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1. Introduction

Volatile organic compounds (VOC) are originated by anthropogenic and biogenic sources,
and play an important role in atmospheric chemistry contributing to tropospheric ozone
and secondary organic aerosol formation (Griffin et al., 1999; Kanakidou et al., 2005;
Curci et al., 2009). On the global scale, the vegetation generates over 90% of VOC
emissions (Guenther et al., 1995), and the isoprene is emphasized as the most abundant
and highly reactive (Pacifico et al., 2009; Arneth et al., 2007). The emitted amount of
biogenic VOC depends on interaction of environmental, biological, physical and chemical
processes. However, direct measurements of VOC emissions are still scarce or absent for
most ecosystems and vegetation types. In this context, modeling approaches able to
qguantify biogenic VOC emissions and to characterize their spatial and temporal variations
are arising starting from leaf-level (Wilkinson et al., 2009; Niinemets et al., 1999) to the
global scale models (Guenther et al., 2006). Using these tools, the quantification of the
emissions for each type of vegetation may be performed based on definition of specific
emission capacity under standardized conditions (standard temperature and light) and

their further corrections for the actual environmental conditions.

2. GIS-BEM Overview

The GIS-BEM modeling system is an application developed in geographic information
system (GIS) environment that allows users to estimate emissions of volatile organic
compounds from biogenic sources (BVOC), namely isoprene and monoterpenes.
Emissions are calculated on hourly basis, but the model is able to provide daily emission
outputs. The use of GIS platforms has the advantage to provide greater flexibility in
handling and analysis of input and output data. The implemented approach integrates a
simple conceptual model adopted from several authors (Guenther et al., 1995, 2006;
Oderbolz et al., 2013; Simpson et al., 1995) and based on empirical algorithms. Thus, the
net emission of a compound from terrestrial ecosystems into the above-canopy

atmosphere at a specific location and time is given as:
E=&.M, [y .LDF +(1-LDF)].7; .7iar -7now Q)

Where:

E - Net emission of a compound [pg.m?.h™]
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¢ - Emission factor at standard conditions [ug.g™.h™]
M, - Dry leaves mass per area unit [g.m™]

yL - Light correction factor

LDF - Light dependence fraction

y71 - Temperature correction factor

yLal - LAI correction factor

ynpvi - NDVI correction factor

More details on theoretical basis considered for the model are presented in Appendix A.
A general concept of the modelling system is presented in Figure 1.

EXTERNAL DATA SOURCES | PREPROCESSING | RUNNING THE GIS-BEM POST-PROCESSING
I I
Land Cover For each PFT is [
(Vegetation types — defined: I EF dard
PFT) - emission factor —— EF at standar
biomass density Q—I_I conditions
X

Copy the outputs
to a new folder
(geodatabase) and

I
N
I
|
I
I
| Select only high
Vegetation parameters | quality pixels:
I
|
I
I
I
—>
I
|
(

Seasonality biomass

(derived from satellite)

|
I
I
-NDVI ¢ ] rename them
CLAL e— | X
I
I
Applying a script I Correction factors
Meteorological data to extract: |
(netCDF format) - Air temperature ¢——— @
- Solar radiation =~ ¢——1
Choose the spatial
Y J resolution and mass units

INPUT DATA Net emission of
a compound

Figure 1. GIS-BEM modelling system flowchart.

3. Input data

The BVOC emission quantification requires several inputs, including land cover,
vegetation parameters and meteorological data. For land cover, distribution maps of
vegetation types are required, corresponding to each tree species or species group, a
plant functional type (PFT). For each PFT, the specific emission rate under standard

conditions (temperature=30°C, PAR=1000 pmol.m?.s™) and the foliar biomass density
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have to be defined. To characterize vegetation dynamics, satellite-derived products,
specifically the Normalized Difference Vegetation Index (NDVI) and Leaf Area Index (LAI)
are considered by the model. Thus, maximum-value composite images over several days
are usually considered. Also the influence of meteorological variables, ambient air
temperature and photosynthetically active radiation (PAR, represents a fraction of
incoming solar radiation available to photosynthesis), is taken into account to correct the
emissions to the current environmental conditions. The model is tested with the data
provided by the Weather Research and Forecasting prognostic model (WRF). However,
the outputs from this model generate very large files and to overcome this limitation, a

script in python to extract only the needed variables must be applied (see Appendix B).

