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Abstract

Candeciduoustrees be used to reduchydrographpeak® This is an intriguing question to
scientists,charities and the public alikand the answer is yedt is beneficial to understand
how hydrological ppcesses are influenced by edge effects and difiem other studies that
are 106-minto woodlands, due to the plantingf narrow belts fomatural flood management.

This research quantifies the WCVet Canopy Evaporatiorgf a mature Chestnut tree
through storms between May 2018 and April 2019, combined with manual weekly volumetric
data from three Beech and two Oak treesainarrow woodland on the Lancaster University
campus. From the six trees studigde WCEAoduring the measurement periosvas 4197%

of grossrainfall, while the remainder of the grosainfall was partitioned into throughfall
(543%%) and stemflow (85%).The WCE%f the tree speciegexcluding the chestnut tree)
aresignificantly higher than that found in other studetere measurements are taken 100s

of metres into woodlands away from edge effedmit this datar INES& A GK | SNDb &
(2006) findings relating to WCE of hedgespart thisis due to the greate ventilation of the
canopy and stemsAlthough lower tharduringthe leafed periods, WCE remained high from
leafless branches and stemi was also found thathte WCE% decreases as storm size
increasesThe Frumatnorizontal and verticalain gaugegFrumau et al., 201Hydrological
Processes 25: 49809) found that horizontal rainfattausedunder-estimation ofgross rainfall
collected by the treewhich was influenced by wind speed and directidegative WCE.é.
larger throughfall than rainfall) was seen as the tree collected rainfall from a larger area. If
corrected rainfall was known the WCE would be larger.

The Penman equation showed a poor fit, overestimating evaporat®it shows potential
WCE. Wh little improvementin the utilisation of storesthe Rutteroriginalunderestimates
evaporationthat occurs The Rutter Sparse model provided the best fit, but was still poor,
underestimating evaporationThe Rutter Sparsparameters were altered showing the best

fit altering the aerodynamic resistance to 5s/m rather than converting Hazelrigg weather
stations wind speed. Alternatively, the canopy capacity was increased and throughfall
coefficient decreased to produce a gotit] however these were calculated using the data
collected suggesting the best alterations to the model account for the edge effect better by
altering the aerodynamic resistanc&he research highlights how model parameters
representative of conditions ahe centre of large woodland blocks should not be used to
estimate WCE for narrow belts of tredadeed, narrowtree belts could be considered as
LR GSYaArt WK20 aLliaqQ 2F SOFLIRNI A2y NBIj dzA NR
significance aa tool for removing netainfall from catchment systems during flood peaks.
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Preface

This project was undertaken as part of a collaboration between the Lune Rivers Trust,
Woodland Trust and Centre for Global Honovation (CGE). This was supported financially

by the Woodland Trust and ¢hEuropean Regional Development Fund (ERDF). This project
was supervised by Dr Nick A. Chappell and Professor (Emeritus) Keith Beven of Lancaster
Environment Centre.

The aim of the research is to gain scientific evidence into the importance/effectiverfiess
trees at reducing flood peaks and therefore the benefit to planting trees. This will allow the
companies above to provide evidence for tree planting to stakeholders such as farmers and
other landowners to encourage, as part of the Woodland Trust upleeelplanting scheme,

and the Rivers Trust natural flood management schemes to reduce downstream flood peaks.
The data will also be utilised in parameterisation for the Cumbria Flood model (Chappell et
al., 2017). This research and implementatsoe particularly important due to the numerous
flooding events which have occurretbwnstream in the Lune Catchment including Storm
Desmond and November 2017.



Table of Contents

Reduction of rainfall reaching the ground by deciduous trees on the edge of stands

study into incremental wet canopy evaporation through storm events............. 2
Y 0111 = Tod PP 2

(02 VA0 {0 F SO PPPPPPIN 3
D= Tod FoT = 11 [ o PRSP PPPPPRP 3
ACKNOWIEAGEMENL... .. ree e e e
[ (=] = TSR EPPPPPPRURPUPPN 5.
Table Of CONTENTS......ooi i e e e e eneree e 6
LISt Of FIQUIES. ... eeer e 9
IS A0 N = 1o =SSP 12
LiSt Of EQUALIONS ......vviieiiii e eeee e e 13
LiSt Of ADDIeVIAtIONS .....eeeiii e 14
R | 1 o o [¥ o 1) o ISR 15

O R O 0 | (=) TR 15

1.1.1 Centre for Global Eco-Innovation
1.1.2 The Woodland Trust
1.1.3 The Lune Rivers Trust

1.2 CUurrent KNOWIEAGE .........uuiiiiiiiiiiiiiii ettt 17
2 R O 1 V=T V1 S SUT 18
1.2.2 Wet Canopy Evaporation and Storage..........cccceeeeeeeeeeeeiieesiiiiiieeeee e 20
1.2.3 Measurement Methods USEd...........coeevuiiiummiiiicreeeeieiiiiinnee e e e e eeeneennns 31
1.2.4 Number Of INSIIUMENTS.........cuiieiiiiiiee e eereer e e e e 33
125 UNCEMAINLY ....coeeiiiiieeccceceeeeeeeeee e eeeemeen 4O
1.2.6 MOAEIING ..ttt e e e mnne e 41
1.3  What Requires Further Investigation? ...........cccccoveeiiiiiiiiccnciieeeeeeen 45
1.4  Project Aims and HYpOthESES...........uvvuuiiiiiiiiiii e 45
2 \V = g ToTo (o] [oTe YRR PP PUUUPPPPPPPPPRIIR 48
2.1 STUAY ATBA...eiiiiiiiiiiiiie e 48
2.1.1 LUNE VAIIBY ...t a s 48
2.1.2 Site SPECIFICS...cvrrririiiiiiii it eeee e 49
2.2 Method/Experimental DeSIgN..........cuuuiiiiiiiiiiiiiiieeeeeeee e 55
2.2.1 WECE ..ottt 58
2.2.2 RaAINTAIl ... e 58
2.2.3 Hazelrigg Weather Station Data..............ooooiiiiiiiiieemne e 60
2.2.4 Frumau Rainfall Gauge............coouuiiiiiiiiiiimcec e 60
2.2.5 SEMFIOW..cciiiiiiiiii e 62



2.2.6 Throughfall Tipping BUCKEL .........oevvriiiiiiiii e, 66

2.2.7 Manual Throughfall ... 69
2.2.8 Spatial Variability under the Chestnut Tree...........cccvvviiviiiiiiiieecinnnee. 71
2.3 Field TECNNIQUES.......uuiiii et 72
2.3.1 Systematic Uncertainty ANalySiS..........uuuuiiiniiiniieeeceesiiiinienneeeeeeneenen 2
2.3.2 Gauge Calibration.............iiiiiiiiiiiiee e 73
2.3.3 Uncertainty in wetting up 7 actual vs measured................ccceevvvvvveeenn. 73
2.4 MOEIING .eeiiiiee e e e eneas 75
2.4.1 Penman EQUALIONT .......uueiiiiiiiiiiieeeee e 75
2.4.2 Physical Modeli Rutter ModelS............ooooeiiiiiiiiiiieeee e 83
RESUIES. ..o e e e e e e e e ne e e e e e e e 89
3.1 RAINTAI ... e 89
3.2  Annual, Leafed and Non-leafed Data, and Storm Data...................... 94
3.3 EVENEDALA.......uuiiiiiiii e 99
3.4 Weather Data..........cooeviiiiiiiiiiicmeeeeetr e eerr e e e e e e 102
3.5 Spatial Variability ..............uuiiiiiiiii e 109
3.6 TIME-SEerieS graphsS........ueeiiiiiiiiiiii e 110
3.7 MOAEIING oo 126
3.7.1 Penman EQUAtiON...........uiiiiiii i eeeeee e 126
3.7.2 Phydcal Model T Rutter Models............ccoooviiiiiiiiiiieeee e 131
3.7.2.1 Canopy CapPaCity.......cceeereiiiiiiiiiiiienes s eeeseeee b 131
3.7.2.2 Free Throughfall Coefficient .............ccccceeeiiiiiiiicceeccicee e, 132
3.7.2.3  SEMFIOW.....uuiiiiiiiiiiiiiiic e 132
3.7.2.4 MOAel RESUILS......cce i 132
3.7.25 WAL It SNOWS.....ouiiiiiiiiiiiiiiiiiice ettt 145
3.7.2.6  Sensitivity ANAIYSIS ........covuriiiiiiiiiiie e rree 153
3 o U 73 o] o P 158
4.1 Measured datal..........ccccuuuiiiiiiiiiieeeiii e e eas 158
4.1.1 How does my data compare to thain literature ................ccccoevvvnnne 158
4.1.2 Why is WCEY% high?........oovviiiiiiiiiiii e 161
4.1.3 Why does WCE appear to be negative?.........cccuveeeeeeeiiiieecivnneeneeen. 162
4.1.4 Why is the WCE measured to be negative in largest Storms and is this actually
TN LA 2. e 163
4.15 How does the weather effect WCE2............oovvvvvvivvviiemmeeeeeeeeeveiiiinnns 164
4.1.6 What are the wetting up and drying out periods?...........ccccccvvvvvrrnn 164
4.2 MOUEIING .ottt 164

4.2.1 Are the total values and timings similar between measured and modelled?65

7



4.2.2 Why do the Rutter models underestimate?..........ccccceeeeeiiieesceeernnnnns 165
4.2.3 How does the model dealvith negative WCE?...........ooeeeeiiiiviiiiieenn. 166
4.2.4 High rates of evaporation and modelling?...........cccccceeviiiinicccneenn. 166
4.2.5 How does the modelling of Leafed vs neteafed compare?.............. 167
4.2.6 How well do models replicate WCE through an event?................... 167
4.2.7 What can we learn from the modelling compared to theneasured WCE? 169
4.2.8 How does the processes act/function with climate?2....................... 169
4.2.9 Are Model alterations required?.........ccccceeeeeeiiiiiiiiccc e 169
5 Conclusions and Reommendation...............coooouiiiiiimmmnnseiiiieieeeeeeee 171
5.1 KeY FINAINGS...uuiiiiiiiiiei ettt meee e 171
5.1.1 WOCE MEASUIEIMENTS......ciiiiiiiiieeeeeeeiiiee e e e e e et e e e e e eeasmmmeeen e 171
5.1.2 MOAEIING coeiiieiiiiieeeeee e 172
5.2  Review Of MethodS.........ccuviiiiiiiiiiii e 173
5.3  Broader Significance and Contribution to New Knowledge.............. 175
5.4 Carbon ANAIYSIS.........uuuiiiiiiiiiiiiiii et 175
5.5 Recommerdations for Future Research Priorities..............ccccvvvvneeee. 177
6  REIEIENCES... . 179



List of Figures

Figure 1: The map shows the location of the Lune Catchment (The Rivers Trust, 2019)
Figure 12 Box and whisker plots of throughfall, stemflow and WCE in previous international studies from
19482017 of deciduous ahconiferous trees. Table-1 shows this data in more detai3
Figure 3Box and whisker plot of the percentage WCE of gross rdirife deciduous trees within the UK and
Europe during the dormant season according to Hankin et al., (2028).
Figure 21 The locaibn of the River Lune and extent of its catchment (Met Office, 2016). Location of
measurement site is at the blue sta49
Figure 22 The measurement and gauge locations. The chestnut tree belt is 66x281m, the southwest belt is
25x780m, the cycle path beech is 30x200m, and the north east shelter belt is 57x%Bm.
Figure 23 The distance between the site and the closest weather station (Hazelrigg) as 1.121km (Bing Maps,
2018).54
Figure 24 The woodland is not classified as ancient woodland but are shown on the maps from-1888
(National Library of Scotland, 2018) so are over M@ars old.55
Figure 25 A flow diagram of the process occurring when gross rainfall hits a tree canbgy.
Figure 26 The location of the stemflow, throughfall and rainfall collectors in respect to the trg8.
Figure2r ¢KS YIfe&E wlAyTFlff 3I+FdzA3S 6AGK pé¢ O2tft SOGAY3
fastened onto a drum and slab to increase the height to 72cm ensuring the gaugbase vegetation
and allow for levelling.59
Figure 28 A map depicting the location of the Frumau gauges relative to (Dleestnut tree61
Figure 29 Pictures of the Frumau gauge in situ next to the gross rainfall gauge and a diagram of how the
Frumau gauge works collecting vertical and horizontal rainfa2
Figure 210 Diagram of the stemflow equipment for (i and ii) smaller ariil) (arger volumes of input for the
(i and ii) chestnut tree and (iii) beech and oak treégl
Figure 211The tipping bucket (KIPRQ) throughfall collector67
Figure 212 A picture and diagram of the manual throughfall collectaiO
Figure 213 Input, output and pathways involved in the process from rainfall to WCE (Gash, 1978). The area
highlighted orange is the excluded stemfloprocess84
Figure 31 The volume of rainfall recorded each month by the EML gauge, Hazelrigg gauge and average
monthly rainfall for Lancashire with the totals 803.54mm, 924mm, and 1098mm, respecti\gdy.
Figure 32TheWCE percentages when calculated using tharkau gauge and calculated WCE (using Pollock
(2018) 3.4% rainfall correction) between 8/3/185/4/19 92
Figure 33: Graph Htotal rainfall volume collected betweeB/3/19-25/4/19 at each Frumau gauge (1 next
to EML rain, 2 open side, and 3 closed side of canopy) for the vertical and horizontal collection split,
graph 2separate for the Negative WCE events, and grapd&a for positive WCE event33
Figure 34shows the throughfall% (1), WCE% (2), and Stemflow% (3) during the leafedeated,
transitional and annual periods96
Figure 35 WCE%Box and whisker plots each week per tree species and individual trees during leafed and
non-leafed periods 98
Figure 36 Throughfall box and whisker pl@8
Figure 37 The WCE% that occurs according to event size for the Che&aut.
Figure 38 TF% and WCE% for Storm intensity for the ChestO
Figure 39: The event length on throughfall, and WCE for the Chestnut 166
Figure 310WCE% and TF%agst storm sizel02
Figure 311The WCE% and TF% of events with various wind speeds (Beaufort Scale) bé&/@eti 8-
30/04/19. The Beaufort Scale can be seertable below.103
Figure 312 Wind direction and speed for Storm Callurg4
Figure 313 Wind speed and direction during event 29/07/1®4
Figure 314 Wind speed during event 15.08.18)5
Figure 315Wind speed andlirection during event 19.08.1805
Figure 316 TF% and WCE% towards the open and closed canopy of the chestnut (15/88/04/19) 106
Figure 317 The wind speed and direction during event 26.08 117
Figure 318 Events on 11.03.19 and 12.01.19 where negative WCE occurred with a change in wind direction
from closed to open canopy.07
Figure 319 Event on 12.01.1908

9



Figure 32006.01.19 event against wind speed and directi®8
Figure 321 Spatial variability of throughfall under the chestnut for 3 events and schematic candp
Figure 322 Timeseries graphs of TF, WCE and RF (28.12.18)
Figure 323 Time series graphs of TF, WCE and RF (23.0B128)
Figure 324 Time series graphs of TWCE and RF (23/07/18)12
Figure 325 Time series graphs of TF, WCE and RF (07.011B9)
Figure 326 Time series graphs of TF, WCE and RF (17/06/18)
Figure 327 Time series graphs of TF, WCE and RF (15.05148)
Figure 328 Time series graphs of TF, WCE andIR7.18)115
Figure 329 Time series graphs of TF, WCE and RF (27.11158)
Figure 330 Time series graphs of TF, WCE and RF (07.021869)
Figure 331 Time series graphs of TF, WCE and RA$1013.19)116
Figure 332 Time series graphs of TF, WCE and RF (26.0B1¥8)
Figure 333 Time series graphs of TF, WCE and RF (29.01P178)
Figure 334 Time series graphs of TF, WCE and RF (29.01189)
Figure 335 Time series graphs of TF, WCE and R©§0J2.19)119
Figure 336 Time series graphs of TWCE and RF (167.03)120
Figure 337Time series graphs of TF, WCE and RF (15.08218)
Figure 338 Time series graphs of TF, WCE and RF (19.0B218)
Figure 339 Time series graphs of TF, WCE and RF (29.01228)
Figure 340 Time series graphs of TF, WCE and RF (10.08288)
Figure 341 Time series graphs of TF, W&nd RF (:14.03.19)125
Figure 342 Time series graphs of TF, WCE and R (12 18)125
Figure 343 Time series graphs of TF, WCE and RR1200.18)126
Figure 344 (a) the rainfall, throughfall and WCE over the year, (b) Hazelrigg data utilised for the Penman
OF £t Odzt  GA2Yy S 0600 GKS 2 [ti#l evépbritibn, (H) Arnd feydifférenceDefdeeny Qa LI2
summer and winterl28
Figure 345 Data for 1825" September 2018. Grapfa) is therainfall, throughfall and WCE&Storage
measured data (b) the Hazelrigg relative humidity and temperature aneeJoNVCE data against the
potential evaporation from the Penman equatioh31
Figure 346 Throughfall volume vs rainfall volume of each rainfall event over 1.5mm volume (as per Gash
FYR a2Nli2yQa o6mMpryd YSGK2RO® ¢KS LRAY(H |l 6KAOK G
point TF starts. This is segregated for those during the leafed andleafied periods with the
transition events ignored with at least 2 hours of preceding dry conditioh32
Figure 347 plots the throughfall volume against rainfall for events of 1mm or less to determine the
coefficient of regression (i.e. {32
Figure 348(a-c) the predicted (using the Rutter Model) against measured WCE&Storage annually, summer
and winter 134
Figure 349the predicted (using the Rutter Model) against actual evaporation {28/09/18) 137
Figure 350: Throughfall for Rutter Original an&parse models against the measured showing that the
measured is larger than modelled during the peak but is overestimated in the smaller evel88.
Figure 351: Annual canopy store for Rutter Original and Sparse. Shows where C plummets when RF is high
and WCE is negativd.40
Figure 352 Graphs of the Rutter Sparse modet4
Figure 353 Shows the measured against predicted evapticen using the Penman, Rutter Original, and
Rutter Sparse model$47
Figure 354 How well the models fit the leafed, neleafed and tansitional periods149
Figure 355 Model graphs according to small and negative eveftl
Figure 356 Modelled evaporation against measured WCE2
Figure 357 Total evaporation calculated from models and measured split during leafed and-learfied
periods.153
Figure 358Total evaporation for the Rutter Original and Sparse model were altered to the Annual best fit
values155
Figure 359 Original Rutter model (185/09/18) and altered parameters to produce a better fit to the total
155
Figure 360: The sensitivity of the Penman evaporation to aerodynamic resistance (Ra) relating to humidity
(Page, 2019156

10



Figure 361 Total evaporation volumes of the measured and modelled WCE o{1B&€5/09/18) 157

11



List of Tables

Table 11 The stemflow, throughfall and interception loss published in other pap28s
Table 22 WCE rates for leafless deciduous trees in winter (Hankin et al., 2@86).
Table 13 The WCE in European and UK Studies for leafed andeadad periods found in Hankin et al.
(2016).30
Table 14 The frequency of stemflow collectors used in other stud.
Table 15 The table shows the frequency of throughfall collectors used in other studies
Table 21 Details on each tree utilised within the experimersi0
Table 22 Measurements of each tremcluding canopy area, diameter breast height (DBM), and height.
Table 23 The throughfall gauge area for the 6 troughed tippityickets located at the Chestnut tree
(corrected area for the 6 troughs is 2.64*nwvhenflat would have been 2.74 /) 68
Table 24 The throughfall gauge area for the 2 troughed manual collectors located at the cycle path, NE
campus and SW campu®
Table 25 The grid locations for spatial variability in throughfall under the Chestnut tree (outside means not
covered by the cangy). 71
Table 26 The uncertainty of rainfall and throughfall measuremeni8
Table 27 The Percentage of water lost between hitting the equipment surface and collectibn
Table 28 The variables and values used within the Penman equafi@n
Tabk 2-9 Rutter Model input date85
Table 31 (1) the rainfall recorded, (2) the rainfall volume for the events where Chestnut tite®ughfall
was recorded, (3) rainfall for the period where data is collected from all 6 trees, and (4) The rainfall
when the Frumau gauge is installe@0
Table 32 Ranfall days measured against the average for Lancaster and their differe9de.
Table 33: The anual, leafed, noHeafed and transitional periods throughfall, WCE and stemflow
percentages95
Table 34: The average event size (volume) per storm size categ@fi
Table 35: The variations in temperature, wind speed and directioarithg leafed, nonleafed and
transitional periods of the Chestnut tre202
Table 36 The Beaufort Scal&03
Table 37 The variables that can be altered within the Rutter models and their best 5
Table 41 Rutter model data found by Valente et al. (1997) 166

12



List ofEquations

Equation 21 Amount of water thatenters riversl8
Equation }2: Interception loss/WCE1
Equation 21 Sstemflow calculation using Price and Carlii®ses (2003) and Siegert and Levia (2015)
method. 65
Equation 22: The canopy area using Lei et al. (2016) metléad
Equation 23 The stemflow rate (Germest al., 2010).66
Equation 24 The Penman Equatior6
Equation 25 Wind speed corrected to tree canopy heid
Equation 26 The aerodynamic resistance calculation with wind speeds corrected height
Equation 27 Net Radiation calculatio®1
Equation 28 Net shortwave Radiatio81
Equation 29 Soil surface albed81
Equation 210 Net Longwave Radiatio81
Equation 211 Relative Shortwave Radiatiodil
Equation 212 Extraterrestrial solar radiation81
Equation 213 Reverse relative distance from the s8h
Equation 214 Julian Day2
Equation 215 Solar Declination in Julian Dag2
Equation 216 Solar Time Angl82
Equation 217Solar time angle at the mighoint of measurement period®2
Equation 218 Seasonal correction of solar ting2
Equation 219 Seasonal Correction for Solar Tig2
Equation 220 Saturation vapour pressurg2
Equation 221 Actual Vapour Pressui&s3
Equation 222 Slope of saturation vapour pressure curg@
Equation 223 The density of air where Rtise specific gas constant of a3
Equation 224 Evaporative latent heat flu83
Equation 225 Mass water evapotranspiration rat83
Equatbn 226 WCE process equati@3
Equation 227 Direct throughfall86
Equation 228 Water stored in the canop86
Equation 229 Canopy Capacit§6
Equation 230 Drip when C<86
Equation 231 Drip when C=>8&

Equation 232 Rutter ModelThroughfall Calculatior87
Equation 233 Water Evaporated from the Cano@y7
Equation 234 The Trunk Storg7
Equation 235 Trunk Evaporatio®7
Equation 2-36 Stemflow87
Equation 237 Rutter Sparse simplified drainage functi@®
Equation 31 Winter/non-leafed period:131
Equation 32 Summer/leafed periodi31

13



List of Abbreviations

Abbreviation Meaning

C Canopy storage i.e. how much is stored in the canopy
D Drainage from the canopy

DTF Direct throughfall

E Evaporation from Penman Equation

GHG Greenhouse Gas

NFM Natural Flood Management

nRF Net Rainfall

p Throughfall coefficient

RF Gross Rainfall

rWCE Rutter predicted wet canopgvaporation

S Canopy capacity i.e. what it can hold

SF Stemflow

TF Throughfall

TS Trunk store

WCE Wet canopy evaporation

WCE% Wet Canopy Evaporaticms a%of gross rainfall

2/ 9n{ Wet Canopy Evaporation and Change in Storage

14




1. Introduction

1.1 Context

During the wettest winter in almost 250 yeafwinter of 2017/8 (LEC, 2018)February 2020
storms, and Storm Desmond in 201%here were major flooding events throughout
Lancashire and Cumbria causing large economic and emotional damages. The economic
damages from storm Desmond alone were estimated by KPMG and BBC News (2015) to
exceed £5bn, with 2500 homes flooded at 229 sefmmmmunities across Lancashire, and
power lost to thousands of residences. The local damages of storm Desmond, Eva and Frank
wereestimated as £1.3bn by the Association of British Insufieygyain further investment in
Lancashire to ensure stability aretonomic growth reés on a resilient network where
flooding is minimised to ensure tle@mmunitycan buit on andmaintaina skilled workforce

Hoodingeventsregularly renewthe interest of the natior{with the most recent being Storms
Ciara, Dennisand Jorge in February 2020) the methods useé for flood mitigation in
particular the benefit that natural flood management (NFM) can provide in relation to
reducing flooding along with the other benefits these methods can biiihg.growing use of

NFM measures can be seen with their increasing use in Government papers and Environment
1 3Sy 0e Qa a i NY (S 3 ATBehecassary WisRadenplerffehtti@nFoh tiieSed
measures is, however, hampered by the lack of credible scientific studies to qutsif
magnitude of the hydrological benefits.

