleio capture the flow
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Fig. 9 Surface stress streaks from the model (forward trajectorigue lines, backward trajectories - red
lines) plotted over the height contours (at 10m intervadd3o plotted are wind direction arrows. Results
are shown for easterly (a, ¢) and westerly (b, d) winds. Suldiga), b) are with the explicit canopy model
and c), d) are with a roughness length parametrization afahepy. The orange dots show the sites of the

AWS.

separation in the easterly case with a shallow lee slopegegrin the westerly case
with a steeper lee slope the explicit canopy model signiflgarihanges the location

and magnitude of the separated region.
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6 Discussion and conclusions

Flow over realistic complex terrain with variable foresteq such as the Leac Gharbh
ridge, is complicated and the local wind direction deperndmgly on the local ter-
rain and forest cover. Burns et al. (2011), one of the fewrathservational studies in
complex terrain, draws similar conclusions. For flow whisltiose to neutral, high
resolution numerical simulations with an explicit canopgdel reproduce many of
the features of the observed flow, however high quality irdat& sets for the terrain
and the forest canopy are essential. High resolution tedata sets are generally
available, however details of forest canopy parametergemerally harder to obtain
and require dedicated surveys. Available mapping produetg provide details of
the forest coverage, but they rarely contain details on titere of the forest, the
canopy height, or the canopy density. These details aress®r successful mod-
elling of the flow in or near the canopy. Other recent studigsriis et al., 2011;
Desmond et al., 2014; Schlegel et al., 2015) have also jigted the need for de-
tailed canopy structure to accurately model heterogeneangpy flows. Indeed in
their study Desmond et al. (2014) saw more sensitivity tlisgacanopy structure
(particularly vertical structure) than they did to the tuldnce closure model used.
Recent progress using lidar offers exciting possibiliteesletailed three-dimensional
mapping of canopy structure (Boudreault et al., 2015), b@dbtiunately such a sur-
vey was not available at this site.

Near the edge of the forest canopy there appears to be gdistegpancy be-
tween the model and observations. This is partly due to thigdiions of the forestry

data, but more fundamentally may be linked to the horizamisblution of the simu-
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lations. At the edge of a uniform canopy the flow adjusts tactipy over a distance
of order &.c whereL. = 1/(Cya) is the canopy adjustment length scale (Belcher et al.,
2012; Ross and Baker, 2013). For the canopy parameterdtiegives. . = 4m and
so the flow adjusts over a distance of about 24 m, roughly Halfehorizontal grid
spacing. Therefore the details of flow near the canopy edti@metibe captured ac-
curately. Unfortunately this is often likely to be the caseéal simulations where
the desired horizontal resolution has to be balanced wihotlerall computational
requirements of the simulation. The idealised simulatiminlRoss and Baker (2013)
suggest that at a distance greater than ablogfrém the canopy edge the flow in the
canopy is dominated by the effect of the hill and not the caremfye. This also seems
to be the case in these more realistic simulations with certerrain and forest cover
since the agreement between observations and model aawitgsfrom forest edges
is much better. A further complication is that adjustment take much longer for
non-uniform canopies with a sparse sub-canopy trunk sgaapgnt et al., 2011)
due to sub-canopy jets penetrating deep into the foresipwadth the dense canopy

cover over most of this field site makes this relatively ueilljk

The other significant discrepancy appears to be at tower dricplarly in east-
erly wind cases. It may be that this site, near the ridge tap @ase to the line
of separation is particularly sensitive to small changefh@émeasurement position.
This location is also where the assumptions of a mixing lerigtbulence closure
seemed to be weakest, with a less clear relationship bettheemomentum flux
and the observed shear stress and with a strong directibeat.dt is possible that

these factors are linked and that part of the reason for itjetlsl larger disagreement
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between model and observations near the ridge top is théationis of the model
turbulence closure scheme at this point. More work, pogsibing computationally
expensive higher resolution simulations with the currenbualence closure scheme
or large-eddy simulations, is likely to be required to idignthe real cause of this

discrepancy.

Although there is some debate in the literature about thialsility of mixing-
length closure schemes for canopy flows, these results stigpge such a model does
reproduce the main features of the mean flow seen in thesevatises over complex
terrain, at least in near-neutral flow. In part this may beuée fact that advection
is important in the canopy and that this is driven by presguaglients which are to
leading order a result of inviscid flow (see for example thalical model of Finni-
gan and Belcher, 2004, for flow over a forested hill). Using itiodel results allows
a far more detailed understanding of the flow separation swehn a complicated site
than is possible with the observations alone. The role ofcm®py in promoting
flow separation over gentler slopes, and of shifting thetloosof flow separation
nearer the ridge over steeper slopes, seems clear and isdrdawith theoretical
ideas developed by Finnigan and Belcher (2004) and Ross aspkY (2005) over
idealised two-dimensional ridges. In contrast, simutaiavith a roughness length
parametrization fail to correctly predict the flow separatand pressure field over
the hill. While simulations such as this require a high waitand horizontal resolu-
tion in order to correctly represent the canopy, the sinitglicf the one-and-a-half
order closure scheme does mean that this approach is aféeagtle for realistic

high resolution simulations of flow within and above foreahopies. In contrast,
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more complicated approaches such as large-eddy simudadi@nat present usually
computationally unfeasible for modelling realistic flowstwcomplex topography
and forest cover. Of course, for real applications stabdffects are also important,
particularly in night time drainage flow conditions, andther work needs to be done
to see how well mixing-length schemes such as that used harperform in these

cases.
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