The proposd focusvason the Lune catchment aftet recordedthe largest flood discharge

of an English river during Storm Desmond in December ZDAiSresulted in severe flooding

in Lancaster with thousands of residents withelgctricity. The project focusion deciduous

trees as the form of NFM thatinbe used to mitigate floodindHere the edge effects of trees

on the edge of woodland®r wet can@y evaporation and storag®VCE&Syere quantified.
Models were used to look at the processes occurring and determine if edge effects can be
modelled.

Initial projects involving planting of native woodland indicate that the benefits outweigh the
initial costs of planting (Pilkington et al., 2015pwever, the persor{s) gaining the benefit

and putting in the measures are often not the same. Therefarglementing planting
schemesequires Rivers Trusts and other stakeholders to work with farmers andvamets.

The actual benefibf treesis also still to be quantified at a process scale and analysis of species
preferences is requiredto ensure scientifically factual arguments can be put forward in
favour of NFMand provide evidencdo the benefit of tree plantingor funders.Therefore,

this collaborativeMasters projectvassupported and funded by the Lune Rivers Trust and the
Woodland Trust to ensure they have accesyital data required in their dayo-day work,
working with Lagaster University and the Centre for Global Hiuwovation

The Woodland Trust are now working with Lancaster City Council, who have declared a
Climate Emergency, to plant a million trees across North Lancashire as part of the Northern
Forest Project (Lak, 2019). This research will allow these bodies to persuade more
landowners of the importance of planting treaad gain further fundinglncrease planting
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will also increase carbon sequestration in the Lune Catchment and hence support Lancaster
City Coucil with their declared climate emergency.

CKAA LINRP2SOG lfaz adzZlIRNIa G§KS 9y JZANRBYYSyYyd !
programme to develo@an evidence base faNFMbenefits to show that investment in green
infrastructure can have a costaving and carbon capture role in infrastructure planning and
managementand, rather than building more carbon intensive concrete flood defences
downstream can provide a sustainable approach to protecting infrastructure.

Below is information on the busesses with input into the project

1.1.1 Centre for Global Ectnnovation

This is a Centre for Global Bomovation (CGE) project. C&ta low carbon innovation hub

for Lancashire based within Lancaster Environment Centre at Lancaster Unividrsifyaim

G2 RSEAOGSNI yS6 LINPRdzOG& |yR ASNIAOSasX HKAOK
SO2y2Yeéé¢ I|YR GKSNBT2NB @& efviroRnsena WwendfidaidS
economical valueTheir aim is to address the pressing regional need for reducing costs of
flooding while helping to deliver GHG capture, which led to this project on the Lune
Catchment.

1.1.2 The Woodland Trust

The Woodland Trusirea woodland conservation charityho aim to increase the tree cover
in England through the creation, protection and restoration of native trees. This project will
provide data that can be used to gain funding for tree planting andieexe for their funders.

The Woodland Trust have 6 key principlese2 ¥ ¢ KA OK Aa a2S Gl 1S 00O
flyRAOFLIS FyR O G4§OKYSy ( achiity i &fecOvatergtabraevits: 4 a S a
through slowing the rate of runoff, increasingfiltration, and roots binding the soil together
decreasing sediment loss. Trees improve the water quality and reduce flood risk, but by how
much?

The Charter for Trees, Woods and Peopbes created in November 2017 due to an outcry

from the public in redtion to the public bodies bill in 2010. This is a follow on from the Charter

of the Forest and Magna Carin 1297. One of the 10 principles of the Charter is to

G{ GNBY3IGKSY 2dzNJ £ yRaOI LIS 4 A 0K sintdBedtd wviga A A G KA
gl GSN) agStfta YR Ft22Rax a2 AGNRBY3I NAGSNDI vy
This research is following the chart@minciples and proving the importance of trees in

relation to water.

The Woodland Trust have already planted treesodlands in several locations in Cumbria as
well as 66,000 trees on Tebay Common in the headwaters of the Lune. The 123ha was
formerly heavily graze@VicEwan et al., 2016). This open scrubby wood prastelter for

stock and wildlife, increase water p®lation and reducghigh flows.
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1.1.3 The Lune Rivers Trust

The Lune Rivers Trust is thmallFmedium sized enterprise thatorks with CGE. They are
dedicated to the conservation, protection, rehabilitation and improvement of the River Lune
and its tributaries(Error! Reference source not found.The catchmenf sources are in
Cumbria, Yorkshire and Lancashire @amtersthe seaat Morecombe Bay. The Lune Rivers
Trust are committed to working with landowners and farmers to plant trees and utilise other
NFM methods to reduce flooding and deliver carbon capture.

The Lune Rivers Trusas catchmentnaps indicang theresponsetime of subcatchments
and areas where the realistic amounts/type of NFM can be implemented. This is to ensure
the Rivers Trustan improve the land, rivers and wetlands at a catchment or river basin scale.

NG

S
Y N,

Figure 1-1:Map of the location of the Lune Catchment (The Rivers Trust, 2019)

1.2 Current knowledge

Studies of wet canopy evaporation (WCE), i.e. evaporation dw@&ganopy conditionsare

limited within the UK, especially fateciduous trees (Law, 1956; Chappell and Kennedy,
2009), and specifically for those on the edge of stands. This study therefore esahene
collection ofhigh frequency throughfall (TF) and rainfall (RF) dataletermine WCE&S
unique to the UK (Hankint al., 2016). Taproject gathered data relating to the importance

of WCE on narrow tree belt. These types of tree belts are more frequently utilised as part of
NFM, to reduce rainfall entering the catchment system; and hence reducing flood peaks. Such
NFM measures are being put in place locally to reduce flood peaks and mitigate future
flooding

It is thought that native tree planting has a positive impact on flood mitigation (e.g. enhanced
interception/evaporation even in winter, reduced overland flomdaenhanced infiltration
(Bonell et al., 2010))Xrees have a higher evaporation rate than other vegetation (e.g. grass)
as ventilaton is largerthan other vegetation. Trees have a greater interception and the
increased ventilation causes more water to &eaporated from the leaves and branches,
hence removingnore water from the catchment. On a large enough scale, trees could reduce
hydrograph peaks.
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Unlike this study that focuses on trees at the edge, previous studies specifically looked at trees
GAUKAY | ¢22RflIyR® [ 6Qa oOmppclO O2yATSNEdza
Eastof here. Lawfound higher WCE than others due to being located closer to the edge of
the woodlandthan other studies The magnitude of the benefit trees plantedbelts can

provide is currently unknown, and therefore the parameterisation of models is based on
assumption rather than measurements.

1.2.1 Overview

From a water management perspective, the way water flows on hillslopes is of interest in
controlling:

1 water yield (flood protection, drought mitigation, and agricultural land drainage)

1 water quality,

1 soil water statugtreeswhichproduce drier antecedent conditions)

It is also perceived that science at the hillslope scale can help engineersprethietion of

river flow and greater reliability of data used in models (Beven, 2006). Modékiadeen

used to determine the best model fllowing for processes that occur to bensidered and
provide data for model parameterisation of local scenariam whether and where to plant
trees to reduce flooding.

The modern river landscape is different from what nature intended. Theréearer wetlands
andagreaterareaof hard surfacemcreasingsurface runoffind the speed the water reaches

the river, as well as straightening of rivers causing increased speed water travels through the
river. This leavesvers less able to cope with the rainfall we experience and will see in the
future leadngto more flooding. Flooding is a natural proceskich is imprtant for healthy
rivers creating habitats for wildlifejhich move nutrients and cleans grayddut can be
devasting for communities.

Equation1-1 determines the amount of water that enters the riveherefore, altering the
storageand evaporatiorwill affect the potential for flooding.

Equation1-1 Amount of water that enters rivers
YoEEQQ QOON QRO OREE OYEET GQQ 0 £ Db wX

The water can be stored in the canopy, depressions, surface detention, groundwater, litter,
pipes, and soil moisture. The speatlwhichrunoff enters the rivers is altered by changing
the processes by whiakater enters the river. Processes and flow byigrhrainfall enters the
rivers includes: drip groundwater, infiltration, litter flow, melt water, overland flow,
precipitation, channel precipitation, pipe flow, return flow, stream flow, saturation overland
flow, spring flow, stemflowand throughfall (&nes, 1997)Rainfall is removed from the
system by evaporation of intercepted water and transpiration.

Pilkington et al(2015) suggests that NFMan have a significant effect on reducing flood
peaks by 4 % or more for a 1 ing&ar floodoccurrenceForest cover lowers and delays flood
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peaks but this is mostly limited to small and moderate rainfall events. However, the effect on
the hydrograph is less well understood at catchment scale (Rogger et al., 2017).

Methods of NFM include:

)l
)l

T

= =4

strategic planting of trees and reforestation,

installation of leaky barriers upstream by marbeavers, although the latter can lead
to unpredictable damming

Paludicultureimproving, restoring and increasing wetlands/marshlands, peatlands,
and moorlandgo increase habitats and wildlifend reduce pollutants

River Reglration-creating their natural forms/reprofiling including Heeandering
and removing concrete barriers to allow flooding into flood plains. This cannot be
undertaken to the length of the rer but can be to sections.

Increase and protect flood plain and buffer zones,

Changing farming technique® improve soil conditions(deep cultivations and
decreasing compactign

Decreasing connectivity by adding buffer zones, pondslesveand rock homsshoesto
slow the flow

Maintaining gullies and channels by removing vegetation and débirerease their
capacity

Law (1957) concludethat at an annual scaléhe forests had substantially higher rainfall
interception andtherefore, produced less drainage and streamflow (van Dijk et al., 2015).
This shows the larger potential treesuldhave to reduce a flood peak over grasslatidbis
translates to all event sizgglankin et al., 2016)Evaporation from trees being higher than
grasslands was also agreed by Muzylo et al. (20D@eshave multiple benefits including
altering hydrological pathways to reduce flooding lsah also:

l

T

= =4 -4

benefit water quality by reducing sediment and pollutant input from farmland, which
reduces chemicapplication to fields

more sustainable management of water resources through reducing surface water
runoff, increasng infiltration rates (Rogger et al., 2017yecharging groundwater
resources (Environment Agency, 2017)

provideincome for farmers

shelter for sheep (cool in summer and warm in winter),

reduce soil loss (Carroll et al., 2004)

Levia and Frost (2006) stated that wooded areas are also a sink for global carbon while
also affectinghe distribution of solar radiation, surface albedonsele and latent
heat flux, and the hydrologic cycle.

It was determined at Pontbren catchment in Wales that planting tree shelterbelts on sheep
pasture can increase infiltration by 60 times (Keenleyside, 20A8ksted slopes can also
delay rainfall byas much as 11 minutes and reduce discharge rate to only 16% of the rainfall
rate (Brookes et al., 1994 in Armson et al., 20lt3)as also been stated (McEwin et al., 2016)
that tree planting is required now to ensure that the landscape can offer thesefiis by

the time greater climate change occurs in-20 years. However, the location of flood
management methods needs to be carefully planned to ensure slowing of oreastiiment

does not lead to peaks coinciding downstream causing an increaseaf fiskding.
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Isolated trees and farrsoppices provid a significant proportion of the UK tremover (Brown
and Fisher, 2009) in addition to forestshas also been noted by Armsenal. (2013) that
single trees in Urban areas also reduce surface ruibgf62% in asphalt due to interception
and infiltration into the tree pitand hence flood peaks and should not be overlooked.

Trees and wooded areas are extremighportant in relation to water dynamicas they

1 Increase infiltration via the roots horizontally and verticallyang et al., 2011; Beven
and Germann, 1982yhich were removed through agmtensification (Roger et al.,
2017)

1 Reduce overland flow,

1 Reuce connectivity and conveyance on the surface,

1 Increase gapotranspiration of water and storage in the canammpared to other
vegetation types

1 Reduceantecedentsoil moisture (Rogger et al., 2017)

The importance oNFM has been reiteratefiirther by the Environment Agency within their

Draft National Flood and Coastal Risk Management Strategy for England (Environment

Il 3SyO0é> HnmMTO®d® ¢KA& NBIldzZANBa GKS [SFER [ 20! f
strategies, use NFM to mitigatflooding, to enhance the resilience of our environment to

future flooding, work with farmerdandowners to identify opportunities to manage
agricultural practices, develop guidance setting out best practice on local flood infrastructure
managementand®2 NR |1 SSLIAY I QP

Riverstrusts are trying to expand the use of NFM as advised by the Environment Agency
(2017) while, the Woodland Trust and Lancaster City Council are expgrige Northern
Forest Project by planting 1 million trees in North Lancashiakil, 2019). However, ith
requires scientific reasoning to back up the assumptions to encourage farmers and
landowners to work cooperatively to benefit those downstrearhis sientific data willbe

able to influence changes in land management practiedsch are required as part of the

draft strategy (Environment Agency, 2017).

1.2.2 Wet Can@y Evaporation and Storage

A tree can partition rainfall into throughfall and stemflow, causing water to be funnelled
around a tree base, and can preferentially divert rainwater in soil layers, causing water to be
funnelled around tree roots (Liang et al., 2011).

Only sparse dathas been collected in the UK and little data has been gathered in the Lune
Basin (Chandler and Chappell, 2008), where major flooding has occurred and requires
mitigation.Available data is also limited by sampling and methods used. In particular, the flow
pathways during high rainfall events need to be looked at in more dgfeilvey and Patric,
1965).

Definitionsof terms utilised within this document
1 Gross Rainfall (RF) is the total amount of rainfall that reaches the ground in the open.
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1 Netrainfall (nNRF) is the amount of water that reaches the ground through the tree
canopy. This falls through the canopy (direct throughtatidincludes drip from the
branches and leaves (indirect throughfall), and stemflow from the trunk.

f Throughfall (TF)a GKS GLINBOALAGIGAZ2Y GKIFG FlLffa |
ground surface below, and falls off the leaves after interceationl NJ £ HAMHO X A

1 Stemflow (SF) is the component of gross rainfall that reaches the ground via flowing
down thetree trunk/stems to the ground. Stemflow has been overlooked in the past in
relation to its importance to both hydrology and biogeochemistry; However, scientists
are now becoming more aware of its importance (Levia and Germer, Zbdfser et
al. (2010) klieves that stemflow should not be discounted as has been in many studies
astrees area concentrated point source of water.

1 WCE is defined as the component of gross rainfall that never reaches the ground
beneath the woodland canopy; stored within the epy for short time periods then
evaporated. When measured over longer integration periods it equated to that
returned to the atmosphere as WCE (Hankin et al., 2016; Chappell et al., 2006).

Interception loss cannot be directly measured therefore is caledlasfollows (Helvey and
Patric, 1965):

Equationl-2:Interception loss/WCE
08 0 Q1 O®H > TOE £V HO'QE "EYO Q& "C ¥ é XY & &

Van Dijk (2015) states up to half of gross rainfall returns to the atmospheWw®Eand is a

major cause of the difference in water use between forests and short veget#tiemprocess

of which is still poorly understood. Throughfall is affected by numerous factors included
meteorological conditions, canopy structure and season (Levia and Frost, 2006). Throughfall
is also important for investigations into soil erosion, sadisture on the forest floor, solute

input and runoff generation (Ziegler et al., 2009).

Initially it was believed that deciduous trees had limited effect on reducing rainfall during the
winter. Although there is a measurable reduction in interceptiaslm winter due to leaf fall,

the effect is commonly surprisingly small (Reynolds and Henderson,. 1®&ihter WCE can

be 1020% of gross rainfall for prevailing conditions in the UK (Hankin et al., 2016).

Thee are varying opinions in previous wokrkged out as to whether stemflow is insignificant

or not; with most suggesting stemflow is usual2% (Chappell et al., 2001; Sinun et al., 1992)
of gross rainfall especially in coniferous and tropical stands. Temperate deciduous stands
usually have &% stemflow (Price and Carhidoses, 2003; Chappell et d@990); except for
beech which is higher anfir that is negligible (Hewlett and Nutter, 19823temflow is
affected by tree size and shape (branch cover, angle, number and foliage (Levia and, Germe
2015), species, crown area, epiphyte cover (Oyarzun et al., 2011), and clBmaia.et al.
(1992) found that one tree produceahore stemflow when it lost its leaves, making this a
potentially important mechanism in deciduous woodlands. Levia and Germer (2015) reviewed
stemflow studies from 2003 to 2015 and concluded that stemflow is increased with branch
cover, branch angle, brah number and less foliagesupporting Sinun et &b §1992)
assumption.
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Oyarzun et al. (2011) found throughfall is correlated with mean quadratic diameter and varies
due to canopy density and drip (Navar, 2011). The difference in proportion of thrdughda
WCEBwas found to be significamnly in winter by Oyarzun et a{2011).

Looking at previous studies Jones (1997) found iW&E, stemflow and throughfall vary
considerably between evergreen and deciduous woodlamdgth WCEhigher in coniferous
woodlands whereas stemflow is higher in deciduous woodlands. Loss of watéfG&has
been reported to be up to 3@0% of the gross rainfall where there are frequently wetted
dense canopies in windy environmenalder, 1990 ilshaw et al., 2011). Thereeavarying
opinions on the effect of season on throughfall and stemflow between the types of woodland.

| 2Nl 2y Qa Oompmdpy &ddzRe 4 aThérkdefevasiudidslintozng Ay (0 S
magnitude of stemflowthroughfalland WCEvithin deciduoudorestin the UK Studies into
the effect of trees in the UK includes the Coalburn catchment study, which looked at the
effects of planting coniferous trees on moorland (Institute of hydrology, 199diferous
trees were also looked at ihe Plynlimoncatchment study(Institute of Hydrology, 1977 and
Kirby et al., 1991 )whichlooked at the stemflow and throughfall and was the longest running
investigations into flooding and trees. &te Pontbrencatchment studymixed deciduous
trees were strategically planted in shelter bel&he project foundsignificant results when
comparingwoodlands tograssland but is irrelevant at a large scale. Studies lookirigeat
interception ofdeciduous treesn the UK are summarised by Hankirakt(2016) in table 1.1.
Other notable studies in the UK looking at the hydrological impact of trees include:
1 Beech and Ash in Hampshirethe 1980s(Neal et al., 1993)
1 Ash in Northamtonshire comparing woodland to grassland drainagethe late
1980s to early 90€\eal, 2013)
1 Clipstone Forest relating to the recharge of the ground water aquifer (Calder et al.,
2002)

Thisisthe only deciduous tree interception study in the UK withhhiggquency data of edge
effectsthat has been collectedviany more studies have been undertaken within rainforests

in Asia and South America, which look at the effect of logging on the ecosystem (Chappell et
al., 2001; Juvik et al2011).

Semflow hasalso been studied for many reasons froohemistry andwater quality to
determining water fluxes such as interception loss. Even where stemflow is small it can still
have a significant effect on the soil moisture (Lei et al., 204&Yar (2011) also fourttiat in

large rainfall events stemfloaontributesto the flow pathways that allow for recharge of the
aquifers and replenishes soil moisture 4.5 times more than incident rainfall while replenishing
the soil water around roots for transpiration.

Other international studies of throughfall, stemflow and WCE for varying tree type vary

considerably and can be seenFigurel-2 and with wet canopy evaporation being be&een
6-50% but mainly between 130% of gross rainfall .
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Box and Whisker Plots of Throughfall, Stemflow and WCE as a
percentage of Gross Rainfall from Previous Studies
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Figure 1-2:Box and whisker plots of throughfall, stemflow &ME&Ein previous international studies from
19482017 of deciduous and coniferous treshows this data in more detail.

Table 31:Semflow, throughfall and interception loss published in papers

Paper Throughfall (% | Stemflow (% of | Interception loss | Other Information

of RF unless | RF unless | (% RF  unless

stated) stated) stated)
Kettridge - - 6-48% gross | Hardwoods
(1948) rainfall

intercepted

Helvey and| - - - 5% uncertainty
Patric
(1965)
Ford and| 43%/57% (Dec- | 27% 30 / 15% in Dec- | Greskine Forest,
Dean (1978) | Mar) Mar SF measured on 10

trees; TF measured at
greater density

Peterson 80-96.1% - - Oak Hickory Forest
and Rolfe
(1979) (in
Levia and
Frost
(2006))

Hewlett and | - 1-2% except in | - Various forest types
Nutter beech forests
{1982) where it may
be 5-8%. It is
hydrologically
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hydrologically

negligible in
spruce and Fir
Anderson 82% of net|183% of net|29% of gross| Kielder
and Pyatt, | precipitation precipitation precipitation
(19868) in
Johnson
(1930)
Anderson 98% of net| 2% of net|45% of gross | Kielder Sitka Spruce
and  Pyatt | precipitation precipitation precipitation
(19868) in
Johnson
(1990)
Hudson 82% of net|18% of net|25% of gross| Plynlimon
(1988)  in | precipitation precipitation precipitation
Johnson
(1990)
Chappell et |- 5% Interception and | Coniferous UK Forest
al. [1990) transpiration loss
from the canopy
is 35%. This has
been noted by
others to be 5-
17%,
lohnson 96% of net| 4% of net| 28% (varies | Balguhidder
(1990) precipitation precipitation throughout  the
year with largest
in summer up to
79% and lowest in
winter down to
0%)
Masukata et | 64.9-73.1 % - - Evergreen
al. {1930 (in Broadleaved Forest
Levia and
Frost
(2008))
Kirby et al. | 81% 19% 29-32%  mainly | Coniferous, UK
(1991) interception and | <2% uncertainty
less transpiration | The study showed that
coniferous forests
evaporate more water
than grasslands [15-
17% from
transpiration).
Cape et al. | Scots Pine 58% | - - Devilla  Forest, in

(1991) in

+7% for 1¥ year

northern Britain. Pinus
sylvbstris L. [Scots
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Levia and | 51% +6% for pine) and Larix
Frost (2006) | 2" year decidua L. (larch) over
two successive years
Larch 81% of measurement using
110% for the a series of fixed
1% year and gauges
73% 9% for
the 2™ year
Sinun et al. [ 80.7% 1.7% 17.4% Danum Valley Borneo
(1952) —rainforest
Soulsby and | 79% B% 13% Cak stand with some
Reynolds, birch and rowan
(1994)
lones Temperate Temperate Temperate Mid- | Various Forest types
(1957) Mid-Latitude Mid-Latitude Latitude
Based on | Coniferous Coniferous Coniferous (Fir):
data from | (Fir): (Fir): ¢ Summer- 32%
Geiger *  Summer— * Summer- * Winter- 26%
(1957) 70% 1%
* Winter -|e® Winter - | Beech:
73% 1% *  Summer-16%
»  Winter -10%
Beech: Beech: Subtropical
*  Summer- * Summer— | primeval Forest,
67% 17% Brazil
¢ Winter —|® Winter —|e« Annual- 25%
73% 17% intercepted
Subtropical Subtropical and 18%
primeval primeval wetting bark
Forest, Brazil Forest, Brazil
* Annual- * Annual -
34% 20%
Price et al. | 75.8 % - - Black Spruce forest
(1997) (in
Levia and
Frost
(2006))
Burghouts B1% - - Bornean Rainforest
et al. [1998)
(in Levia and
Frost
(2008))
Lin et al. [91.6% -5 - Subtropical rainforest
(2000) (in
Levia and
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Frost

(2006]]
Huber and | 62-80% 1-7% 15374 Broadleaved
Iroume
(2000]
Huber and | 74% 4% 23% Evergreen
Iroume
{2000]
Chappell =t | 31% 1% 8% lowland  dipterccarp
al. (2001} These  rates forest
WEre,
however,
reduced to
between 30%-
86% beneath
reprasentative
plots af
moderately
impacted  to
cresper-
cowered, highly
damaged
patches of
farest.
Rodrigo and | 72.1-75.5 % - rMediterranean  Holm
avila [2001) ak Forast
(in Levia and
Frost
{2006)]
Iroume and | 79% 7% 14% Broadleaved  Native,
Huber southern Chile
{2002)
Iroume and | 72% 6% 22% Douglas Fir, Southern
Huber Chile
(2002)
Bidin et al. |- 7% Undisturbed  stand
{2003) (rainforest)
Price and | 775+10% ITE13% 188 + 38 W | Natural Temperate
Carhyle- (found larger in| Deciduous Stand,
Moses storms) Cntario Canada
(2003)
Chuyong et | 36.6% African Rainforest
al, (2004) (in
Lewvia and
Frost
{2006])
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Lilienfein 73-85% - Pinus caribaga
and  wilcke plantation
(2004 (in
Lewia  and
Frost
(2006))
Chappell et | B6% - Baru, Malaysia,
al. (2006) rainforest
Lewia and | Pinus spp 65% - forested  plot  in
Frost (2006]) | 5% central Mew
Batula Brunswick, Canada
pagyrifera
farsh. [white
birch) was B3%
5%
Staslens et | Annual 71% Annual 5% Annual 21% Deciduous  Stand- 1
al. (2006) Dormant 81% | Dormant 10% | Dormant 5% beech tree
Growing 63% Growing &% Zrowing 31%
Herbst et al. WCE study in
[2008) Grimsbury Waood,
Berkshire, UK of leafed
and leafless Jak and
Birch
LZiegler et | B2% with | - - Thailand - rainforest
al. [20:05) variations due
to drip im the
canopy  (near
tree bhases of
large trees and
canopy edges)
but no obvious
spatial
structure
Germer et | - B+ 1.B%H - Tropical rainforest —
al. (2010) palm trees
Juvik et al 1% - Hawaii - rainforest
(2011}
Oryarzun et | 64-30% 0.3-2.4% 11-26% Chilean Tempearate
al. (2011) Rainforest of old
growth evergresn and
secondary  deciduous
native forests
Rafeeq and | 43.3-56.5% 33.9-3.6% 23-45% Hawaii Rainforest
fares (2014) (high value due

3] wmooth
bark, steep
branches and
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stem density
4.5% of which | -
70.1% was the
understory,

10.6% =mall
trees and
UppEr  CAnOEY
trees 19,3%

Zonzalez- -
“artinez =t
al. (2017}

Hurmid
Rainforest

Tropical

Of the limited number of WCE studies undertaken in the UK, very few were for deciduous
trees. Rainfall interception in the winter was thought to be insignifiGagt Staelens et al.,
(2006) found 9% during leafless compared to 31% during the leafeddpétmvever, more
recently the leafless periods have been shown to be import&ntof! Reference source not
found.). Jones (1997) found a small difference of 26% to 32% bettiredrafless and leafed
periods. Neal and Rosier et al., (1990) suggest anywhere from 5 to 50% can account for all
extremes in leafless trees, which is likely to be magnified where a woody understory is
present.This variation is agreed by Hankin et aD1&) and can be seen Krror! Reference
source not found.and Error! Reference source not found.These measurements were
collected in the middle of the woodlarapart fromLaw (1956) and Herbst et al. (2006) study
on hedges, which &re closer to the edge/on the edg@he largest value (480%) belongs to
open hedges, due to their interception of horizontal rainfallet canopy evaporation of
deciduous trees is found to be low#ran that of coniferous trees likewise in the dormant
phase than growing season.

Table 12:WCE rates for leafless deciduous trees in winter (Hankin et al., 2016).

Table 6-3: Wet-canopy evaporation: rates for leafless deciduous trees plus shrubs in winter

% P (by rank) Dominant species Reference UK/Europe
40-50% hawthorn (hedge) Herbst et al (2006) UK

36% oak/birch Noirfalise (1959) Continental Europe
29% hornbeam Leyton et al (1967) UK

225% oak Vinke et al (2005) Continental Europe
19.8% oak/birch Herbst et al (2008) UK

15.1% beech/hombeam Aussenac (1968) Continental Europe
14% beech Reynolds & Henderson (1967) UK

12.1% mixed White and Carlisle (1967) UK (Cumbria)

12% oak coppice Thompson (1972) UK

11% oak Dolman (1987) Continental Europe
10.5% hornbeam/oak Schnock (1969) Continental Europe
10% oak/beech Staelens et al (2008) Continental Europe
9.9% oak Carlisle et al (1965) UK

7% beech Gerrits (2010) Continental Europe
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Box and Whisker plot of the WCE% of RF
from previous deciduous trees studies
during the dormant season within UK
and Europe from Hankin et al. (2016)
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Figure 1-3:Box and whisker plot of the W@&of gross rainfall for deciduous trees within the UK and Europe
during the dormant season according to Hankin et al., (2016).
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Table 13:WCEin European and UK Studies for leafed and +heasfed periods. Noteafed periods are found in
Hankin et al. (2016).

Reference | Species Location Rainfall Leafed Leafless
Vol. (mm) | WCE (%) | WCE (%)

Gerrits Beech Luxembourg 792 15 7
(2010)
Carlisle et | Oak UK (Bogle 1714 16.9 9.9
al. (1965) Crag Wood,

Cumbria)
Staelens et | Oak/Beech Belgium 755 i1 10
al. (2008)
Schnock Hornbeam/Oak Belgium 966 223 10.5
(1969)
Thompson | Oak Coppice UK 673 24 12
(1972) (Oxfordshire)
White and | Mixed UK (Meathop 1200 16.7 12.1
Carlisle Woeod,
(1967) Cumbria)
Reynolds Beech UK unknown 18 14
and (Oxfordshire)
Henderson
(1967)
Aussenac Beech/Hornbeam | France 719 18.6 15.1
(1968)
Doman Oak Metherlands | Unknown | Unknown 15.6
(1987)
Herbst et | Oak/Birch UK 7731 29.3 19.8
al. (2008) (Berkshire)
Vinke et al. | Oak Belgium 960 30.6 22.6
(2005)
Leyton et | Hornbeam UK 447 57 31
al. (1967) (Oxfordshire)
Moirfalise | Oak/Birch Belgium 877 23 36
(1959)
Herbst et | Hawthorn UK 1350 57 49
al. (2006) | (Hedge) (Berkshire)

There is a gap in research in relation to meteorological effects on throughfall (Levia and Frost,
2006).

Many scientists believe steiofv to be insignificant, whereas others apéthe conclusion
stemflowcan be significant is some environments and is particularly important in relation to
the input of rainfall to the ground.

lida et al. (2012) believBF TFand SFhave ben underestimated and hence interception
overestimated due to the use of tipping buckets, which requires correction with calibration
regression equationdVCHi.e. the rainfall that is caught by the tree canopy or branced
evaporated is one of the mosunderestimated processes in rainfall runoff analysis where
WCEoften gets ignored or lumped witlevapotranspiration(Safeeq andrares, 2014).
Evapotranspiration is the evaporation of the water intercepted byldaves andranches as
well as the water Ist from within the tree that is collected by the root through the trees
leaves (transpiration)lhis along with the relatively few studies conducted within the UK and
the potential of utilising trees to mitigate flooding deto this project, looking at the
interception of trees on the edge
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1.2.3 Measurement Methods Used

There are several methods of measuring bemefit of trees include:

1 Usinggauging structures (e.g-notch weirs) to measure discharge/time (hydrograph)
before, during and afteran intervention This infers the change in streamflow
produced bythe trees.

1 Measuring surface water runoffiefore and after plantingpy measuring the input
(gross rainfall) and output in controlled boundary experimemtsere water is
prevented escapingBeven (2006) determined that these were not accurate, as an
impermeable bedrock cannot be assumed. This would not be an applicable method to
the Lune Basinvhich lies on Limestone and Sandstone (British Geological Survey
2018) meaning the water could enter the bedrock and hence not be measured.

Solil infiltration rates between grassed and woodland areas using ring permeameters

Soil moisture content in grassed and woodland areas using theta probes

Fixed poinphotography of before and after an intervention. This only provides limited

data on their true benefiand requires storm conditions to test.

1 Interception of the tree canopy of already mature trees by measuring throughfall,
stemflow and rainfall

= =4 -4

Some of hese methods require a large amount of time between implementation and
measurement to gain the data to show a change as the trees mature; therefore, these
methods were excludedAs the time scale only allowed measurements to be collated over a
year, maturedeciduous trees were monitored opposed lbefore- after planting of shelter
belts. This project looked at the partitioning of rainfall by edge trees into throughfall, WCE,
and stemflow, to allow for successful watershed management and flood protectititilas
data has been gathered for trees on the edge.

Gross Rainfall

Gross rainfall must be collected in the open or above the canopy (Suaik 2011); with a
tipping bucket rain gauge and data logger (Chappell et al. 1999). The gauggefailenough
away from obstacles to ensum@o more than a 45angle from the top of theobstacles
(Hewlett and Nutter, 1982 prevent turbulence affeing the measurementChappell et al
(1990) utilised 1 volumetric and 2 tipping bucket rain gaugtssvever, Helvey and Patric
(1965) found ae gross rainfall gauge is adequate for comparisons with throughfall and
stemflow.

Stemflow

Stemflow requires &ertain amount of previous rainfall before it occurs (Sinun gtl#192;

Lei et al., 2016). The most commonly used and accurate methadeasure stemflowss
randomly selecting trees within the plot and fitting a collar or spiral (Levia and Ge201s)

to them, which drais into a tipping bucket mechanism with data logger (Kirby et al, 1991;
Shaw et al., 2011). Others including Oyarzun et al. (2011) collected the data in a container and
manually recorded these resuliStaelens et al. (2006) alsead another method of stemflow
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collection byusinga spiral collectoraround the trunkthat emptied into a 0.2] automated
tipping bucket andhen intoa jarand manuallymeasuredeachweekly.

Collarsaremade of flexible Neoprene/rubber, tarpaulin, urethe mats, aluminium or plastic
foil.

Another method was used by Jukik et al. (2011) where they sampled 10cm wide areas of the
bark covering around 180% of the tree trunk. This method provided insignificant results and
does not take account of the trestructure.

Some researchers selected the trees randomly (Sinun et al. (1992) using a grid map and
collecting from the nearest tree) and others (Kirby et al., 1991; Oyarzun et al., 2011) have
selected these taking account of the girth of the tree to gawagaety of sizes and species.
Others sampled areas of the foresdgnzéalemlartinez et al., 201and Levia and Germer,
2015 to gain representative data on the species and/diameter.

Gonzélemartinez et al(2017) found that the understory wooded plant makes up a large
proportion of the forest (96%) so therefore should not be overlooked in data collection to
prevent underestimationlt is important to select a variety of sized trees as Sinun et al. (1992)
found tha smaller trees generally produced more stemflow than larger trees except in large
rainfall events.

Safeeq and Fares (2014) collected stemflow from a larger number of trees in a selected area
due to the high variability of stemflownsuringit was representative of diameter breast
height and species through previous categorisation and random selection. Multiple collars
drained into 1 tipping bucket mechanism to provide a more representative result of the
wooded areaOthers have used a variety of numbdresm 2-3 up to 40 collectors with an
average of 18 gauges.

Throughfall

There is no consensus on the standard measurement protocol for throughfall (Levia and Frost,
2006)with a variety of methods being use#iowever, funnels and troughs are the most
common Methods cover rovingi.e. moving gauges between measuremertsyl stationary
use.The funnelolumetric storage collectors (Chappell et al., 1990; Kirby et al., 1991; Sinun,
et al, 1992) and funnelled tipping bket gauges (Chappell et al., 1990; Chappell et al., 2006;
Shaw et al., 201ith and without troughs (Shaw et al., 2011; Ziegler et al., 2009; Safeeq
and Fares, 2014; USGS, 2018)most common

Troughgaugesre stationarypiece of equipmenthat measue a larger area at once, whereas
volumetric storage collectors with funnedanbe moved regularly to provide a more spatially
accurate result and are cheapdrpping bucket gauges with troughs extend the surface area
that the tipping bucket collects fra, and are better than jar methods as higher resolution
data is provided due to the data logg&taelens et al. (2006) found that throughfall is spatially
variable due to canopy cover and branch cover during the growing season; therefore, covering
a large area provides a more accurate result of actual throughfall. However, due to cost and
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the large number of collectors required, as well as the ability to easily move them around for
spatial variability volumetric storage collectors are often utilised

Zieder et al. (2009) study looked at 3 different methods (rover, staigrand point). Their
study concluded that stationary methods when not looking at spatial variabiléyhe best
with low standarduncertaintyand coefficient of variance. This involtesughscollecting the
water and draining into a tipping bucket mechanism with data logger.

Another method is to cover the area irpkasticsheet and drain this into gauges to collect the
total throughfall Catler and Rosier, 197@nder a tree or partial area of woodlanthis also
ensures a large surface area is measured reducing spataltainty. This is much more time
consuming, expensive and requires whole areas without public access.

Dunkerley (2010¥yuggests that an alternative method of collecting throughfall is through

using plaster of Paris blocks beneath a traditional fupwich dissolve through contact with

water. This, however, requires manual weighing so does not provide the high resolution
required butR2S & I ff2¢ TF2NJ YSI adzNB YhSightifér tragliioBaNB (1 K S
methods.

Stationary reinforced plastic or metal trough collectoZse@ler et al.2009)collect from a
larger area taking account of spatial variability under theogy and draining into a tipping
bucket rain gaugelhe tipping bucket capaciyf 0.2mm per tipwas found byida et al. (2012)

to havethe sameuncertaintyup to this capacityiicreasngwith larger capacity)rhis method

is favoured by many includingrBy et al. (1991). Troughs are tilted downwards to ensure
rapid drainage into the tipping bucket gauge. Thmugh area can vary bui often around
4m in length 0.1m width and 0.3m depth.

To prevent splash back from the throughfall collectodepth of 0.23misrequired (Chappell

et al., 2001). Sinun et.gl1992) extended the sides teir collection jars vertically to also
prevent splash. They need to be deep enough to prevent blockages of leaf litter and for snow;
these must be kept clean to prevent evaporation from leaf litter (Kirby et al., 1991; Juvik et
al, 2011). Johnson (1990) magad to measure the snowfall by using larger collegtors
however, this is less relevant for the Lune Basin where snowfall is less frequent.

1.2.4 Number of Instruments

Throughfall and Stemfloare spatially variable and can be determinexly at discrete points

so it is difficult to gain enough measuremerits accurate data collectianThis is done
through either the use of many individual funnel gauges to produce a larger total area covered
or usingfewer trough gauges that individually cover a greater area.

The number of measurements requites less than the 343hroughfall measurements
collectedin Chappell et al. (2001) or 450 randomly placed storage gauges and 5 tipping bucket
gauges over a 4kfrarea (Bidin et al., 2003 and Chappell et al., 2006) in Bgperimental
catchmentas spatial variability in rainfall and canopy cover were studidte Plynlimon
catchment has been widely studied and has a lower quantithr@iughfallgauges Chappell

Si ftodQa omdpdhn A2 wlineRe and2 yppigh biidked Bolle@dFsand 1
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volumetric and 2 tippindpucketprecipitation collectors,whereas the Institute of Hydrology
studied a larger area with 39 volumetric and 12 tipping bucket rain gauges over the Severn
and Wye catchments with it being fouridat 49 would be required for both catchments to

be within a 10% error. 48 throughfall troughs over 6 sites were used by Kirby et al., 1991. The
number of gauges used by Chappell et al. (1990) was less due to the size of the site being
measured and likelglue to affordability of equipment. Kirby et al. (1991) showed fewer
gauges are requireithdicating thatthe spatial variability ofrontal weather systems in the UK

is less pronounced than in tlmnvectional systems imopics of Chappell et al. (2001).

The number of standard gauges required has been suggested by many to be 6 (Helvey and
Patric, 1965) to 50 (Price and CarliMeses, 2003; Shaw et al., 2011), with Levia and Frost
(2006) suggesting that as 30 is reached the benefit becomes small wheredeigragainst

time and cost. Significantly more gauges are required for the smallest events e.g. up to 46 for
events <0.2mm rainfall but as low as 6 for larger events during the dormant phase (Helvey
and Patric, 1965) up to 21 (Price and CaMieses, 196).

Due to the temperate site location and the fact the larger events are the focus of the study it
is acceptable to assume < 30 standard gauges would be required if not as few as 6. Where
trough gauges are used this can be further reduced by 20% wialeding a 5% accuracy
(Helvey and Patric, 1965 and Shaw et al., 2011). 30 standard gauges (where funnel diameter
is 350mm) would cover an area of 2.88m

Troughsare utilised in the study with the five gauges with twmughshaving an area of
0.89m2 eah and the gauge with 6 troughs having an area of 2.64m2. This provides a total
area measured of 7.09Mmwhich gives an area 2.4 times larger than 30 standard funnel
gauges.

The larger surface area of trough gauges also ensure variability under theamepy (e.g.

due to drip from the trees causing larger collection in certain locations (Sinun et al., 1992)) is
taken account of, negating the requirement to relocate the gauges unlike standard funnel
gauges.and

shows thefrequencynumber of collectors used in various studies

Table 14:Frequency of stemflow collectors used in other studies.

Paper Number of | Other information
Stemflow
collectors
Ford and Dean, | 10 Originally collected at 23. Trees in low rainfall week but
1578 reduced to 10
Johnson (19390) 9 3 of the &7 trees were measured
Kirby et al. (1991) | 35 5 at each of the 6 sites at Plynlimon
collectors
Kirby et al. (1991) | 18 trees The Hafren experiment saw data collected over the 9
subplots with an uncertainty of less than 2%.
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Sinun et al. (1592)

20
collectors

Stemflow varies tree to tree (Sinun et al., 1992)
therefore, it is important to collect samples for several
trees of varying size, location, and species

Soulsby and
Reynolds (1954)

8 collectors

Within the dominant ocak stand with some birch and
FoWan

Bidin et al. (2003)

40 gauges

44-hectare Baru experimental catchment

Price and Carlyle
(2003)

20 trees

4 trees at each of the 5 plots

Germer et al
(2010)

40 with an
additional 8
for Babassu
palm

24 various sized over 5 cm DBH; 16 juveniles. 1 tipping
bucket for 3-minute intervals; these covered varying
DBH. It is important to collect from various DEH and
species.

Oyarzun et al
(2011)

10 trees per
plot

Representative of the diameter distribution and
dominant tree species

lida et al. (2012)

10 or more
trees  per
plot

Calibration study of tipping bucket rain gauges and
flow meters in tropical coniferous and deciduous
forests.

Safeeq and Fares
(2014

2/3 pauges
at each plot
each with 2-
7 trees
draining

into  them.
(6-21 ftrees
at each plot)

collected data at 15-minute intervals and cumulative
data which was collected every 4-3 weeks. They
selected rectangular plots of 12 x 14 or 12 x 12 m which
contained 2 or 3 gauges. Each gauge had 2 — 7 trees
draining into each. The plots were surveyed for trees
species and DBH and trees were categorised into DBH.
The trees were then selected randomly taking account
of the groups to get a representative sample. This
reduced costs as less tipping buckets were required.

Siegert and Levia
(2015)

recorded data from tree collars at 5-minute intervals
for high resolution data. They also noted the
limitations with tipping buckets and accounted for this

Lei et al. (2016)

20 trees

5 from each of the 4 most dominant species. These
trees were not covered by other trees. These were split
into 5 DBH groups with 1 of each species in each group.
Tubing was wrapped 2/3 times around the trunk and
attached with nails and silicone sealant. This was
collected in a jar. They also covered the stemflow
equipment with plastic to prevent throughfall entering
and litter blocking it. Checked and emptied prior to
each rainfall event. Samples were measured 2 hours or
next morning after a rainfall event.

Gonzalez-
Martinez
(2017)

et al.

recorded stemflow using spiral collars on trees with a
diameter greater than 10cm and funnels on smaller
trees. The water was collected and manually measured
every 1-2 days.

35




Table 5:Frequencyof throughfall collectors used in other studies

Paper Throughfall Collector Frequency Other Information

Wilm 12 Uneven throughfall can be

(1943) overcome by moving 12

from gauges randomly

Helvey and

Patric

(1965)

Black 9 With 9 roving gauges equalling

(1957) the accuracy of 1 gross rainfall

from gauge

Helvey and

Patric

(1965)

Helvey and | 6 in winter and 15 in summer (20% less of | adequate to sample

Patric trough gauges) throughfall in storms of all

(1965) sizes.

Hewlett 10 10 throughfall gauges are

and Mutter required for the same

(1982) accuracy of 1 gross rainfall
gauge

Chappell 12 velumetric and 3 tipping bucket collectors | Along with gross precipitation.

et al. Plynlimon catchment Wales

(1990)

Johnson B randomly positioned

(1990) throughfall collectors used by
coordinates

Kirby et al. | 18 troughs and 48 throughfall collectors. Plynlimon used 6 sites and at

(1991) each site in the catchment
with one main collection site
just outside the catchment. At
each site, a tree was chosen as
the focal point and had 6
troughs around a gauge at
random bearing.

Kirby et al. | 36 troughs The Hafren experiment over 9

(1991) subplots with an uncertainty
of less than 2%

Sinun et al. | 40 collectors used 4 transects with 101

(1992) sampling points on each 1 m
apart. Each transect is 50m
from each other. 40 collectors
were located randomly and
relocated each week to
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minimise the standard

uncertainty.

Chappell 345 with 0.15 m diameter orifice,
et al. 0.56 m above ground and a
(2001) drop of 0.23 m preventing out
splash. Evaporation loss was
reduced by directing the flow
through narrow  diameter
holes and painting white to
reduce radiation absorption.
80 gauges in 4 wvegetation
category areas and 20 in
category 5. Each plot is
randomly  selected. They
compared standard and non-
standard gauges gaining an
uncertainty of 1.04% and
evaporation loss Was
negligible.
Bidin et al. | 450 storage gauges and 35 tipping bucket | Randomly placed over a 4 km?
(2003) gauges area in Baru Experimental
Chappell Catchment
et al.
(2008)
Price and Table 4 This shows the number of
Carlyle- e s o St e e st | gauges required for both 5 and
IWoses phon dusing the 1995 growing-scason 10 % confidence levels.
[2[]03} Tnchdem Mean mueber of Mean number of
suggests ot ) motmem | S mee
thevmpghiall thacsghifall
<20 HES (hfs—520) 215 (17824
20-39 B7 {46-174) 22 {124}
10-T9 3 2htth) 1L {T=11
BO-% 9 S0 (3051 13 (5-21
100-19.9 4 (11-14) " A
> M 1) 21 {18=23) RS
Levia and | 30 Collectors Review of literature. The use
Frost of trough and funnel is less
(2006) significant than the number

reguired. They found that
more than 20 and the benefits
were not seen.

The use of roving/stationary
gauges depends on the
objective  with  stationary
required if meteorological
measurements are  being
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looked at as the canopy cover
must stay the same.

Staelens et | 48 collectors 20 ftipping bucket, and 28
al. (2006) manual collectors

Ziegler et | 4 stationary trough collectors and 20 mobile | Agreement between them
al. (2009) | standard gauge collectors was gained after 35 sampling

occasions. He determined the
stationary method was better
when spatial distribution is not
reguired as they do not need
to be moved and sample a
larger area.

Stationary method wused a
fabricated galvanised steel
tipping bucket gauge
measured the water captured
in  the toughs (tipping
mechanism is a larger version
of a commercial tipping bucket
rain gauge with a solid-state
reed switch monitored by a
Campbell CR10x data logger).
150 ecm®* (0.2 mm)] of
throughfall was required for 1
tip. Each gauge had 3 troughs.
The troughs were 43 mm wide
and had a triangular shape
channel (120 degrees angle)
and 25 mm vertical risers to
reduce rain splash. The trough
was 6 m long giving 0.77 m?
sampling area (after
correcting for trough angle).
Each trough was 0.5-1 m
above ground to reduce
interference from wvegetation
on the ground. Standard
uncertainty was less than 2%
and coefficient of variance less
than 10%. Measurements
Should be separated from half
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a crown to 40 m to be spatially
independent.

Shaw et al.
(2011).

a0

due to the spatial variability.
Alternatively, a smaller
number of troughs can be
used as they cover a larger
area

Juvik et al.
(2011)

Covered whole of base with sheet to collect
100% of throughfall providing result within
4% of gauge method.

Also used trough and tipping bucket gauge
method

3 sites were used to account
for summit, middle and upper
of the hillslope. He looked at
the throughfall spatially under
a trees canopy covering owver
1% of the area with gauges
from the conical canopy and
perimeter. Juvik used a lot less
as he assumed heterogeneity.
measuring equipment
included four 152 com
diameter  recording  rain
gauges with a tipping bucket
capacity of 3.65 ml; with v
shaped trough expansion of
the collection area (446.8 cm?
per trough). Troughs were
place randomly and rotated
monthly by 45°, 90° or 135" t0
the canopy midpoint. This
trough method was found to
have significant splash back
causing underastimation.

lida et al.
(2012)

Area covering at least 1m?to scale to forest
scale

calibration study of tipping
bucket rain gauges and flow
meters in tropical coniferous
and deciduous forests.

Safeeq and
Fares
(2014)

8 trough gauges

With tipping bucket
mechanisms over 3 sites.
Collecting cumulative and 15-
minute intervals. Troughs
were maintained every 4-5
weeks

UsSGSs
Science for
a Changing
World
(2018)

Throughfall collectors consist
of three &-meter long
stainless-steel troughs that
drain into a large-capacity
tipping bucket gauge. The
gauge enclosures are 46.5 cm
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in diameter and 72 cm tall. The
bucket tips at approximately
0.15 litres of water, which
represents 0.2 to 0.25 mm of
throughfall,

Davison and Leigh (2004) found that the rainfall recorded at HazeWegther station and

one 10km further south was the same; however, a weather station at Over K2llktn

North) recorded zero and Morecomb@2km NorthWest)recorded a much lower intensity
during August 2004. The distance between the throughfall/stemfioliectors and the gross
rainfall gauge as well as Hazelrigg weather station (500m away) is small enough that it will not
be affected by the spatial variabilitipue to weather systems being less spatially variable
(except for extreme convective events) the UK and spatial variability not being studied,
fewer rainfall gauges are required for this experiment. Shaw et al. (2011), suggesgauge

per 606900knt for temperate regions.

1.2.5 Uncertainty

Where tipping bucket rain gauges and flow meters ased to collect data per event, lida et

al. (2012) determined that calibration equations were required to prevent underestimation
and hence overestimation of interception. This is because the tips lead to water not being
collected by the bucket when it tipping. However,the gauges showhe character of the

rain. Underestimation is increased for tipping buckets with higher rainfall interasitynore
water is lost during each tip. lida et al. (2012) produced regression equations for 5 different
tipping budkets; some produce linear equations, but others did not, due to smaller buckets
producing lower tippingincertaintyfrom greater kinetic energy as intensity of flow increased.
The equations provided amcertaintyof 3%.

The accurateneasurement of rainfall is important. Pollock et al. (2818uggest that wind
induced undercatch is the major sourceursfcertaintyin rain gauges, witlindercatchbeing
compounded by poor siting, and variation in gauge height. It was found that thenogsige

is significant in terms of the measured rainfall, as well as the rainfall event type with typical
Englishwestcoast upland events being more susceptible to wind effects than the east coast
convective events. Pollock concluded that pit gauges weeemost accurate at collecting
rainfall as those above ground change the trajectories of precipitation especially when windy
causingundercatch The difference in undercatdbetween a standard 30cm aralground

level gaugevere also noted at Plynlimgmhis difference was up to 16% at higher sites (Rodda
and Dixon, 2012)

The undercatch is significafdr a raingaugelm above groundwhichonly catch83-4% of

the rainfall whereasgaugesat groundlevelcatch 9193%(Pollock et al., 2018Kurtyka (1953)

found that rain gaugencertainty(evaporation, adhesion, colour, inclination and splasay w
1.5%rising to between 80% as a function of wind exposurndowever, it isgenerally
considered thatbbetween 210% of rainfall is not captured lige gaugesat wind speeds of

more the 4m/s (Pollock, 2012).arson and Peck (1974) reported that the undatch
percentages for an unshielded gauge increase at 2.24% for every m/s of wind. This agrees
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with Guoet al. (2001) who stated that under catch ranges from 10 to 15% for wind speeds
under 6.71m/s and can inease to 56% for 22.36m/s wind speeds.

According to Sevruk (2006) precipitation correctiare readily applied in many parts of
Europe however, they are not in the UK. Input data includes wind speed, precipitation
intensity and weather situation (diffent drop-size distributions exist for different types of
rain with the same intensity), temperature, rain/snow amounts, frequency of ey&gsruk,
2006).

Chang and Harrison (2005 in Pollock, 2012) found that ragdathescollect vertical rainfall
however, rainfall isoften horizontalasthe air is not calm. Wilkinson (2009, in Pollock et al.,
2018) agreed with this and found that gauges in Cumlwire not collecting any
rainfall/drizzle when it was clearhaining andcould be seery an increasé the catchment
discharge. Howevethis study idess concerned about the effects of small events as they do
not cause flooding.

Rodda and Smith (1986) found that rainfall is underestimated-Bg%for the wetter parts

of the country which is on the higher end for wetter parts of the country (Rodda and Dixon,
2012).n2YS 2F GKS !'YQa 6SGGSNI OFriOKYSyia 6So3ao
catch by standard rain gauges is approximately equal to the annual average evaporative loss
(Hannaford and Marsh, 2008).

Specificuncertaintiesto the throughfallgauge, which also relate to the throughfall tipping
bucket (Pollock et al., 2018) are:
1 Instrumental uncertainty, which can be reduced by using quality equipment with
regular maintenane:
0 Mechanicaluncertaintyat different intensities
0 Repeatability of the tipping bucket mechanism
o Gauge blockage
o Electronic and data logginmcertainty
91 Discrete sampling mechanism of the results, which can be significant during light
rainfall
1 Environmenthuncertainty.
o Evaporation of rainfall not yet accounted for within the equipment
o0 Splash in/out of equipment
o Adhesion/wetting
o Windinduceduncertainty(dependant on gauge shape and mounted height).

1.2.6 Modelling

Many hydrological models do not talkeccount of stemflow or throughfall (Beven, 2006);
therefore, collecting and analysing stemflow and throughfall datdl provide a more
accurate representation of what really happens in the field allowing model parameters to be
altered for more accurate naelling. Modelling is important in determining where potential
flood events could happen, as well as mitigation measures that could be implemented and
where, to reduce flood peaks. This along with the importance of the WCE from tree canopies
in the hydrolaical cycle, is whyt iis important to have a model that can predict the
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evaporation that will occur. The WCE model can then be used within the NFM model. This
datawill also allow the parameterisation of these larger models to ensure the modelling is as
realistic as possible and based on real local data.

Trees could also reduce flood peaks through the combined effect of overland flow, and
transmissivity, which needs to be accounted for in modelling as well as WCE. The amount
trees reduce water entering thcatchment/slowwater down is larger when taken account of
separately.The WCE of trees removes a consistent proportion of flow and to a lesser extent
the trees cause a delayed flow due to decreasing of overland flow velocity. In some cases,
trees can alg reduce the hydrograph peak by a small amo{Hfenkin et al., 2016).

Stratford et al. (2018) gained observational and modelled data from various papers looking at
countrieslike the UK in climate, with 36/53 studies shimgincreasing tree cover decreases

flood risk (with 5 studies having no influence). When tree covee@ahsed, 32/53 saw an

increase in flood risk (with O decreases and 11 studies with no influence). When the storm

size is small, flooding is decreased when increasing tree cover; however, Stratford found large
events are not influenced by tree cover. Howewhe statementV ¢ NBES LJX F yiAy 3 NBF
LISF1aQ Aa ¥F2dzy R $SRatf@d/et a 22B18)f whizhddd hadzaké account of
evaporation that occurs for trees on the edge. It is of great importance to quantify the effect

of WCE with real datadm established edge trees and model the collected data to prove if

the statement is correct.

lFy1AYy S Ftftd 6unmcd adza33aSad GKFG F2NJ G6§KSANJI
values based on scientific literature, but there are large gags @aNJ { y26f SRIS¢ > A
K2¢g SR3IAS GNBS&a | F¥FSOU KeRNRfz23Iégd ¢KS 9! W9g
along with a NERC Funded call to fill more gaps (Dec 2016). This needs to be done with new
monitoring of implementations in tandem with m® modelling to help model scale effects.

A temporal datasebf throughfall on the edge of tree belts and gross rainfels been

collected, which is unique in the UK for deciduous trees. This data will be used to model
interception and the findingwill be usedo influence catchment modelling to parameterise

the WCE variable within the Cumbria mot®NFM model beingckeli SR & LI NI 2 F
Q-NFM projectHankin et al., 2016)

WCE Models

The first modelling of evaporation was undertaken by Horton in 1919. Until Y@C&was
predicted using empiricaderived relationships with gross rainfall, but these cannot be
applied to other conditions. The Rutter model in the early 1970s was the first model to
describe interception as a process then Gash later in the 70s. Now well over 15 models exist
(Muzylo et al., 2009).

The review written by Muzylo et al. (2009) rewelthe requirement for more modelling of
deciduous trees particularly more sparse forests, areas with intensive storms, and high rainfall
rates. Models are derived from relatively few events so are approximate when applied to
extreme events as they are aitle the calibration range (Wei, et al., 2008).
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The Penman equation (BeveR012) is utilised to calculate the potential evaporation. The
model is based on a combination of simplified energy balance equations for the surface and
transport of sensible and latent heat away from the surfalee Penman equation assumes
0KS Wwotk 30 i ¥Sihs tdilopy is assumed to be completely covered as if one big leaf)
so does not model sparse canopies well or take account of evaporation from splash droplets.
The equation requires a lot of data including temperature, net radiation, wpeed and
humidity. The equation is dependent on the canopy roughness and wind speed i.e. rougher
the canopy and higher the wind speed, lower the values of aerodynamic resistance, which
results in more efficient mixing of the air and faster rates of tramsf®even, 2012).

There are many variations of evaporation models utilised worldwide. The Gash or Rutter type
models are most commonly used. These types of models have various models that sit under
these categories including (Muzydbal., 2009):
1 Rutter type models:
o Rutter originalRutter et al., 1971andRutter et al., 1975)
Rutter spars€Valente et al., 1997)
Massman(Massman 1983)
Sellers and Lockwod®ellers and Lockwood, 1981)
Liu JLiu, 1988)
Liu YLiu, 1997)
o Xiao(Xiaq et al., 2000)
1 Gash type models:
o Gash originalGash, 1979)
Improved Gash sparg&ash et al., 1995)
Mulder (Mulder, 1985)
Zeng(Zeng et al., 2000)
Van Dijk and Bruijnze@&/an Dijk and Bruijnzeel, 2001)
Murakami(Murakami, 2007)
CalderStochasti¢Calder, 1986)
Calder twelayer(Calder, 1996)

O O O O O

O OO0 OO0 O0Oo

The Rutter type models are more commonly used in the UK withdBf@rent UKstudies

using this modelHowever, the Gash model is more commonly used in E@ostudies
(excluding the UK) with 6/@Viuzylo et al., 2009)0ver the whole of Europe, they are similarly
chosen, with the Mulder model also being used but to a lesser ex{Bme. temperate
environment of the UK is simiar ®urope so likelyhe difference in modelisage ihoice
ratherthan scientific reason. Hardwood trees have mainly been modelled by the Gash model

in most cases with only a few using the Rutter Model. Both model types are utilised in
temperate environments (Muzylo et al., 2009lobally the moscommonly used is Gash
Sparse (which has a simpler analytical approach) (69 cases) then the Rutter (42 cases), Gash,
then Rutter Sparse than Mulder. The other models are used less frequently.

Rutter Models
The Rutter model (Rutter et al., 1971 and 1975, Calder, 1977, and Gash and Morton, 1978)
uses the Penman equation for evaporation of intercepted rain. The model itself is easier to
use than some but has been found to underestimate. The Rutter model gditsinfall into
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direct throughfall, canopy interception and stemflow storage. The Rutter model treats
drainage over time allowing drainage to continue after rainfall ceases. The Rutter model also
assumes a closed canopy i.e. no giyszylo et al., 2009)

The Rutter model was adjusted to the Rutter Sparse model to accommodate forest stands
with significant open spaces in the canopy. The canopy area is used to calculate the
evaporation rate and assumes thtétte canopydoes not totally cover the groundt treats
drainage as an integral part of a closed water balance therefore drainage stops as rainfall
stops The modehssunesthe canopy ixompletely dry at the start of the storm.

The Massmamodel drainage depends directly on rainfall intensity. Thedlel is easier and
quicker to use than some bus not suited to varying temperatures as in the UKe
advantage of the Massman model was that its input at a temporal scale isrofril@e time
steps (Muzylo et al., 2009); whereas the other Rutter typalat® and the Gash type models
use hourly or daily data

Gash Models

The Gash analytics model (Gash, 1979) simsila@nfall interception loss.The model
assumes iis completely dry at the start of a stormfihe Gash model was modified (Gash,
1995) tothe Gash Sparde account for significant open space in the canopy. It assumes that
rainfall occurs in a series of discrete events. Three rainfall phases are differentiated within the
model: canopy wetting phase, saturation phase, and drying phase. # tse climatic
parameters (mean evaporation from Penman and mean rainfall intensity) and four canopy
parameters are used:
0 canopy storage capacity (S), the amount of water left in a saturated canopy in
absence of evaporation after the drainage and rairtial ceased
o the free throughfall coefficient (p), the fraction of incident rainfall that reaches
the forest floor without touching the forest canopy
o the coefficient (pt), the fraction of rain diverted to the trunks as SF
0 stem storage (St), the amount of vea that can be stored on the stems

It has a low data demand but is known to overestimate evaporatiuazylo et al., 2009)
However, Motachari et al. (2013pund the modelto predict interception over an annual
time scalewell. The Gash model is liendl by (1) rainfall is represented by a series of discrete
storms separated by periods long enough to allow the canopy to completely dry up; (2) the
meteorological conditions are constant throughout the storm; and (3) there is no drip from
the canopy durig wetup (Gash (1979).

The Mulder model maintains the 3 storm phases with modifications and assumes a moist
OFy2L)l 0SisSSy adG2NX¥aT Al R2SayQid |aadzyS G2
not distinguish between different storms arderives evaporation from the rainfall. Unlike

Penman, Murakami deals with splash droplet evaporatidoizylo et al., 2009)It uses the

observed data for WCE and is good for intense storms with high rainfall rates.

The Calder Stochastic model uses Penmeguoiation and employs Poisson probability
distribution to determine the number of raindrops that strike the canopy and are retained. It
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assumes water is removed by evaporation or when the storage canopy is reached it drains to
the ground Muzylo et al., 209). It accounts for secondary drops. The Calder stochastic model
requires more parametersthan other models,and some detailed measurements during
wetting experiments including drop sizes (Calder et al., 19B6)efore, is not utilised.

1.3 What Requires Further Investigation?

Many <ientists and the general population agree that trees patentially be beneficial to
reducing flood peakshowever, the magnitudeof flood peak reductionwhere to plant them
and scale of planting to reducing dowresam flooding is still unclearhis leads to the subject
producing some controversy within the scientific community.

A primary focus of the project is to provitlee Evidence Bag@a scienctific database on NFM
collated by the Environment Agency (Hankinal., 2016)with scientifically crediblénhigh
resolutionand qualitydata onWCEo quantify the magnitude of hydrological benefggge
treeshaveon mitigating flooding.

There is very little scientific data AWCEN the UK especially for deciduous trees and none
looking at WCENd processethrough a stornor the effect of leafed and notheafed periods
onthis.

1.4 ProjectAims and Hypotheses

It is thought that native tree planting has a positive impact on flootigation (e.g. enhanced
interception loss even in winter, reducederland flow, enhanced infiltration and drier soils)
(Bonell et al., 2010), but the magnitudgf these changess unknownor the how to
parameterisein cachment flood models. Newbservationghrough stormswere required
specific to the Lune catchment and conditions. The data collected prdaidmique dataset
of international significance due to the absencetlmoughfallrainfall datathrough a storm
YR SR3IS ST wWSHtidies (Mankinkiiak, 3046).Q

The project gathered local evidence in relation to the importance of trees in reducing rainfall
entering the catchment systemience reducing flood peaki.has beerseen by othershat

trees on the edge of woodlands, whethsingleor in small belts, do not follow previously
measured evaporation within the middle of woodlands. Therefore, it is important to
determine the effect edge trees can have on WCE as trees planted as pdfivbaire often
planted in small beltdt is important to determine if models can be used to predict, with or
without alterations, the effect being on the edge has on WCE. The data and models are
needed to determine whether trees can be used as NFM andoeflaoding

The aim of the project was

G¢2 RSOUSNNVAYS GKS 0 Sy, 9FtheledgRharmovinrdiaid(ofteME S Ol y
shelter)belts, can provide in relation to reducing the water reaching the ground through
wet canopy evaporatioduring a range of storm conditions within the temperate

environment of Lancashire, dkg
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This aim was supported by the following objectives:

1 To undertake aiterature review of WCE studies

1 To create a methodology taking account of the literature review

1 Tofind a suitable site and determine the trees to measure

1 Todesign and purchase equipment

1 To undertake calibration tests on the tipping bucket equipment

1 To buld the equipment in the workshop and put up on site

1 To undertake calibration of equipment once in place, test the data loggers, and
measurements on site (e.g. tree canopy area, and area of throughfall equipment).

1 To ollect data weekly for stemflow, manual throughfall collectors, ahdckktlean
out equipment, and collect data loggers monthly.

1 To ollate data into an excel spreadsheet, convert tips and total volumes into depth,
calculate WCEom TF, SF and gross RF,

1 To undertake statistical analysis on the datal create graphs of the WCE, TF and RF
through events, and graphs of WCE according to various categories such as storm size,
leafed/nonleafed periods, angvind direction.

1 To @lculate the uncertainty in thdata

1 To critically analyse the data and discuss findings

1 To undertake a literature review of interception models

1 To determine which models to test on the data

1 To test the models on the-Bin time step gross rainfall, throughfall and WCE data
from the Horg Chestnut tree

1 To alter parameters to create a best fit of the model that fits the data best

1 To critically analyse the models and discuss findings in relation to edge effects

The project looked at the WCE ofrtature deciduougdge trees (1 Horse Chestn@ Sessile
Oak and 3 Common Beech trees) where gross rainfall was collected nearby the site in the
open. The throughfall was measured manually on a weekly basis for 5 trees, and the Horse

Chestnut was measured using a tipping bucket to collect data giretiorms.The number of
instruments to be used is discussed more detailin Section1.2.4 above The location

(Lancaster University Campus) was chosen as mature deciduous trees were used to undertake

the measurementsThis site was the onlpcal site with mature deciduous treewith easy
access for data collection. More information on the site casd®n in Sectio.1. The project
lookedat the procesgs through eventsiot just longerterm scale e.g. weekly or annualds
well as variation between the dormant and growing seasons, and rainfall eventBesiraan
Equation, Rutter Model (Rutter, 1971), and Rutter Sparse Model (Valente et al.,w8&Y)
compared.

Theseobjectivesallowed the aim to be answered by determining how much WCE occurs on

the edge of narrow tree belt$jow WCEs affected by other conditionsandwhether WCE

could be modelledThe modelling testthe reproducibility and reasons behind the processes

that occur.The data collected also allavior parameterigtion of NFM catchmentmodels
(e.g. the NERQ-NFM Cumbria Model (Chappell et al., 2017)

It is hypothesized that:
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1 The tree canopies will intercept, store and evaporate larger amounts of rainfall than

found in other studies within the middle of stands due to the edge effects on these

trees.

WCE is significant for the deciduous trees even during theleafied period.

The larger the storm, the smaller the WCE percentage to gross rainfall.

Horizontal rainfall affects WCE for trees on the edge.

The models will not be able to predict the evaporation due to the edge effects on the

trees.

1 The models will need to be altered allow them to fit trees situated on the edge of
stands

E NN

Work written and published in Englisiaslooked at in this thesis.
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2 Methodology

2.1 Study Area
2.1.1 Lune Valley

The Lune Basin has filiplands and a maritime environmenthe maritime environment
plays an important role in the local weatheausing it to be particularlgnild. Lancashire is
alsowet with apredominantsouth-westerlywind.

Autumn has an average temperature of around 1@i@tersdrop to 0°C, which risghrough
Spring to Summer where temperatures are often @ °C Met Office, 2018).

Lancashires exposed tavesterly maritime air masses, which along with hawangie of the
highest ground within the country means it has some of the wettest places in thiMeK
Office, 2016). Lancaster is relatively close to theh Seaand exposd to south/south
westerly winds, which typically moves to west/northwest windstasnss move awaySpring

has a maximum frequency of norrast winds and summer can have a greater incidence of
north-west/westerly winds due to sea breeze (Met Office, 2016).

Rain is fairly commotinroughoutthe year. Summer can be fairly dry but can alsaveewhen
largeeventsoccur. Weather gets stormier in autumn which persists into winter with highest
winds due to Atlantic depressions being their most vigoréimswyever, some winters can be
colder and chmer with more fog,and frost. As Lancaster is close to the coast, winters are
often slightly warmer than inland. Spring is usually calm and drier (Met Office, 2018).
[ FyOlF 4G SNDa | @ 3MMil(QGirBate Niandaytdr,12019). Plobnged maipfalbie |
winter and early spring when the ground is the most saturated can often lead to flooding.
Snowfallisrare dieto[ I y O lavierdeNaDaind proximity to the coast.

Thesource of the River Lune is located in Cumbria with tributaries starting iraslaine and
Yorkshire(Figure2-1). The riveris 53 miles in length starting at 238m above -&zel with
westward draining riversThe River Conder is one of the tributaries to the River Lune with a
28.5knt (Davison and Leigl2005) catchmenandjoins the LuneEstuaryprior to it entering
Morecombe Bay. Ou Beck is a tributary to the River Conder with a@kehment (Free Map
Tools, 2018)which is where the data was collected
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Figure 2-1:Location of the River Lune and extent of i'ts catchment (Met Office, ZBlli6)star is the
measuremeribcationand redtriangles weather stations.

Trees cover 7% of England (British Geological Survey, 2018). Isolateahtidasmcoppices
provide a significant proportion of UK tr@®ver (Brown and Fisher, 2009) which is no
different in the Lune Catchment. This project fogsien the benefit that trees in belts can
provide to mitigating flooding by taking account of boany affects.

The land is traditioné} used as grasslan@ue to their low fertility)with some arable and
forestry. The soils are freely or imperfectly drained

Little scientific data has been collected in the Lune catchment (Chandler and Chappell, 2008),
where major flooding has occurred and requires mitigatiSudies close by include Law
(1956) experimental site (24km away to the East), and Eggerslack Fo@eshbria (Chappell

and Kennedy, 2009).

2.1.2 Site Specifics

The datavascollectedfrom the deciduousvoodson Lancaster University Campus, which has
largematuretreeswith complex canopies and lower branches to attach equipmenitany

other woodlands arand Galgate/South Lancaster were discounted as theledmature
edgetrees.Campus provided easy access for data collection/installation and several trees had
restricted access while others were away from the woodland ek SNE (1 KSe& g2 dzf R
tampered with.

The trees that were monitored are described in detail inTable 2.1and location inError!
Reference source not foundThe chestnut tree is located on the edge of a strip of woodland
(Natural England, 2018» the North-West of campusjust North of the Sports Centre and
South of the Health Innovation campukhe Chestnut tree was chosen due to its gize a
mature tree) which also halbwer branches to allow for attaching of thieroughfall gauge
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troughs It wasconveniently fenced off from the publi@he chestnut tree is open from the
East through to th&Vest with the woodland around the remainder of the tree.

Table 21:Details on each tree utilised within the experiment.

Tree and Locati | GPS Measure Basal Circu | DBH | Heig
Species on ments diameter for | mfer | (m) | ht
stemflow ence (m)
calculations | (m)
Horse NW N Stemflow, | 16 X 17 3.6 1.14 | 28
Chestnut Camp | 54°00'5 | throughfal 59
(Aesculus us, 2.2 | tipping
hippocasta | Bowli | W bucket,
num) ng 002°47' | Frumau
Green | 12.2 gauges
and
rainfall
(nearby)

The Horse Chestnut has a dense canopy with very large branches. Its
branches point towards the trunk with others pointing towards the

ground from the trunk. It has lots of drip points. It is open from East
around to West

Y

Common Cycle | N Throughfa | - 396 |1.26 | 35-
Beech Path, | 54°00'4 [ Il manual 05 40
(Fagus NW 9.2
sylvatica) Camp | W
us 002°46'
57.2
The Beech has a dense canopy with lots of smaller branches. The

branches all point down towards the stem.
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Throughfa

Sessile Oak | NE N 218 |0.69 | 30-
(Quercus Camp | 52°37'2 | ll manual 39 35
petraea) us 24 and
w stemflow
003°59'
47.4
The Oak has quite a sparse canopy and branches point in towards
the trunk. It is surrounded by trees except to the West.
Common NE N Throughfa | - 4.4 1.40 | 30
Beech Camp | 52°37'2 | ll manual 06
(Fagus us 24
sylvatica) w
003°59'
47.4
This is a very tall tree with a high canopy. This tree is surrounded by
other trees but is taller than these surrounding trees. This tree has
two smaller trees within the crown area.
Sessile Oak | SW N Throughfa | - 25
(Quercus Camp | 54°00'5 | Il manual
petraea) us 2.6
w
002°47'
29.8
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This oak is the smallest in height but is a mature tree. It is open to
both the East and West with trees to the North and South. It has a
few main large branches with an open canopy.

The branches point to the trunk.

Common
Beech
(Fagus
sylvatica)

SW N Throughfa 0.69 | 30-
Camp | 54°00'5 | Il manual 71 35
us 2.6 and

W stemflow

002°47'

29.8

This Beech is similar sized with lower branches at head height. It has
a higher canopy than the SW Oak with a dense canopy. It is open to
both the East and West with trees to the North and South

- D B RS L5 T (18 8
TV = > & \
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One Oak and Beech are located to the South West of can I|
parallelto the A6and are open to their east and west, and th

Beech is also open to the north. TBeechto the West of the %I_LU“'.”
North cycle path exiting the campisopen to the east but is stil

close to other trees after the openingh& other beech and oak

are open to thé& west and are locatedo the North East of |-
Campus between the M6 motorway and CEH building.
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Key
Red circle — Chestnut tree — throughfall bucket (purple dot), stemflow collector (blue dot),
rainfall gauge (red dot), and 3 Frumau gauges (orange dots).
Blue circle — SW Oak and Beech
Orange circle — Cycle path Beech
Yellow circle - NE Oak and Beech

Figure 2-2:Measuremenand gaugdocations The chestnut tree belt is @81m, the southwest belt isxZ80m,
the cycle path beech is@D0m, and the north east shelter belt is®20m.

Gross rainfall was collected at the Bowling Greersouth of the Chestnut treeRainfall
collected usinghe Frumau gauges (described below) was colleate8 locationsadjacent
to the rain gauge, to thaorth-east of the Chestnut tree and to tleeuth-west of the Chestnut
tree, to determine why negative WCE was being s@éen if the trees rainfall capture was
higher or ifthere was wind induced undercatch at the rain gaug@aher meteorological data
was also collected from Hazelrigg Weather statidim to the east of the campus on the
opposite side of the M6 motorwaffigure2-3).
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Flgurez 3:Distance between the site and the closest weather station (Hazelngg) as 1. 121km (Bing Maps,
2018).

Kirby et al. (19913tate that a forest needs to be a certain size to ensure that edge effects
R2y QG | O02dzy i ¥ 2.MdwévkrShe pifjettdstliieédily Icdking ht zAhy &lge
effectson trees. Thewoodlandis ~21,000m?but is long and thin. It is important to quatify

the edge effects as trees are being planted in small grosipglyand in belts not in large
woodlands

The campus woodland @d broadleaved treesepresentative of the local forest typsith
mixed age, speciesize(National Library oScotland, 2018and non-ancient (but over 100
years old (National Library of Scotland, 20 8)yure 2-2:Measuremenand gaugéocations The
chestnut tree belt is 8881m, the southwest belt isX280m, the cycle path beech isx@00m, and the north east
shelter belt is 57900m.t0 Figure2-4). It is importantthat the woodland is representative of the
species and local woodlands throughfall varies according to species (Levia and Frost,.2006)
The University sites are on the border between lowl&adt-Birch with bluebell/wild hyacinth
and BeeckOakwith bramble (British Geological Survey, 2018)eTuniversity grounds are
maintained regularlymeaning there are few sapling/young trees withire woodland(i.e.
little natural succession)The trees on the boundary of the University campus are large
mature trees of various speciegludingthe native Sessil®ak(Quercus Peaea), non-native
HorseChestnut(Aesculus hippocastanynCommonBeech(Fagus Sylvatigand Birch.
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Figuréﬂ2-4:The woodland is not classified as ancient woodlandgstiown on the mapé from 188813
(National Library of Scotland, 2018) s®over 100 years old.

The Galgate/South Lancaster arda important for Curlews (whose habitat consists of
wetlands, farmlands, heathland and moorland), Lapwings (who prefer farming that produces
short vegetation for nesting), and Tree Sparrows who have declined by 93% between 1970
and 1995 (RSPB, 2018urlews produce unsuccessful nests when nesting near \&onds,
therefore the planting of woodlands/trees in Lancashire will need to be considered carefully
so as not to be thedetriment of this speciesTree sparrowhabitat consists of farmland,
hedgerows, and woodland edges and rsaist hedge/tree/buildingholes (Natural England,
2018). The measurement site has the ideal habitaff@e SparrowsTherefore, the locations

of equipmentwere carefully selected to not disturb these speciBPgerare also foundhere.

2.2 Method/Experimental Design

WCEwas measured, toallow the importance of the hydrological pathway of WCE in both
slowing and reducing the water entering a catchmeduating events of various sizés be
guantified To calculate WGIeasurements ofhroughfall, stemflow and gross rainfakked

to be collated(a flow diagram can be seen Higure 2-5) for mature trees to determine the
benefit of newly planted NFM trees as they mature

Data was collected between 10/05/2083/04/2019 for the rain and throughfall tipping

buckets at thechestnut tree. Data from the manual collectors was collected between
05/08/2018-30/04/2019.
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Figure 2-5:Flow diagram of the process occurring when gross rainfall hits a tree canopy

1 Chestnut, Beech and 2 Oak treeon Lancaster University Campus were chosen as they
were on the edge and representative of the local woodlands. The trees span 4 locations with
varying directions of open canopy (sectidh4.?. The width and location of the tree belts
can be seen ikrror! Reference source not found.

Measuring throughfall was undertakenanuallyweekly to provide a WCE for weekly and
annually timescales. However, the chestnut tree had a tipping bucket fitted to allow for WCE
to be calclated from throughfall through a stormat 5-min timesteps determining the
processes taking plac&his allowed thelata to be split inteventsize to determine the effect

for the largest events. The tipping buckets were not implemented on other tdegsto
project financesThe number of throughfall gauges used and the area covered provides an
accuracy of 5% for the larger events, however a larger area would be needed for the same
accuracy of small events (Sect@2.6). Timeseries graphs were produced, and data collated

at various intervals e.g. 5min, event and annually.

1 tree from each species had a stemflow collector, as it varies according to spddaswas

collected manually each weekhe specific design and set up of the equipment is described
in section2.2.1-2.2.7.
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Therainfall, throughfall, stemflow and WCE were calculated as follows:

T

The depthof rainfall(mm)is calculated by multiplying each gy resolution per tip
(0.198nm), whichwas calculated by measuring thlume of water per tip(ml)
converting to litres and dividing it by the measurement area (0.0227m

The throughfalldepth was calculatedby multiplying each tip byhe tip resolution
(0.03777mm)whichwas calculated by nasuring the volume per tip (ml) converting

to litres and diving it by the measurement area (2.6396m

Manual collectors (Stemflow and throughfall) are calculated via the same method.
The volume measure(nl) is converted to litres, then divided by thedsd area of the
tree (calculated by measuring the longest and shsrrtBameter and assumed to be

a circle) This provides the depth of throughfall and stemflow in mm.

The throughfall and stemflow depths (mm) are converted to a percentage of rainfall
by dviding by the depth of rainfall and multiplying by 100.

The WCE is calculated &gding the throughfall and stemflow depth and taking away
from the rainfall depth. This provides a WQ@&m), whichis also converted to a
percentage of rainfall.

The weekly manual collection daéad chestnut tree datavasused to calculate:

average WCE values,

compare nodleafed, transitional, and leafed periods,

separate according to species,

Basic statistics were applied including mean, range, median, and percentages
Graphs e.g. box and whisker plots were used,

Bar charts of the spatighroughfall data,

Mann-Whitney Test ofsignificance and the KrusKdélallis Test(one-way
ANOVA on rank$jom Socscstatistics (2019) to determine whether there is a
significant difference in nonormal data (Staelens et al., 2006).

= =4 -4 48 -8 -4 -9

Thetipping bucketrainfall and throughfaltdatawasused to:

il
1
1

T

compare against Hazelrigg data e.g. comparing gross radiadlthe EMLgauge to
Hazelrig@ & NJ A y ®hdfcompafiewideaspeed, direction, temperature, and
humidityto WCE

calculate wetting up and drying out periods,

time-series graphshowing thevolume ofgross rainfall, throughfall and W&&torage
through eventsandcompare against wind speed and direction

create cumulative graphs over the events

An alternative method would have been 5 transeat 10 trees 300m into the woodland and
repeat this for woodlands facing different directions. This would provide control trees in the
middle of woodlands wherdrees are notaffected by edge effects allomg edge to be
determined. This experimental desigras not utilised because the amount of monitoring
requiredand budgeffor the method was beyond the scope of the project.

Matlab wasused to create models of Penman equation, Rutter Original and Rutter Sparse
models which run for every-Bin time-step d the data.Totals and itne against volume
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graphs are then plotted with lines for theeasured? / 93 t Sy Yl yQa S@F L2 NI
Original and Sparse evaporations. The equations/models are explained (selon 2.4).

2.21 WCE

WCE can be measured via several methods. In this study the gross rainfall (nearby) and
throughfall (under theChestnutiree) were measured at high frequency using tipping buckets.
Frumau gauges (Frumau et al., 2@ explained in sectio®.2.4) were also placed aroul

the Chestnutree to measure vertical and horizontal rainfall. Five other trees (2 Oak and 3
Beech) had throughfall measured manually weekly (or before and after a large storm) with
stemflow measurednanually each weekt 1 of the Oaks and 1 Beech weeHRlhe location

of this equipment in respect to the tree can be seerrigure2-6 and the tree locations can

be seen inError! Reference source not found.

Gross Rainfall

. [

Draining into a 10l Tipping Bucket Rain Collection using Troughs to increase
collector bottle Gauge and Data Logger the surface area into a Tipping

Bucket Gauge with Data Logger
or manual collector 10l bottle

Figure 2-6:Location of the stemflow, throughfall and rainfall collectamsrespect to the tree.

TheWCE was calculated iBquationi-2 (Oyarzun et al., 201Xpr event and annual scale
WCEata®Ay GAYSaidSL) alOltS A& SOFILRNIGA2Yybp{ G2
during and immediately after rainfall events. Ston@dter can be lost as drip or evaporation

over time. Therefore, at a-Bin time-step, change in storage is included.

2.2.2 Rainfall

As stated by Shaw et al. (2011), one rainfall gauge is required to cover-806RG?
temperate areaThe rain gauge is locatenear to the woodland sites to reduce the error in
spatial distribution of rainfall events (i.e. the rain gauge and throughfall gauges are recording
the same event)Hazelrigg Weather Station is also neaigvia and GermgR015) state that
rainfall can vary significantly in volume and intensity over small aH@asever, in Lancashire

the rainfallhas been found to be localis€distributedthe same spatially and temporallig

a few square mile@Davison and Leig2004)

Rainfallmeasurements are most accurate with pit gauges or gauges at canopy height (Juvik

et al., 2011); however, this is impractical (price and sitiggrefore, gauges with improved
aerodynamic properties to minimise winidduced undercatch are préerable (Pollock et al.,
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2018).Aerodynamic gauges ammportant as uncertainty can range from20% (Rodda and

{ YAOGKZ mMpycod t2fft201 SG tftdQa o6nHnmyO &addzRe
rainfall whereasnostrainfall is not vertical athe air is not calm. Rainfall in Cumbria has been
underestimated due to this and could indicate issues for trees on the edge. Rain gauges have
increased underestimation with high rainfall intensity as more water is lost during each tip.
Precipitation corretion equations are applied in many parts of Europe but not within the UK
(Sevruk, 2006). The rainfall collection is affected by rainfall intensity, temperature, drop size,
event frequency and wind speed.

The gross rainfaWwas collected nearby the Chestnut tree on the bowling gr8dme gauge is
f20FrGSR 2y 2Ly 3INIaaflyR gA0GK dzyAT2N¥SR aol
eddying. This is to reduce exposure to high wind speeds, which are present on laagedtat
Thedistancebetween the gauge and thebstaclee.g. a trees at least two times the height

of the obstacle.

Rain is collected in the funnef a rain gaugand runs down ta filter that removes debris.
Then into the tipping bucket mechanism, whiwhen full tips and the other bucket positions
itself under the nozzle to catch the drips. The moving arm forces the magnet past the reed at
each tip causing contact for a few milliseconds. The outgoing water is then drained away
through an outlet.

An EML Kalyx aerodynamic rain gauge with integrated limpet logger was used, which is based
2y UGUKS LIKeaAOolt 2apMet Gfficrain gaug&he EML gaugenprades
accuracy for high winds, which withowind induced undercatchan be up to 20%ue to the
accelerating wind speed around the orifice. The gauge is raised to 72cm above ground to
allow forthe gaugeto be above surrounding vegetatidrigure2-7). Its accuracy, according to

EML (2019), is 99% for up to 120mli/hour of rairdalll calibrated to 2% of the 0.2mm tipping
volume. The gaugeascleaned regularly and at least every month to prevent blockages to
the tipping buckets and filteiThe logger reards the time of the tip allowinghe datato be
converted to any timestep.

E Rain Gauge [12.7 cm diameter,
127cm2 funnel area)

Total Height 72 cm

Drum to increase gauge
height to above
obstacles

[+ -
2 Concrete Slab [450x450%32 mm)

Figure2-77Kal yx Rai nf al |l gauge
gaugeis above vegetation
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The rain gauge was assembkesiper the diagrarby:

1 Set up gaugeletach lid removefoam and replace tipping bucket

1 Download limpet logger software on computer

1 Connectimpet logger and configure settings

1 detach logger from computer

1 Test the bucket tips and records before reattaching and downloading Wtee the
logger anddetach logger from the computer

1 Drill hokes in slab andecurely fasten stanfibr stability,

1 Attach the logger to the standa the 3 holes in the base of the gauge

1 Carefully tansport to site and level in place using a spirit level

1 Log time in place as the logger can tip during transportation

1 Take laptop and cable to site to download data as required

1 Check/clean/inspect for damage the gauge and filter to prevent blockages every

month.

2.2.3 Hazelrigg Weather Station Data

Certain data was requiredo determine any meteorological influences on WCE.
Meteorologicaldatawad A Y SR FNRY [FyOlFadGdSNI! yASBMEAGE QA
is located within the few square milesuggested byDavidson and Leigh (2004) for the
localisation of weather sptems The weather station site i® the east of the Chestnutee

andthe M6 motorway at the top of a hill. The weather station is 1121m from the wood and

10 km East of the Irish Sea. Weather observations have been collected on this site since 1976.
Thedata at Hazelrigg weather station is collected at 0900 GMT time every day and is also
collectedby the automatic weather station every 10 minutes.

There aretwo sites where data is collected. Temperature, wind direction, total radiation,
relative humidiyy and rainfall volume were from the main site (Grid Reference 493 578) at
95m above sea level; and wind speed is used from the site B (Grid Ref 490 579) which at 85m
abovesea level is more sheltered and therefore more like campus conditions. The rainfall
data is collected using an EML ARG100 tipping buckegeaige sited on the ground with a
0.2mm tip.Nearby objects include a 100m tall wind turbine 150m WSW, meteorological mast
10m NW, road and trees 30m EaBhis data is Hninute averages. The data was then aligned
with the high frequency data collected terbinute time-steps, by assuming the samalue

for the two 5minute time-steps fromeach10-minute time-step.

2.2.4 Frumau Rainfall Gauge
Three Frumauwain gauges have been strategically installed around the chestnutgtaes(in

Figure2-8) with oneon the prevailing wind sideone to the leeward side and one next to the
rain gauge in the bowling green grounds nearby.
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Figure 2-8:Map depicting the location of the Fruma gauges relative to the Chestnut.

Frumau rain gaugewere built and borrowed from Dr Mark Mulligan from Kings College
London. Thesgauges are described Frumau et al. (2011achgauge ha2 data loggers

one for the vertical rainfall collection and one for the horizontal collection. These data loggers
are kept inside a cylinder container to protect them from the raihe vertical rainfall is
collected ina funnel atthe top of the gaugeand is channelled to a tipping bucket at the
bottom (seen irFigure2-9). The horizontal rainfall is collected through a mesh scredrich
surrounds the gauge like a cylinder. The rain hits the screen and is directed down to the
second lower funnel and is thehannelled to the othetipping bucket for recording.

0 HUK
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. . Vertical Rainfall
Frumau Horizental Raingauge 1

Mesh cylinder

supporting/fastening
post

Horizontal Rainfall —=

Tipping bucket for Vertical
Rainfall

Datla loggers for _ B Tipping Bucket for
herizantaland ~ ] Horizantal Rainfall

wvertical rainfall

container to keep
loggers dry

Figure 2-9:Pictures of the Frumagauge in situ next to the gross rainfall gauge and a diagram of how the
Frumauvertical and horizontagjauge works.

2.2.5 Stemflow

The stemflow collectors are located on the Chestnut tree, NE Oak and SW Beech, as stemflow
varies between species and girtGdrmer et al., 2010). The water flows down the stems to

the trunk and is concentrated into the ground surrounding the tree, to its roots. The stemflow
collector intercepts the water flowing down the trunk and collects and sttihesvaterin a

large contamer using a spiral neoprene collae water iscaptured in the tubing through

holes and prevented from being lost over the edge by silig@aantbeading on the outside

of the holes, as per Levia and Germer (2015) installafibwe. collar is no more #n 2.5cm

from the trunk to ensure drip is not intercepte@yarzun et al., 2011 5temflow is then
collected manually every week when equipment is checked and cleaned.

Stemflow volume is transformed into depth (mm) by using surface area of the horizontal
canopy areaAs the stemflow as a % of gross rainfall is small (although volume can be large
(Chappell et al., 2001; Sinun et al., 1992)), it is less significant in relation to this experiment,
therefore was not completed on every tree due to cost.

Theequipmentis assembled:

1 Inthe workshop:
o drill holes in containers for the pipe to enter at the tapd overflow pipe
0 add the tapsat the bottomand seal,
0 cut pipe for overflow and stemflow pipe to required length

1 In the field:
0 Place the containewhere it is the most sheltered from wind around the tree
o Put the pipe in the container argpiralaround the tree
o Fasten the pipe in place on the tree using pipe ¢lips
0 Using the electric cutter and wire cutters cut slits in the pipe for watemier

the pipe
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o

In dry weather seal the pipe to the tree with silicone sealant; where there is a
big gap use roof flashing to connect the stem to the pipe and seal this

Put a line of silicone sealant at the top outside of the pipe to prevent the water
running off of the pipe and directing it into the holes

Once dry ensure taps are closed and measure once a,week

An overflow was added with a tap at the top of the water butt into the overflow
container.

The diagramgrigure2-10) show the stemflow installation for the smaller volumea(id i) of
the chestnut tree and higher volumai)ifor the oak and beech trees:

Stemflow Collection

Nail clips hold the pipe to
the tree. The pipe is then
sealed to the tree with
silicone sealent and a bead
of sealent down the outside
of the holes to direct water
into the holes in the pipe

Holes are cut in the 25mm
diameter pipe to allow

——Stemflow collar made of neoprene rubber

stemflow to enter the pipe Pipe to direct stemflow collected into 10l bottle

and drain into the collector d y

Volumes are collected
weekly and
before/after large
rainfall events

Pheasant feeder

I
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Stemflow Collection

Nail clips hold the pipe to
the tree. The pipe is then
sealed to the tree with

silicone sealent and a bead ——-Stemflow collar made of neoprene rubber
of sealent down the outside
of the holes to direct water
into the holes in the pipe

Holes are cut in the 25mm
diameter pipe to allow

stemflow to enter the pipe Pipe to direct stemflow collected into 10l bottle
and drain into the collector i "

Volumes are collected
weekly and :
before/after large

rainfall events Water Butt (2501) and

145| overflow
container \

i

Crate } ‘

Figure 2-10:Diagram of stemflow equipment farahd ii) smaller(Chestnutland (ii) larger volumes of input
(beech and oak tregs

The stemflowdepth (mm) was calculated usirigguation2-1.
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Equation2-1: SYemflowcalculationusing Price and CarlyldMoses (2003) and Siegert and Levia (2015) method.

; SFtotal /1000
N FA

SF = Stemflow (mm)
SFtotal (ml) = average stemflow from sampled trees
FA4 = given area of forest/canapy area of the tree (m°)

Staelenset al. (2006) converts stemflow collected into stemflow (mm) collected per
horizontal canopy area while Lei et al. (2016) assumed the canopy area made an ellipse and
calculated

Equation2-2:Canopy ara using Lei et al. (2016) method

FA=n*dyp*d2/4

d1 and @ are the longest and shortest diameters through the cens® perkError! Reference
source not found. The table also showsrcumference, DBH and height of the tree.

Table 22:Measurements of each tree including canopy area, diameter breast heigh}, @Ml height.

Canopy | Canopy | Canopy | Circumference | DBH | Estimated Height
Location / | diameter | diameter | Area {m) {m) {m) (and Max.
Tree (m) (m) {m2) species height)
NW Campus
- Tipping
Bucket — 16 17 213.628 3.6 1.146 28 (40m)
Horse
Chestnut
Cycle path - .
Common Not required as not stemflow 3.96 1,261 3540 (40m)
present
Beech
NE campus — 12 5 47.124 2.18 0.694 | 30-35 (20-40m)
Sessile Oak
NE Campus - .
Common Not required as stemflow not 44 1.401 ~30 (40m)
present
Beech
SW Ca-mpus Not required as stemflow not 474 1.509 ~25 (20-40m)
— Sessile Oak present
SW Campus
— Common 10 12 94.248 2.19 0.697 30-35 (40m)
Beech

Stemflow rate as a % of rainfall (Germer et al., 2010) is defined
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Equation2-3: Semflow rate (Germer et al., 2010).

SEy% = SE/R *100
R is the rainfall depth.
SF% = volume of stemflow water collected

2.2.6 ThroughfallTipping Bucket

Throughfall is the water/rainfall that falte the ground &her directly through a tree canopy

or indirectly after being intercepted by the leaveBhroughfall dataan be collected by roving

and static methods and using either small gauges or trough gauges. These varying methods
have their positives and negatisend their use depends on the area of studgr example
spatial variability requires lots of small roaming gauges (Ziegler et al., 2009); whereas trough
gauges with a larger collection area account for the variability, while the static factor ensures
other factors affecting WC&an be studiedinstead of the tre@ variability potentiallywhich
caueschangesvhen usingroaming gaugesTipping bucket gaugesata through eventso

allow for processes through a storm to be studiEdr these reasors, static trough collectors

were used to ensure the spatial variability is accounted for while the WCE variations can be
measured. A high frequency tipping bucket is used to collecthfmughfall data to see the
variations through a storm.

The throughfall tipping bucket collectaras a KIPP 100 tipping coun{&abcell Ltd.), which

is made to accurately measure high intensity rainfall and large flohesbucket has a volume
of 99.7m per tip and vas logged on an EML Limpet logge sélme logger as the rain gauge
in more robust casingThe gauge recordsach timestamped tip this is therconverted to 5
minute intervals once collected. @Harger capacity of thdroughs allows collection of
throughfall from a larger area ensuring the data represents the aatimore accurately
(10 times that of rainfall)Thelogger sat within a pheasant feeder with a funf@b0mm
diameter)directing thewater captured in the troughs into the tipping buck@tigure2-11).

The 6 troughsvere made of guttering ofx0.114m with a depth of 0.06m to prevent splash
back. The troughs were held up using large cable ties around lower brafitiesoughs are
angled to ensure water drains quickly and does pool in the trougts, which didoccur in
Plynlimon (Institute of kdrology, 1977)A mesh in the funnel prevents debris from entering
the equipment.The equipment is emptied frequently (weekly with daily emptying during leaf
fall) to prevent leaf litter build up causing pooling and increased evaporation (Kirby et al.,
1991; Juvik et al., 2011).
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~ OTroughsarounda
Tipping bucket Flow
Meter

/3/ 0.114 m wide
0.06 m depth I

Large angle to

encourage !
drainage

4min length

Troughs made from 4m length by
0.114m width guttering. 6 pieces
are placed around the funnel

\

4 min length

Throughfall Tipping Bucket Collection

Funnel - 350mm diameter/

top with 35mm diameter
stem

A

Tipping Bucket Bracket

/

Hole for drainage

Stood on Bricks to
allow for removal
during data collectiol
for the container to
lower

Tipping bucket flow
meter

Cable ties to fasten up
the guttering to the tree
branches

Steel bar to increase

\ stability of gutter
J/Cahle ties to fasten to the funnel

Steel frame to hold up the

r___————‘_’_f—funnel and guttering

KIPP 100 Tipping Bucket {0.2mm
resolution)

Data logger attached to
pheasant feeder

Pheasant Feeder to protect equipment

Figure 2-11: Tipping bucke{KIPP100)throughfall collector.
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Thelocalisationof rainfall events covers a large enough area that the spatial variability in
rainfall does not affect the throughfall/rainfall collection locations due to the distance
between the locations. Hazelrigg weather station is 500m away and therefore alss gilew
data to be compared without spatighriabilityin rainfall causing uncertainty in the results.

Throughfall measurements are spatially variable so require a large arba toeasured
(Chappell et al.,, 2001)T'he weather system@spatial variability in the UR temperate
environment is lower thanthe tropics wheremany of these experiments have been
dzy RSNIF 1Sy ® ¢KS 2SN aLI Al f @I NRI tndahsA (i &
less gauges are required for this experimehhe number of TF gauges required is into the
800s for a small event size a woodlandwith 5% accuracy but with larger everttss is
significantly smaller around-80 depending on the uncertainty and size of storm (Price and
Carlyle Moses, 2003; and Mey and Patric, 1965). As large events are being studied an
accuracy of 10% requires less than 13 standard gadgesgh gaugesvere used as they
require a further 20% smaller area (Helvey and Patric, 1965) astiseye spatial variability

is taken acount of, are less time consuming for collection and do not require movae
gauge with si troughs was usedcovering an area of 2.64n(Error! Reference source not
found.), whichis much larger than that required fdi3 standard gaugebat covers an area

of 1.25n? and lida et @ suggestion of 1rhfor trough gauges to allow for accurate scaling up
to a forest stand and reduce the uncertainty in the spatial variability

Table 23:Throughfallgauge area for th€hegnut 6-trough tipping buckiegaugelocated(corrected area is
2.64 nt whenflat was2.74 n¥)

Height (height
eight (heig Corrected
Troughs off ground - Angle X length (b) | Area
€ height of funnel) | (degrees) e
(mm)
(a)
196-124 =72 cm
1 10.37 3935 0.448 m?
=720 mm
198 -124 =74
om 3930.95 = 448134 mm2
2 10.6 3031
=740 mm 0.448m?
220445)-124 =
3 {141 cm 1 1410 20.64 | 3743 426702 mm?
- ' =0.4267 m?
mm
4| 1987 124=74 10.6 | 3931 0.448 m?
cm =740 mm
248-124 =
433,542mm?
5 | 124cm = 18.06 | 3803  0.4335m
1240mm T
258-15)—-124 =
( ) 435366mm?
6| 119cm = 17.31 | 3819 04354 m?
1190mm - Uasosm
Total Corrected Area (if flat is 2.736m2) =2.6396 m?
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The throughfall tipping bucket is assemblgdjure2-11) by:
1 Attach limpet logger (two wires) to the tipping bucket (remove 4guyg). Use a multi

meter on resistance range to check the tipping bucket

Testtipping bucketlimpet logger and download data onto computer

Attach legs to pheasant feeder drym

Attach tipping bucket to inside of pheasant feeder using supiredket, easureit is

level with clearance off the bottom of the feeder,

Cut thepheasant feeder lid to fit the stem of the funnel at its larger part

Cut~1/2cm off the base of the funnel so it sits with the wide part of the stem within

the lid for extra support. @ a rectangle out of the bottom of the funnel stem so it sits

in the tipping bucket better

1 Drill2 holesin the side of the peasant feeder opposite the tipping bucket for the data
logger to be attached using a cable, tie

1 Drill2 holes in the gutteringt each end for attaching to the funnel and the branches,

sides near the end to fit a cable tie through (about 5 cm from gnd)

Attach steel pipe to the outside edges of the guttering to increase stability

Drill holes around théop of thefunnel with 5cm gp to attach to gutter

Produce a support for the funnel to siecurely on pheasant feede

Reduce height of pheasant feeder legs and sit on bricks (to allow for them to be

removed to allow the feeder to be lowered away from the funnel/guttering for agces

to the data logger)

1 Attachin the field using cable tieand dtach funnel to pheasant feeder handles to
increase stability

= =4 -4

= =4

= =4 =4

2.2.7 Manual Throughfall

The five manual collectors supplemented the tipping bucket gauge to measure WCE over a
longer period. These collectors are
below the Oak and Beech trees
These gauges were manual
measured weekly or immediatel
before and after a large event. Thelig
have the same design as the tippirg
bucket collector but collect thep
water in a pheasant feederand ;
overflow container. Thg had 2
troughs instead of 6The number of
troughs were limited due to thejges
frequency of collection required forfgs
a greater number of trough&igure [
2-12 shows the design of thefiEses
manual throughfall collectorand
one insitu.
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Troughs made from 4m length by Manual Throughfall Collection Cable ties to fasten up
0.114m width guttering. 2 pieces the guttering to the tree
are placed around the funnel \ branches

Total area collected =0.8799 m2

Funnel - 350mm diameter/

top with 35mm diameter

Mesh to prevent leaves and
debris entering the collector

t
stem Click on and off hose pipe
' B attachment for easy emptying
cable tie holding the ] j r /OVEY‘HOW pipe - not
overflow pipe = too small due to

capillary action

Overflow container -
145l capacity

air pipe

Pheasant Feeder

volumes are collected
weekly and before/after
alarge event

Figure 2-12:Picture anddiagram of the manual throughfalbllector.

Eachmanual collectohadan area of around 0.9fvaries slightly according to trough angle),
which is similar to that required for the 20% smaller area of the 13 standard gaugés (1m
This ensures that a large enough area has been sampledLfafo accuracy with larger aes.

The troughareas for the manual collectors was calculated asHreor! Reference source not
found..

Table 24: Throughfallgauge area for th@-trough manual collectors located at the cycle path, NE campus and
SW campus
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Trough 1
Height at | Height at Corrected Angle
trough edge of | height change | Length (degrees) Area
centre trough (mm) {mm) {(mm?)
18.8 431635.9
NE OAK 1m 15cm | 2 m 44cm 1290 3786.28 2
NEBEECH | 1m 17cm | 2m 28cm 1110 3842.9 le.1 438090.6
14.2 442102.2
SE OAK 1m 22cm | 2m 20cm 980 3878.09 6
311 389500.3
SEBEECH | 1m 10cm | 3m 18cm 2080 3416.67 8
CYCLE 1m 23cm | 2m 66cm 1430 3735.65 20.9 425864.1
Trough 2
Height at | Height at Corrected Angle
trough edge of | height change Length (degrees) Area
at centre | trough (mm) {mm) (mm?2)
NE OAK 1m 15cm | 2m 87cm 1720 3611.32 25.5 411690.48
NE BEECH | 1m 17cm | 2m 08cm 910 3895.11 13.1 444042 54
SE OAK 1m 22cm | 2m 56cm 1340 3768.87 19.6 429651.18
SEBEECH | 1m 10cm | 3m 5cm 1950 3492.49 29.2 398143.86
CYCLE 1im 23cm | 2m 37cm 1140 3830 16.6 436620
Total Average Angle at each
Troughs Total Area of troughs for Total in tree (degrees)
Collector (mm?) m?
NE OAK 843326 0.8433 22.15
NE BEECH 882133 0.8821 14.6
SE OAK 871753 0.8718 16.9
SE BEECH 787644 0.7876 30.15
CYCLE BEECH 862484 0.8624 18.75
CHESTNUT 2639600 2.6396 14.6

The manual throughfall equipment is assembdadper the tipping bucket throughfall without
the tipping bucket. The base of the pheasant feeder had a tap attached and sdaled.
overflow tap is attached near the top of the feeder and pipe attached to the tap and into
another containethrough a hole at the top.

2.2.8 SpatialVariability under the Chestnut Tree

The spatial variability of the throughfall under the Chestnut wagstigateddue to negative
WCETo measure thijs grid was createddror! Reference source not fourietror! Reference
source not found, which surrounded the throughfall collectoBO llitre collectorswere
randomly given a random numbend placed out by measuring out the grid.esb were
collectedon 4 occasions (22-26™ March,015-02"9, 039, and27-28" April).

Table 25:Grid locations for spatial variability in throughfall under the Chestnut (outside means not covered by
the canopy).
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0 1 2 3 4 5 6 7 8 9 10 11

0 edge Tree Tree Tree Tree Tree Tree X1 Tree Qutside outside outside
1 Tree X2 Tree Tree Tree Tree Tree Tree Tree Tree outside outside
2 Tree Tree Tree Tree Tree Tree Tree Tree Tree X3 outside outside
3 Tree Tree X4 Tree Tree Tree Tree Tree X5 Tree outside outside
4 Tree Tree Tree Tree Tree Tree Tree X6 Tree Tree tree outside
5 Tree Tree Tree X7 X8 Tree X9 Tree Tree Tree Tree outside
6 Tree Tree Tree Tree Tree Tree Tree Tree Tree X10 outside outside
7 X11 Tree Tree Tree Tree X12 X13 X14 Tree X15 outside outside
8 X16 Tree Tree Tree X17 X18 Tree Tree Tree X19 outside outside
9 trunk ST Collector X20 Tree X21 TF Collector Tree Tree Tree Tree Tree Tree

10 trunk Tree X40 Tree Tree X22 Tree X23 Tree Tree X24 Tree

11 Tree X25 Tree Tree Tree Tree Tree Tree Tree Tree Tree Tree

12 Tree Tree Tree X26 X27 X28 Tree Tree Tree Tree Tree Tree

13 Tree Tree X29 Tree Tree Tree Tree X30 Tree Tree Tree outside
14 Tree X31 Tree Tree X32 Tree X33 Tree Tree outside outside outside
15 Tree Tree Tree Tree X34 Tree Tree Tree outside outside outside outside
16 X35 X36 X37 Tree Tree Tree Tree X38 outside outside outside outside

17 Tree Tree Tree Tree X39 Tree Tree outside outside outside outside outside
18 outside outside outside outside outside outside outside outside outside outside outside outside

2.3Field Techniques

2.3.1 Systematic Uncertainty Analysis

The location of the meteorologicatationis a site uncertaintgsit is not immediately next to

the chestnutiree. This datds notrepresentative of thavhole of theLunecatchmentasthere

is varying landscape, meteorology and species. Therefore, evaporation estimates will be
uncertainif scaled up to catchment scalBeven, 1979). Beven (1979) also suggestsditat
uncertaintymay exhibit bias as well as a random component and may show correlation in
both space and time.

For the smallest events, the throughfall data collected suggests equivalent to 140 standard
gauwes would be required for a 10% uncertainty using the method in Price and €dgés
(2003); this would increase to 802 for a 5% uncertaiftys high value agreed with Price and
CarlyleMoses (2003) who found similar for a b#tcertaintyfor small evats. The number of
gauges used (6) suggests a 408s6ertainty for these small events howeverthe 6 gauge
(section1.2.4) covers7.09n¥ which is 2.4 times larger than the 30 standard gauge area
neededto provide a5% uncertainty for the largest even®rice and Carlyiosesalsofound

a small number of standd gauges were required for the larger events which are being
studiedhere (6-25).

Measurement uncertainty is due to both instrumentuncertainty and uncertainty in
calculationgBeven, 1979)The measured rainfaflsing a standard aerodynamic rajauge

at 1m height) has anncertaintyof 12.2% according to Pollock (2018), Kurtyka (1953), and
EML (2019). The rain gauge is located just under 1m above ground level (0.72m) providing an
addeduncertaintyto the winduncertainty. Otheruncertaintyincludes systematiancertainty

and actual manufacturenincertaintyof the equipment(Error! Reference source not foungd.

A similaruncertaintywas also found by Roddand Smith(1986) in Lancaster between a pit
gauge andyauges with a height betwee80cm2m in height.

The throughfall measuremenincertaintyis 7.74% and 7.86% for the tipping and manual
collectors(Table 26:Uncertaintyof rainfall and throughfall measuremepte)ncertaintyin the stemflow

is introduced over time as the stemflow collector becomes loose and moves away from the
tree.
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Table 26:Uncertaintyof rainfall and throughfall measurements

Error (%) Reference
Manufacturer rain gauge error (Kalyx-RG) 1 EML (2019)
Systematic error (included within the 1% 1.5 Kurtyka (1953) and Pollock (2018)
manufacturer error)
Wind Induced Error 11.2 Pollock (2018)
Total Systematic error for rain gauge 12.2%
Tipping bucket error 1
Trough wetting up error 2.24 Section 2.2.4
Standard throughfall collection error 4.5 Holwerda et al. (2012}
Total error for throughfall tipping bucket 7.74
Measurement/precision error 1.12
Standard throughfall collector error 4.5 Holwerda et al. (2012)
Trough wetting up error 2.24
Total error for manual collector 7.86

Kurtyka, 1953 Systematic Error

Evaporation -1
Adhesion -0.5
Colour -0.5
Inclination -0.5
Splash 1
Total -1.5
Exposure to Wind -5to -80

2.3.2 GaugeCalibration

The rain gauge has a manufacturer tip volume of 0.2mhe rain gauge wasalibrated on

site to 0.198mnftip. The rain gaugeascalibrated by using an input only volumetric method
(Santana et al., 2015Fhis is where aet volume is pourechio the gaugeslowly (ensuring
overfilling or splash doeasot occur) and compared to the number of tips; aliogga volume

per tip to be calclated. The gauge is fully wetted prior to calibration to ensure all water flows
through the gaugdor the calibration. The gauge has uncertaintyof +5% (Omega, 2018).
Its calibration was cheekl again at the end of October to the same value.

The Thraghfall tipping bucket was calibrated using the same method. The tipping bucket had
a 100ml tip according to the manufacturandin the fieldwas found to be 99.7ml.

The overallncertaintyhas been calculated as 14.448tthe rain gauge

On arrival at Lancastéiniversity, from Prof. Mark Mulligan (Kings College Londtmge of

the 6 gauges were erected in the field. It was noticed that one gauge was providing unusual
readings. On trial it was leaking so the spare three were cheickib@ laboratorywhere one

gave a value of 0.192mm/tip; however, the other 2 leaked. The working and leaking gauge
were swopped.

2.3.3 Uncertainty in wetting upg actual vs measured
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Theuncertaintyin throughfall gauges is caused by wetting up, evaporatidiasspinclination
and colour. Thigvascalculated by putting a known volume down the troughs and collecting
it at the end (i.e. where the gauge collects/measures the watéhis showd an average
uncertainty of-2.24%(Error! Reference source not founddue to adhesion and evaporation
of water, which Kurtyka (1958) calculated-a4$% for a rain gauge. Due to the larger area of
the troughs theuncertainty is realistic. The uncertainty varied largely depending on the
tree/throughfall gauge.

The Chestnut and NE Oak have the largesertaintyin throughfall calculation. Throughfall
collectionuncertaintyin Plynlimon was found to be caused by lack of angteefroughs and
clumping of pine needles in the equipment allowing for pooling of water. There is not a link
between trough angle andncertaintyalthough as can be seen the troughs have large angles
to ensure draining and not pooling. The troughs weatkgularly cleaned out to prevent
pooling (weekly and more frequently when leaves were falling. Urreertainty could vary
through the year/events as the evaporation will varying depending on temperature, net
radiation and wind speed. These measurementye undertaken on a sunny September
morning with low wind speed.

The overallincertaintyhas been calculated as 13.7% for the throughfall gauge

Table 27:Percentagef water lost between hitting the equipment surface and collection
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Input (equal over Output Percentage lost
number of troughs)
Chestnut (6 troughs) 1200 e 1130 e 5383
e 1150 o 417
« 1150 e 417
Average: 4.72 %
SW Beech (2 troughs) 800 e 300 e 0
« 790 e 125
« /90 e 125
Average: 0.83
SW Oak (2 troughs) 800 e 790 e 125
« 8200 e« 0
« 790 e 125
Average: 0.83
Cycle path Beech (2 800 e 780 e 25
troughs) e 780 e 25
e 780 . 2.5
Average: 2.5
NE Beech (2 troughs) 800 e 790 e 125
« 800 « 0
« /90 e 1.25
Average: 0.83
NE Oak (2 troughs) 800 e 760 e 5
s 780 s 25
e 770 e 375
Average: 3.75
All trees Average: 2.24%
2.4Modelling

The measured data was modelled to look at #ystemprocesses that occur through the
eventsin more detail. The Rutter models (original and sparse) were utilised as they have been
used the most frequently in the URhe data will allow fo"WCE to be parameterised correctly

for edge trees, rather than those in the middle of woodland$y#iiM modes (e.gthe Cumbria

Flood Model (Chappell et al., 201 Model parametersvere adjustedo fit the data better.

Due to the high usage within the UK, the Rutter Original model was looked at, to determine

if this is an accurate model tesein this envirmment and for treesffected by the edgeThe

Penman equation is required as part of the Rutter model therefore this equation was
calculated firstFinally, the Rutter Sparse model was used to model the data as it accounted

for a sparse canopy unlike tlEeNRA I A Y I

g KA OK

 &adzySR

canopy)assuminghe Rutter sparse may model the edge trees better.

2.4.1 Penman Equation
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The potential evaporatiofwith unlimited access to watethat occurs (E) is calculated using
the Penman Equatio(Equation2-4 (Beven, 2012, Rutter and Morton, 1977, and Gash and
Morton, 1978). The Penman equation is usedtae PenmanMonteith equation contains

the additional term for stomata resistance (to measure transpiration), which is reduced to

zero in the Penmapequation.

Equation2-4:Penman Equation

_ ARu+pcp(VPD) /Ty

E A(A+y)

Where:

Rn = net radiational energy,

2= density of air

cp = specific heat of air and constant pressure

VPD = vapour pressure deficit
rz = aerodynamic resistance, which can be sufficiently accurately measured from wind speed and stand height

A =lotent heat of vaporisation of water
A = Slope of saturation vapour pressure
= psychometric constant

Evaporation is affected by temperature, humidity and wind speed, which have been gained
from HazelriggWeather Station gection 2.2.3). Hazelrigg data was converted t5-min
timestep from its recorded 2@nin timestep to align with the rainfall and throughfall.

The Evasthen plotted against theneasuredevaporation calculated frorkquation2-1. Stemflow wa very small so
therefore discountedThe equation requires the tirrstep, relative humidity (Hazelrijjcpir temperature (Hazelrigg), net
radiation (below), aerodynamic resistan@elow), canopy resistance (assumed to be 0), and additional energy (assumed to

be 0). The variables requirade in
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Table 28:Variables and values used within the Penman equation

Parameter Symbol | Unit Value Where it is from

Time-step TS seconds Hazelrigg data

Time-step TSs 5-min 5*60

Rainfall RF mm Measured

Throughfall TF mm Measured

Wet canopy | WCE mm Calculated using measured

evaporation from my data

data

Air Temperature TZ °’C Hazelrigg data

Relative Humidity RH % Hazelrigg data

Aerodynamic Ra 5/m below Gash and Morton (1978) and

Resistance Calder (1977)

Wind speed at | wind m/s Hazelrigg data

Hazelrigg

Height of mast at|z m 10

Hazelrigg

Height of Chestnut | Ht m 28

tree

Roughness length of | Zg 0.1*0.1 Gash and Morton (1578) and

observational surface Calder (1977)

assumed to be grass

Wind speed at | RU m/s Calculated | Gash and Morton (1978) and

corrected height below Calder (1977)

Von Karman Wind |k 0.41 Gash and Morton (1978),

Constant Calder (1977), Beven (1979)

Zero-plane d m 0.75%z Gash and Morton (1978) and

displacement Calder (1977)

Roughness length Z0 m 0.05%z Gash and Morton (1978) and
Calder (1977)

Net Radiation Rn MJ/mfs | Rns-Rnl FAO (2019)

Total Radiation Rt MJ/m/s Hazelrigg data

Net shortwave | Rns MJ/m2/s | (1-a)*Rtz FAO (2019)

radiation
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Soil surface albedo | Alpha (0.15+0.18) | Average for range  for
range o 2 deciduous trees from Climate
Data Information (2019)
Met longwave | Rnl MIfmdfs | sigma*(TZk | FADQ (2019)
radiation ~4)*(0.34-
0.14*{sqrt(E
o)} iac*t(Rt
JRso)+b)
Fi Pi - 3.14159265 | Anetal. (2017) and FADQ [2019)
|
Stefan Boltzmann | Sigma MIfm2Sfs | 5.6748e-14 | Anetal. (2017) and FAD (2019)
Constant
Julian Day of Year ] Julian ([I[T5z- This converts seconds data to
day 120026001 | Julian days
60)/601/24)
+135
Temperature in Kelvin | TZk K TE+273.15
Relative Distance | dr 1+0.033*co | Kalogirou (2014) and FAD
between Earth and s{iI*(2*m))S | (2019)
the Sun 365]
Latitude phi radians (m/1B0)*54. | FAD (2019)
05
Solar Dedlination deta radians asin(0.2977 | ATACA (2019) and FAD (2015)
9*cos(0 985
B5*(J+10)+1
S14%*=in{0.5
B5E5*]-2))
Solar constant Gr M1 m-2 | 0.08202 FAD (2019
min-1
Seasonal Correction | bsc ([2*pi)=(J- FAD (2019
for Salar Time B1))/364
Seasonal  Correction | 5c 0.1645%*zin{ | FAO (2019)
for Solar Time 2*b=c)-
0.1255%*cos|
bsc)-
0.025*sin(b
5C)
Local Lengitude LL deg 2.B00O7 Longitude  difference  from
Lancaster to Greenwich
Standard Longitude L deg 0 Longitude of time zone
(Greenwich)
Solar time angle w (DA 12)*(() | ATACA (2019) and FAQ (2019)
+0.06E67*|
LL-5L)+5c)-
12]
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of air at constant

pressure

Solar time period at | wl W- Anetal. (2017) and FAC (2019)
start of time period [((pi*i{0.0833

124
Solar time period at | w2 W{ipi=(0.0 [ Anetal. (2017) and FAD {2019)
end of time period B33))/24)
Extra-terrestrial solar | R=a {(12+*60)/(pi | Anetal. (2017) and FAD (2019)
radiation 1yFdre0.082

O [ [ev2-

wl)*sin(phi

I*sinjdeta)+

cos(phij*oo

s[deta)=(sin

(wal-

sinfwlil]
Relative  shortwave | Rso Rza=[{0.75+0 | Anetal. (2017) and FAD (2019)
radiation fi.e. L0002*ELm
Cloudiness of the sl}
atmosphere)
Elevation above sea | ELmsl mi 48 Anetal (2017)
level
Mean daily dew point | Td TZ-([100- Anetal (2017)
temperature RH)/5)
parameter
Actual Vapour | Eo kPa (0.6108%ex | FAD [2015)
Pressure piiTd*17.27

If(Td+237.3

))*(RH/100

)
Cloud factor ac 1.35 Anetal (2017} and FAC [2019]
Cloud factor b -0.35 Anetal (2017} and FAC [2019]
Emissivity factor in Bnl | al 0.24 Evett et al. (2011) from An et al.

(2017} and FAD (2019)
Emissivity factor in Bnl | bl 0.14 Evett et al. (2011) from An et al.
(2017} and FAD (2019)

Penman Page (2015]
Additional Energy Ca Ml/mifs |0
Canopy Resistance Rc sm-1 0 potential | Singh [1595)

evaporation

rate
Specific heat capacity | cp nMISKG/K | 0.01E™
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Constant gamma | KPa/K 66,1000
T

Latent heat of [ lambda | MIJKG 2.47

vaporisation r)

Spedific Gas constant | R - 287.05

of air

Density of air rha Kgfm? le5/(R*{TZ+
273.3)

Saturation vapour | esTZ kPa Calculation

pressure at TZ is below

Actual Vapour | Eo kPa esTZ*RH/10

Fressure 0

slope of saturation | delta KPa/ K (4098=(0.50

VApOoUr pressure curve T=exp(ly 2

at TZ T*TLf(TZ+2
37.3NAITZ
+273.3)"2)

Evaporative latent | LamdzE | Ml m-2 | [Deltza*({Rn-

heat flux T5-1 Caj+{cp*
rho*{esTZ-
e0)/Ra))/(D
elta+gamm
a*[1+Rc/Ra)
1*TSs

Potential evaporation | E Kg m-2 d- | LamdaE/la Penman  Equation  (Bewven,

rate 1 or mm | mbda (20121}

T5-1

Theaerodynamic resistancean be calculated (Calder, 1977) usihg collectedWCEdata
and rearranging the Penman equatibat can produce significantncertainty(Beven, 1979)
Modelled a&rodynamic resistance is aroundl8 s/m for singular trees (Gromke and Ruck,
2008)), whichagrees with <10 for deciduous treedt wascalculated using the wind speed,
which is corrected to tree canopy height (RU), as follows:

Equation2-5:Wind speed corrected to tree canopy height

RU = windspeed
°8Zg
Ht
829

The variables are defined in

above. The aerodynamic resistance is then calculated using the corrected height of wind
speed as follows:

Equation2-6:Theaerodynamic resistance calculation with windspsembrrected height
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Some meteorological parameters aresgégo measure unlike thaet radiation (Equation2-7),
which involves other energy fluxes which are more difficult to quantify (Beven, 1979).

Equation2-7:Net Radiation calculation

R, = Rys — Ry

This is neshortwave radiation (R) minus longwave radiation {R(incomingoutgoing). The
parameters and their originare in
. Risiscalculated as follows, when R the total radiation measured at Hazelrigg:

Equation2-8:Net shortwave Radiation

Y p | zY

Equation2-9:Soil surface albedo
| T UL T UIC
And Ry is calculated as followtssom Hazelrigg temperature
Equation2-10:Net Longwave Radiation
Rn; = sigma * TZk* * (al — b1 *\/ET.) * [ac * (%) + bc]

Where Relative shortwavediation/cloudiness of the atmosphere:

Equation2-11:Relative Shortwave Radiation

Ry, = Ryq * (0.75 + 0.00002 * Emsl)

Extra-terrestrial solar radiation:

Equation2-12:Extra-terrestrial solar radiation

PTOTm

Y 2 Qiz"0iz  0¢
z OEdq OEd

Up ZOEfMZzZOEQ QO MAT XNZAT '0Q0 &
Y

When dr is the relative distance from the sun:

Equation2-13:Reverse relative distance from the sun

d, =1+0.033cos (3= «))
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With Julian dayJ) iscalculated inEquation2-14, with 135 being the Julian day of 0 secend
when starting on 18 May 2018 (start of the measurements) in TS:

Equation2-14:Julian Day

(TZ-1209600)

] = ((——,—)/60)/24) +135

Detais the solar declination calculated using the Julian days:

Equation2-15:Solar Declination in Julian Days

Deta = 0.409sin (=] — 1.39)

The solar time angle at the start (wl) and end (w2) of the measurement period is calculated
usingEquation2-16 with minus and plus respectively:

Equation2-16:Solar Time Angle

. , “zmgtYyoo

wy O —_—
QT

Solar time angle at the migoint of the measurement period:

Equation2-17Solar time angle at theid-point of measurement period

p—cz 0 MWIEeedN O YO YO p¢

Sc is the seasonal correction of solar time where:
Equation2-18:Seasonal correction of solar time

YO TP ¢ ZOEJzoi o ¢ rAT @ dm8ic vOEDI »
Equation2-19:Seasonal Correction for Solar Time

- . cz* z"Q
O O we
o0t

The saturation vapour pressurgesTZ)s also requiredwhich uses the temperature from
Hazelrigg
Equation2-20: Saturation vapour pressure

17.27+TZ

esTZ = 0.6108 * exp (TZ+23? 3)
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Theactual vapour pressure @Eis then calculated using esTZ and the relative humidity also
collected at Hazelrigg:

Equation2-21:Actual Vapour Pressure

E, = esTZ x RH/100

The slope of saturation vapour pressure curve at TZ is calculated by:

Equation2-22:Slope of saturation vapour pressure curve

(4098 * (0.607 * exp (Z12:1Z

)/
— Z+237.3
Delta = (TZ + 273.3)?

The density ohir (rho) is calculated:

Equation2-23:Density of airwhere R is the specific gas constant of air

pQ
Yz YO ¢ x&

(€

The Evaporative latent heat flux (Lamglain then be calculateals followswith parameters
defined in

and where TS is the tirrgtep:

Equation2-24:Evaporative latent heat flux

deltax* (Rn—Ca)+(Cp*rho*(esTZ—Eo

LamdaE =TS * Ra

Delta+gammas (1+RC/RR)

The mass water evapotranspiration rate is calculated as follagre E is negative it is
assumed to be zero:

Equation2-25:Mass water evapotranspiration rate

E = LamdaE /Lambda
E=(E<0)=0
2.4.2 Physicdly-basedModel ¢ Rutter Modek

The process equation fWCHs:
Equation2-26: WCE process equation
YO "YO w0 'QV‘Y YO
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Thestemflowsectionishighlighted in bluend isexcluded from this equation as it has a small
volume which sits within the data collection/modsystematiauncertaintyand was recorded
at a different time interval. Thiollowing flow chart shows the inputs, pathways and outputs
of this process and that used of the Rutter Model (Gash and Morton 1978):

Rainfall
(RF)

\

Wet Canopy Evaporation

(rWCE)
C>S,Er=E
C<S (i.e. no drip),
Er=E.C/S Canopy Trunk Evaporation
B@ Evaporation (Er) (TE)

thSt, TE=e.E

Ci<Sy,
TE = E.C/St

Direct Throughfall Canopy Storage Trunk Store
(DTF) (&) (TS)

l Drainage D

Dsexp[b(C-5)]
Drainage when
Ci=St

Throughfall
(rTF)

Net Rainfall
(NRF)

Figure 2-13:Input, output and pathways involved in the process fronfatito WCE (Gash, 1978). Tlaeangehighlights
the excluded stemflow process.

The Rutter modelises the Penman equation to calculate potential evaporation prior to
dziAfAaAy3d AlG 6AGKAY (GKS Y2RSlhe inilig vatablds @uixf | G S
inputs that are required aravailable inTable 29.
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Table 29:Rutter Model input data

Parameter Symbol | Unit Value Where it is from
Rainfall RF mm - Measured
Time of rainfall tRF Julian day | - Measured
Time in seconds tnrs seconds -
Time of throughfall tTF Julian day | - Measured
Throughfall TF mm - Measured
Throughfall (from | rTF mm - Rutter Model output
Rutter Model)
Stemflow from Rutter | r5F mim - Rutter Model output
Model
Direct Throughfall OTF mim Rutter Model output
Potentizl evaporation E mim - Penman Eguation [Bewven,
(2012), Gash and Morton
[1978) and FAD (2019))
Drainage coefficient b - 37 Gash and Morton (1578),
Rutter et al. [1975) and
Rutter et al. (1971) varied
between 3 and 4.6
Free throughfall | p - - Calculated using measured
coefficient - proportion data, shown in the results
of rainfall to touch the section
floor without touching
the canopy
Proportion of rainfall | Py - N/A Is not required as
diverted to stemflow excluding stemflow
Proportion af | e - WA Is mot  required as
evaparation in relation excluding stemflow
1o stemflow
Drip D mim If C=<5 D=0 | Gash and Morton (1878)
Drainage rate when C=5 | Ds mim If C=5, | Calculated and Graph in
Dz=0.0038 | Rutter etal. {1571)
i And utilised in Rutter et al.
[fC<S Ds=0 | (1975) and Gash and
Morton (1978)
Trunk water capacity 5 - N/A Mot required as SF not
calculated
Trunk 5tore TS i -
Tetal wet  canopy | PWCE i Foreach 5- | Rutter Model output
evaporation calculated minute
by Butter Model time step
Canopy evaporation Er i Fareach 5- | Gash and Morton (1578)
minute
time step
Trunk evaporation TE mim Foreach 5-
minute
time step
Waterin the Canopy C mim Gash and Morton (1578)
Canopy capacity —|5 mim Pleaze see | Calculated using graph of
minimum  guantity of results throvghfall ws  rainfall
water to  wet the section (volume)
canopy [Wetting up) below
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Unlike the Penman equation, Rutter predicts the evaporation according to the intercepted
rainfall. The Rutter model uses rainfall as the input and from there predicts the rY8E&Nd
r'TE TheRFalls on the tree canopy where a proportion fallseditly through the tree (DTF):

Equation2-27:Direct throughfall

DTF = p.RF

The rest of the rainfall hits the canopy (C) and trunk (TS) where it is initially stored until it
reaches its capacity:

Equation2-28:Water stored in the canopy

C=Q0—-p—pJRF

The free throughfall coefficient (p) is calculated by plotting rainfall vs throughfall for events
<lmm (Gash and Morton, 1978). A regression line is plotted and the coeffafieegression
of throughfallagainstrainfall is p.

The canopy capacity (f)e. amount of water held in the canopy before drip ocguss
calculated from the sum of the rainfall volume at throughfall time zero. This is calculated by
plotting througifall volume against rainfalWherethe straightline crosses the x axis when 'y

= 0 provides the canopy capacity.

Equation2-29:Canopy Capacity
S - ERFTFU

Once the capacity (S) is reached in the canopy, drip (D) occurs, which along with DTR makes
up throughfall (TF)The drainage of the canopy is expressedwdsen C<S

Equation2-30: Drip when C<S

D=0
To ensuretiavoids mathematical absurdity (Calder, 1977) of a small but infinite drainage rate
when C=0, and consistent with derivingy®en C=>S

Equation2-31: Drip when C=>S
D = Dyexp [b(C —S)]

Where b is a drainage parameteir &7. This drainage parameter was usedfas average of
that calculated from 4 storms by Rutter et al. (1971). The randgechwas3-4.6, was found

to have a negligible effect on the final mod€he storms covered a fair range of seasonal and
climatic variation.
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The drainage rat€Ds) of 0.002mm/min was determined in Ruttet al.(1971) andutilised in
Rutter et al. (1975)Gash and Morton (197&uggested it should take account of theecific
tree therefore 0.002*(2.0048/1.05) gives 0.0038mm/min, where 2.0048s the calculated
value of S and 1.08m s the calculated value of S for the tree where Ds is 0.002mm/min.

Throughfall is calculated from:
Equation2-32:Rutter Model Throughfall Calculation

rTF =D + DTF

The water in the canopy (C) that is not lost to D, is evaporated from the canopy.

rWCEHs made up from the proportion evaporated from the canopy (Er) and trunk (TE). The Er
is calculated as follows:

Equation2-33:Water Evaporated from the Gapy

If C<S

Er = E.S
Or when C=S

Er=FE

The proportion of RF that reaches ttreink store (TS) is shown Equation2-34. However,
this part is excluded from the model @ss belowthe measuremenuncertainty.

Equation2-34: Trunk Store

TS = p..RF

The wateris eitherevaporated (TEHEquation2-35-Equation2-36) or drained as stemflow (SF
Equation2-36). The stemflow along with BhdDTF makes up net throughfallhe parameter
WS Q xoportinkoSevalpdration in relation to stemflow

Equation2-35: Trunk Evaporation

Where C:=S4,
TE = e.E
Or if Ci<Sy,

TE = E.=*
Equation2-36: Stemflow

rSF =TS —TE

The total evaporation from the tree (fWCE) is calculated by totalling the TE ramds E
stemflow section is not being calcudat, rwCE = Er.

rWCE, and rTWwere plotted againsimeasureahroughfall andWCE
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The Rutter Original had some shortcomings which were improved within the Rutter Sparse
model. The problems were linked to the canopy store when the rainfall is(highained in
Valente et al 1997).The Sparse modélas a simplified drainage function with drainage for
each timestep calculated by:

Equation2-37:Rutter Sparse simplified drainage function

fC>s:

C<S:

Thesimplified drainage of the Rutter Sparse mopedventsthe excessive buildip of water

on the canopy over the canopy capacity. Any storage above the canopy storage level is
converted immediately to drainage, therefore drainage is assumed to stop whealfaioes.
Omitting the drainage function of the original Rutter model removes the requirement of Ds
and b to be calculated which are not know and estimated by extrapolating original values
calculated by Rutter. Valente et al. (1997) found that this wae abreed by Aston (1979)

and Lloyd et al. (1988).
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3 Results

3.1Rainfall

The total rainfall volume measured from the EML rain gay6/05/18-30/04/19) was
803.54mm Table). The average annual rainfall total for Lancaster was 1048.8mm (Met
Office, 2019)Only 15 days lesthan the year wasneasured by the EML gaugaggesting a
drier year than average

Pollock (2016) foundthat at upland sites,a pit EML ARGAO00 aerodynamicrain gauge
underestimated rainfall bg%whereas at 1nmheightit underestimated byl6.5% Pollock et
al., (2018) found that the lowland gauge at 0.5m height reduced catch bycdfpared to
the pit gauge Therefore, when tis 0.7m highEMLrain gaugewas corrected by 3.4% it
measured 830.54mm. These estimates stitkmuchdrier than the Lancaster average rainfall.

The Frumawerticalgauge installed next to the EML gaugleows an overestimation &0.5%
and 23.4%of rainfall compared to the EM(correctedby 3.4% and Hazelrigg rain gauges
respectively(Table).

When the rainfall from the EML gauge was corrected by the 3.4% to account for wind induced
underestimation, the volume was only 71% of that recorded by the Frumau vertical gauge.
This didnot include the volume that fell horizontally (additional 98% of the vertical rainfall)
and was caught by the horizontal gaug&he Frumau horizontal gauge shows that the EML
gauge experiences higher horizontal rainfall than would be expected at a loveidéad
suggesting that the underestimation is greater than the 3.4% suggested by Pollock (2018)
suggesting greater wind speeds to produce the underestimatibnis also implies that the

true rainfall volume captured by the tree should be so the WCE% waallthriger than
calculated.

The average annual Landas (Error! Reference source not foundHazelrigg, and EM(corrected by 3.4%ginfalls

suggests the year wakrier than averageThe data shows that each monféxcludingSeptember, December and Ma)ch
was drier than average witsome months significantly drier. The number of days of rainfall was 70 days more than the
average while the volume was less indicating more smaller events over the year apart from the 3 months where larger
events occurred
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Table 31:(1)ecordedrainfall, (2)rainfall volume for the events where Chestnut throughfall was recor{@dainfall for
data collectiorperiod from all 6 treesand(4)rainfall when theFrumaugauge is installed

EML Data (mm) Hazelrigg (ground Frumau Gauge
(Bracketed value is level) (mm) (next to the EML
corrected according to gauge) Vertical
Pollock (2018) by 3.4%) RF (mm)
1. Annual Rainfall 803.54 (830.86) 924.00 -
(15/05/18 — 30/04/19)
2. Rainfall data 651.26 742.61 -
without events with (673.4)
missing throughfall
data (15/05/18 —
30/04/19)
3. Rainfall over manual 742.05 854.21 -
measured period (767.28)
(5/8/18 — 30/4/19)
4, Installation dates 142.22 160.80 205.09
for the Frumau Gauge (147.06)
(8/3/19 — 30/4/19)

Volume of rainfall recorded per month and average rainfall for

180 Lancaster
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(15th - m EML Rainfall (Total 803.54mm)

31st)

o O

m Hazelrigg Rainfall (total 924mm)
m Average Lancaster Rainfall (total 1098mm) (Climate data, 2019)

Figure 3-1:VVolume of rainfall recorded each month by the EML gauge, Hazalagge and average monthly rainfall for
Lancashire
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Table 32:Rainfall days measured against average for Lancastdrdifference

(Holiday Weather, Average Lancashire days | Measured days

2019) of rain of rain Difference
May 2018 (15t -31st) 14 3 11
June 2018 11 8 -3
July 2018 14 8 -6
August 2018 11 18 7
September 2018 10 20 10
October 2018 7 23 16
November 2018 9 22 13
December 2018 10 21 11
January 2019 9 25 16
February 2019 10 17 7
March 2019 8 20 12
April 2019 12 10 2
Total 125 195 70

When the Frumau gaugéat the raingaugesite) is used to calculate WCE, the WCE% for the
measurement perioavas 69.4% whereas the EML rain gauge in the same period gives 17.6%
(Error! Reference source not founy.

However, where the Frumau gauges have been sited (one at the open tree canopytlome at
closed canopy and one at thain gaugé and the area of open canopy (East through to West),
the datacannot be used to accurately determine a true value of horizontal rainfall taken up
by all the open side of the canopy to add this to the vertical rainfall. This is betteuepen
canopy spans a large part of the chestnut tree that one gauge is natisaffto determine

the horizontal water collected as somall be in the prevailing wind and other at the leeward
sidemeaning rainfall collected by various parts of the canopy would be very different. This
could be overcome by placing more Frumau gaugesind the open canopy to determine
the rainfall hitting varying segments of the open canopy.

Negative WCE occurred at the event and weekly scatdy 4 negative WC&entswere
recorded when using the Frumau gagg&/henthe WCHor these eventsvas recalculated
using the Frumau vertical and horizontal dathe recalculation produced all positiv&/CE
values suggesting that the horizontal rainfall is the cause for Tiis.largest negative WCE
during this periodvas-56%suggesting that horizontal raiall is the cause of theajority of
negative WCE valuetHowever some negative WCEvents reached overl00%;it is
therefore still unknown if horizontal rainfall accounts fully for these events but is likely to also
be the case as thesecurred durindight rainfallevents.
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Where negative WCE is measured using the EML gauge, the Frumau gauge at the rain gauge
recorded more horizontal than vertical rainfall and more than when the WCE is po2Ri&e.
(when negativg comparedto 3.4 (when positiveltimes greater than vertical rainfalvhen
hitting the open canopyThis is similar when hitting theon-prevailing windside of the tree

with horizontal rainfall 13.6 times larger than vertical when negative WCE occurs compared
to 2.1 times larger when WCE is positif@isshows anunderestimation of rainfall by the
EML gaugehat is intercepted by the treeequiring adjustments of totalainfall, increasing
WCEFor negative WCE more rainfall hits the windward side of the canopy, which is the open
side, suggesting wind directi@nd speed arémportantto create horizontal rainfall towards

the open canopy for increased collectidite Frumau gauges show the prevailing wind
direction towards the open canopy where more horizontal rainfall occurs.

The WCE% of the EML gauge (converted by 3.4% (Pollock (2018)) an
Frumau gauge between 8th March and 25th April 2019

100
90
80

6
5

Larger Events (>10mm) Medium Events (2.1- Small Events (<2.1mm) Average of all Events
10mm)

o o

WCE%
o

4
3
2
1

o O O O

B WCE% (with 3.4% correction (Pollock, 2018) m WCE% from Frumau Gauge

Figure 3-2:WCE percentages when calculated using the Frugaageand calculated WCE (usifipllock (2018) 3.4%
rainfall correction) betweeB/3/19-25/4/19

Figure 3-3 shows that during events where WCE is negative less water reaches the leeward
gauge as vertical or horizontal rainfall showing a rain shadow. The positive WCE graph also
indicates that thered more wind to the open canopy thahe leeward side as greater
amounts of horizontal rainfall are detectgddicating WCE is underestimated as tudlected

rainfall received by the canopy is largean measured

It has been found the EML rain gaugedarestimates theinterceptedrainfall due to the
horizontal rainfall increasing the canopy collection of rainfall. The rainfall measurement
method around an edge tree needs to account for horizontal rainfall using multiple gauges
(e.g. Frumau gauge) arouttte tree to determine the horizontal rainfall received by the tree.
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1. The total volume of rainfall collected at each Frumau
Gauges horizontal and vertical collectors split according
to positive and negative WCE

1v 1h 2v 2h 3v 3h

Frumau horizontal (h) and vertical (v) gauges

[EnY
a1
o

100

Total Volume of rainfall (mm)
a1
o o

m Negative WCE m Positive WCE

2. Frumau gauge data for the 4 indidual events where
negative WCE occurs
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Frumau vertical (v) and horizontal (h) gauges for storm:
on 19/03/19 (Yellow), 16/03/19 (grey), 4131/03.19
(orange) and 1112/03/19 (Blue)

o O

Total volume of rainfall (mm)
o

3. Frumau gauge data for the postive WCE values
120
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60
40
2 I
v 1H 2V 2H 3V 3H

Frumau vertical (v) and horizontal (h) gauges

Total volume if rainfall (mm)
o

o

Figure 3-3:(1)total rainfallvolume collectedbetween8/3/19-25/4/19 at each Frumau gaudé next to EML rain, 2 open
side,and 3 closed side of canopy) for the vertical and horizontal collection @#tparate for thenegative WCE events,
and (3)data for positive WCE events
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3.2Annual, Leafed and Noteafed Data, and Storm Data

The TFs WCEoand SPoagainst rainfall were calculated using the rainfalasured (UCR in
) andcorrected according to Pollock (201&R in) for lowland undercatch Athough the
Frumau rainfall data sugged®®llock (2018yorrection is too lowthe true undercatch due to
horizontal rainfall is not known for these trees as horizonghfall was only measured for a
small number of events and is highly dependent on wind speed and direction.

Equipment fell over more frequently for the Chestnut tree than the others. However,
collecting the Chestnut data using the tipping bucket allovigrdall events without missing
data to be used to calculate the percentagdike the manual collectors where a whole week
of data would be lost

When weekly data was usedhis led to the Chestnut gaining a lower WCR.(08%6
uncorrectedbetween Aug 2018-April 2019) than would have been the case when data was
used per event (i.e. only lost once it fell over instead of the whole Wegkipment fell over
between 815 Nov, 27/1124/12 on several occasionsThe WCE% was calculated using the
event datato 22.36%.This was more pronounced when taken account of the extra months
where only the tipping bucket was used (i.e. M&April19), which saw a WCE% of 26.9% (
and 29.31% with Pollo&k(2018) correctionTherefore the Chestnut data was calculated per
event rather than weekly to decrease data leggh the rainfall correction.

The higher WCE% for the chestriitay18-Aprill9 indicates that the WCE for the other trees
could also potentially be higher if more of the leafed peribdd been measured
(measurements started Augus®). The higher WCE during May to Aug suggests there were
more smaller events as these have a higher WCE

When theChestnut event data is used to calculate the average for all the treesjalnes
change t041.97% WCE, 54.39% TF and 3.65% SF for the corrected rainfall (Pollock, 2018)).

The all treesverage off Roincreases in the nofeafedperiodandtransition liesin-between

This variation is the same for all speciasdError! Reference source not founil. All but the
Chestnut are significantly different in TF between #eafed and leafed period As
meteorology was the same between the trees this has been attributed to the Chestnut canopy
which is denser with branches so collects more rainfall in thelaafed period and also has
larger branches pointing towards the ground awfaom the trunk hence channelling more
rainfall into throughfall rather than stemflow in the leafed period

Theaverage stemflow is small até®% annually. Stemflowas found to bdarger during the
non-leafed period for all treesxcept the ChestnutandError! Reference source not found.

The WC%for alltrees is large at 497%. When segregated by species, it is also high for Oak
and Beech with the Chestnut being lowemdError! Reference source not fou)dThe WCE

is highest during the leafed period but also shows thirge amount of water is evaporated
during the nonleafed period. The WCkfor the leafed period of the chestnut is a llower

than the other trees. All except the Chestnut are significantly different in WCE between non
leafed and leafed periodrhe Chestut and Oak tree sit within the range of WCE seen within
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Europe 7-36% (Gerritts, 2010; Noirfalise, 1959; Hankin et al., 2016)) with the Beech being
higher than this. Howevethese studies use trees in the middle of woodlands without edge
effects, which when accounted for would see higher WCE% suggesting these values are
realistic. The Chestnut is affected more by edge effects than the other trees with a larger
collection of rainfall due to horizontal rainfall as seen by the negative;\t€eefore, if the

true interceptedrainfall was collected the WCE woudd higher.

Table 33:Annual, leafed, nofteafed and transitional periodsF%, WCE&nd SF%Calculated from uncorrected measured
rainfall (UCRand corrected rainfal[CR) according tBollock(2018) Utilised data in bold

Species Throughfall% WCE% Stemflow%
UCR CR UCR CR UCR CR

(05.08.18- | All Trees 56.58 | 54.72 | 39.57 | 41.56 | 3.84 |3.72
30.04.19) | All Trees 56.23 | 54.39 | 39.99 | 41.97 | 3.77 3.65
{using

Chestnut
Annual event data)
Chestnut 77.71 | 75.15 | 22.08 | 24.64 | 0.21 | 0.2
{using
weekly
datal
Chestnut 70.45 29.35 0.2
(from event
data)

Oak 61.03 | 59.02 | 33.09 | 35.29 | 5.88 |5.68
Beech 48.18 | 46,6 | 48.46 |52.28 | 3.51 |1.12
(15.05.18- | Chestnut 72.8 | 7045 | 26.9 29.31 | 0.25 | 0.24
30.04.19) | (from event
data)

( 5.08.18 | All Trees 44,04 | 42,59 | 54.24 | 55.75 | 1.72 | 1.66
- Chestnut 75.36 | 72.88 | 25.42 | 26.81 | 0.32 | 0.31
30.09.18 | (using
& weekly
21.04.19- | data)
30.04.19) | Oak 46.37 | 44.84 | 50.67 | 52.29 | 296 | 2.86
Leafed Beech 32.93 | 31.85 | 65.72 | 6684 | 1.35 |1.31
(15.05.18 | Chestnut 66.99 | 64.79 | 3269 | 349 |0.32 (031
- (from event
30.09.18 | data)

&

21.04.19-
30.04.19)
(14.11,18- | All Trees 65.31 | 63.71 | 29.43 | 31.07 | 539 |S5.21
26.03.19) | Chestnut 76.77 | 74.24 | 23.09 | 25.61 | 0.15 | 0.14
(using
weekly
data)
Oak 72.12 | 69.75 | 19.40 | 22,05 | 848 | 8.2
Beech 57.92 | 56.01 | 37.34 | 3943 | 471 |4.55
Chestnut 7196 | 69.59 | 27.87 | 30.24 | 0.17 | 0.17
(from event
data)

(01.10.18- | All Trees 49.02 | 47.41 | 48,65 | 50.34 | 2.32 | 2.25
13.11.18 | Chestnut 72,72 | 7033 | 27.12 | 29.51 | 0.16 | 0.16
& (using
27.03.19- | weekly
20.04.19) | data)
Oak 46.90 | 45.36 | 51.69 |53.28 | 1.41 | 1.36
Beech 42.16 | 40.78 | 54.35 | 55.85 | 3.49 |3.38
Chestnut 85.75 | 82.93 | 1406 | 16.89 | 0.19 | 0.18
(from event
data)

Non-Leafed

Transitional
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1. Throughfall% for all trees together and separately according
to leafed and noreafed period
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2. WCE% for all trees together and separately according to the
leafed/nonleafed period
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3. Stemflow% for all trees together and separately according to
the leafed/nonleafed period
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Figure 3-4:Throughfall% (1), WCE% (2), and Stemflow% (3) during the leafed:|eafied, transitional and annual periods.
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Figure3-5 showsthe Chestnut has the largest variationWCRBoparticularly during the non
leafed period All trees have lower W@&values for the noreafed period All trees during
the nonleafed period record high W@&kduring some events with the Chestnut reaching
100% in some events showing WCE is still an important process during tteafed period.

The individual tree plot§Figure 3-5 graph 2 show negative WCE mainly occurs on selected
trees(i.e. Chestnut and NE Oakowever, it is also seen to a lesser extent on the NE and SW
Beech Tees. The fact other trees also have negative WCE suggests edge effects are at play.
The median valuef the WCE%s high for all treespecieghereforethe higher WCE% is seen
through the majority of events.

TheBox and Whisker plot&igure 3-5) of the Chestnut data indicates that the data for WCE mainly sits betwéBfio5of
the rainfall but can be found anywhere betwed®-100% with outliers producing hightegative values bringing down the
mean value. The Throughfall data (

Figure3-6) shows the opposite, with the majority sitting within thes0% range and outliers
havinga throughfall of 430% of rainfall due to the greater collection of horizontal rainfall.

1. WCE% Box and Whisker plot for leafed and non leafed
chestnut, oak and beech
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["] non-leafed oak M leafed beech [[] non leafed beech
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2. WCE% Box and Whisker plot the individual chestnut, oak and beech
trees
120.00
100.00
80.00
60.00
40.00
20.00
0.00 |
-20.00 ? :
-40.00
-60.00
-80.00

W(CE Percentage

[l Chestnut [ Beech Cycle [[] Beechn NE M Oak NE [] Beech SW [ Beech SW

Figure 3-5:WCE%Box and whiskeplots each weelper tree speciesnd individual treesluring leafed anchon-leafed
periods

Throughfall % box and whisker plot
450.00

400.00
350.00
300.00
250.00
200.00 s

150.00 °

Throughfall% to rainfall
[ ]

100.00
50.00

0.00

Figure 3-6: Throughfall box and whisker plot

The trees can provide a large impact at reducing the water reaching the ground for events of
small and medium size{Omm ofrainfall). However, they have a much smaller effect with a
low WCE% for the larger eventslQmm) Eigure 3-7). The annual average duration of an
event was 11hr02min55sec with tmainfallintensity of 2.28mmihr.
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The percentage WCE that occurs in the event size
classification for the Chestnut tree
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Small (<2mm) Medium (2-9.9mm) Large (10-20mm) Extreme (>20.1mm)

Percentage of WCE

m Leafed m Non-Leafed

Figure 3-7:WCE% that occurs according event size for the Chestnut.

The Chestni® canopy required 0.346mm of rainfall to wet the candipy. average rainfall
volumeprior to TF commencij@and took an average of 01hr02minl2sé&be canopy drain
down took 1hourOOmin05sed he RBometimedinished after the Tkaverage drain down of
-0.0635mm) indicating that there is either a pause in the ew&at the rainfall turned to
drizzle at the end of events, which allowed evaporation to occur allotii@ganopy to hold
more water. The other issue could be that water has sat within the TF tipping bucket without
tipping at the end of events as its volume is larger than that of the RF gauge.

3.3EventData

The storm intensity

Figure3-8) has no significant effect on the stemflottowever, it does have a significant effect

on throughfall volume and percentage and VW&Hhe smallest intensityvents have a
medium TF with the largest intensity events having the smallést. WCE is largest at the
highest intensity events and mediumtensity being the lowest. These very high intensity
events are often very short whereas medium intensity eventslanger durationrmeaning

the short high intensity events lead to high WCE whereas the medium intensity events usually
last for a longer period saturating the canopy storage leading to higher TF
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Storm intensity throughfall, and WCE according to the category sizes
for the Chestnut Tree over a storm
920
80
70
60

50
40
3
2
| [

TF% WCE%
Storm intensity (mm/hr)

Percentage of Rainfall
o O o o

m<lmm/hr m1-3mm/hr m>3.1mm/hr

Figure 3-8: TF% and WCE% for Storm inten&itythe Chestnut

The length of events significantly affects through#aland WCEo andvolumes but not
stemflow. The WCE% decreases framort to longeventsandthroughfalPoincreaseg

Figures-9). As expected throughfall and WCE volumes increases from small to medium event
as there is more rainfall available to evaporate.

The change in TF% and WCE% according to event length
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Figure 3-9:Bvent length on throughfalland WCHor the Chestnut tree

The most rainfall falls at the medium events. However, the majority of events are small. The
4 extreme eventsaccount for over 20% of the rainfall for the ye&rior! Reference source
not found.).
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Table 34:Average evensize (volumeper storm size.

per event ([mm)

Storm size (mm) Small (<2) Medium (2.1-9.9) Large (10-20) | Extreme (»20.1)
Total rainfall (mm) 82.77 293.47 140.97 134.04
Number of Events 110 62 10 4
Average rainfall volume 0.75 4.73 14.1 33.51

The storm size is significant finroughfalPoand WCEo andvolumesbut is not significant for
stemflow. Throughfall volume and percentage increase with increasing storm size, likewise
WCE percentage decreas&srpr! Reference source not found.The throughfall% is 38.83%

for the smallest event size but at the largest events collects more throughfall than rainfall at
107.72%. The average volume of WCE per event is 0.4484mm for the smallest events and
increases to 2.01mrfor the medium events showing the canopy storage capacity is above 2
as water is available to fill the canopy store. The WCE volume then decreases in the large and
extreme events to a negative volume266mm) showing the throughfall is greater than

rainfal.

The storm size on throughfall%, WCE% and stemflow% according to
Pollock (2018) corrected rainfall
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Figure 3-100 WCE% and TF% against storm size

3.4WeatherData

The weather conditions affect WQError! Reference source not found.The effect of
temperature on the evaporatiosannot bedetected which shows that the effects of other
variables (e.g. storm size) are more important than temperature.

Error! Reference source not founghows wnd speed is the most variable in the ntaafed
period but is highest during the negative WCE events and similar in thdeaded period.

The range is the same for negative WCE as the leafed period but the mean is higherisgggest
these events have a higher wind speed than events that have positive WCE. &ahog!
Reference source not founcshowsmostevents occuin the prevailing wind direction.

Table 35:Variations in temperature, wind ged and direction during leafed, ndeafed and trangional for the Chestnut

WCE (%) Temp (°C) Wind speed Wind direction
(Beaufont scale) (Degrees)

Annual

Observed: 36.55 %

(75.39 % without

negative WCE)

Non leaf Mean 6.09 Mean 4.59 Mean: 202.8 SSW

Observed: 47.1% Range min 0.7 Range min 0.4

(65.8 % without Range max 10.27 | Range max 10.2

negative WCE)

Leafed Mean 13.5C Mean 3.8 Mean 207 SSW

Observed: 24.32 % | Range min 6.8 Range min 1.35

(low due to Range max 18.35 | Range max 7.93

negative WCE,

70% if negatives

ignored)

Negative WCE Mean 9.79 Mean4.6 Mean 196 SSW

Observed: -49.5 % | Range min 1.38 Range min 1.48

25 times Range max 18.35 | Range max 7.49

It can be seen i&rror! Reference source not founthat for the smallest wind speed events,

the WCE% is the highest as water can sit in the car®gigveenmedium and larger wind
speeds events, WCE increagasor! Reference source not founehdicating that during the
largestwind speedevents more ventilation of the canopy occuewever thisis mostlikely

due tothe medium wind events having theajority of negative WCE even{d8/27), which

would artificially decrease the WGHggesting as wind spe@ttreased WCE decreas@dso,

the larger wind speeds saw the trees intercept rainfall from a larger area dberipontal
rainfall producing lower WCE. This meant #fiiect of ventilation on the canopy was not seen

in this data.The highest wind speed events did not cause negative WCE showing more is at
play than just wind speed (0/27egative WCEvents)
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WCE% and TF% of events of various wind speeds between
15/05/18-30/04/19 using the Beaufort Scale
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Figure 3-11: WCE% and TR of events with various wind speeds (Beaufort Scale) between 1581B0B19. The Beaufort
Scaleis in thetable below.

Table 36:Beaufort Scale

Wind speed
m/s Classification Beaufort scale
<0.5 Calm 0
0.5-1.5 Light Air
1.6-3.3 Light Breeze
3.4-5.5 Gentle Breeze

B T L

5.5-7.9 Moderate Breeze

10.8 - 13.8 | Strong breeze 6
13.9-17.1 | High wind, moderate gale to near gale 7
17.2-20.7 | Gale to fresh gale 8

Looking at the RF, TF and W®ugh an event at the Chestnut tre€igure3-12to Figure

3-15), it can be seen that an increase in wind speed leads to greater thrdughthhence
reduced, and on some occasions negative, W@kEto increased collection of rainfall from
horizontalrain. The negative WQkas been seen when wind speed is consistently high, which
saw too large a throughfall to be solely due to shaking afés and branches. The high wind
speeds need to coincide with the wind direction towards the open canopy to cause a negative
WCE event due to the increased rainfall collected by the eging events where negative
WCE occurs wind speed in relation todbghfall was shown to be significant.
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Storm Callum 12-14 October 2018, Wind Direction
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Figure 3-12Wind direction and speed for Storm Callum

Shows that the wind
| direction is to the open
canopy
_When the wind speed
decreased during storm

Callum so did the excessive
throughfall that caused the
negative WCE. This meant
that the negative WCE
became smaller.

The wind speed increased
during the event leading to
increase in throughfall
compared to rainfall creating
negative WCE during the peak
in wind speed and peak in the
event.

The wind direction was always
towards the open canopy.

When wind speed is high
along with direction towards
the open canopy, this is when
throughfall can be greater
than the measured rainfall
indicating more rainfall was
captured by the tree.
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Figure 3-13:Wind speed and direction during event 29/07/18
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150818, Wind speed
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Figure 3-14:Wind speed duringvent15.08.18
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Figure 3-15:Wind speed and direction during event 19.08.18
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The open canopy (no trees next to the canopy) was found to have a higher WCE% than the
closed canopy (trees immediately next to the canopy) and was significdifityrent
according to ManfWhitney test Figure3-16). This was attributed tanost smallerevents

hitting the open canopy ith a higher WCE asvitas n the prevailing wind.

The WCE% and TF% towards the Open and Closed Canopy
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Figure 3-16: TF% and WCE% towards the open and closed canopy of the che&ifuf/1830/04/19

The open and closed canopy on its own tells little to its effect onfo¥G&me events (particularly negative W@H)
requires other factors including wind speed, typeadifall,and wind direction to be taken account @here the wind

speed during eents is consistently high and a change in direction occurs, it can béhs¢@sthe direction change occurs
negative WCE occurSigure 3-17-

Figure 3-19). The direction needs to be towards the open canopy for the tree to capture
greater throughfall than rainfall valuésegative events)
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Figure 3-17:Wind speed and direction during event 26.08.18
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Figure 3-18 Event on 11.03.192.01.19 where negative W®@Ecurredwith a change in wind direction from closed to
open canopy
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Figure 3-19:Event on 12.01.19

This is not always the case; the event on 06.01Hi§Ure3-20) shows that the wind speed is
low and direction to the closed canopy yet negative WCE still occgurgdesting not only
wind speed and direction are impamt but also the rainfall characteristics (e.g. size and
intensity)

Figure 3-20:06.01.19 event against wind speed and direction
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