Before running the GIS-BEM, the following input data should be prepared for the study

domain:

a)

Emission factors

A regular grid with emission factors for isoprene

A regular grid with emission factors for monoterpenes

Units required: [ug C. g™*. h™]
Data format: raster dataset

Biomass density
A regular grid with the biomass density
Units required: [g. m]

Data format: raster dataset

NDVI

A regular grid with the actual NDVI

A regular grid with the multiyear maximum NDVI
Units required: dimensionless

Data format: raster dataset

LAI
A regular grid with the LAI
Units required: dimensionless

Data format: raster dataset

Page 5 of 19



Technical Report Ref. AMB-QA-01/2013

Meteorological data

- Afile in NetCDF format that contains the ambient air temperature and incoming

solar radiation.

- Units required: temperature [K], solar radiation [W. m™]

- Temporal resolution: hourly

All input data should be in the same geographic reference system, and whenever
possible, one should choose fine resolution data in order to decrease the uncertainty

sources in BVOC emission modelling. However, higher resolutions lead to an increase of

the processing time to generate model outcomes.

4. Model requirements

4.1. Support software

ESRI ArcGIS software, version 10.0, is the GIS platform used to run GIS-BEM. To work

with this model, basic knowledge on the ArcGIS software is required.

4.2. Installing the GIS-BEM

Inside the ArcToolbox window, right click on the empty space, choose “Add Toolbox”, and
then browse to the GIS-BEM Toolbox and click “Open” (Figure 2).

ArcToolbox X Add Toolbox 3
=¥ ArcToolbox (= = | [Lookin: | B senskiviy of Blogenk emismons v | & fr @ FE- B4 O 0 @
+ &g 3D Analyst To-le Add T 520 ] (IASCI fles ) varisblity_snalysis. sx

> d Aux docs

# & Analysis Tools| %< Environments... =] Conference on Remots Sensing_Cypeus_ApriZ013

+ @ Cartography T

3 ° Conversion To‘ Hide Locked Tools

* g Data Interope Save Settings » boxplot_CLC_LAL 3Marl1.xdsx

+ Q Data Managen 4 ) Calculate_percentles. dsx

+ @ Editing Tools | Load Settings * |l .

-— -

Naene: BVOCmodel_EMOSAT_vf.thx
Show of type: | 1ooboxes v Cancel

Figure 2. Procedures to install the GIS-BEM Toolbox.
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4.3. Model structure and graphic interface

The Toolbox is structured in 4 modules, from which the separation in biogenic

compounds and temporal resolution is performed (Figure 3).

- @GIS-BEM ] ——> Toolbox

= i- Isoprene
&)0 daily_isoprene
;90 hourly isoprene
= & Monoterpenes
gbﬂ daily_monoterpenes

pbo hourly_monoterpenes] ——> Module

Figure 3. GIS-BEM Toolbox.

The modules that integrate the GIS-BEM Toolbox are:

Module 1 - “hourly _isoprene” estimating hourly isoprene emissions.
Module 2 - “daily_isoprene”. estimating daily isoprene emissions.
Module 3 - “hourly_monoterpenes”™ estimating hourly monoterpene emissions.

Module 4 - “daily_monoterpenes™ estimating daily monoterpene emissions.

For each module a window is opened to define user-control variables. Only a few
differences in the graphic interface are displayed between modules that aim to get hourly
and daily estimates. Nevertheless, daily values are obtained from an iteration applying the
sum function on the hourly cycle.

Step by step instructions for using the modules within the GIS-BEM are presented below.

i) — Opening a module
5 @ BYOC modelling tool
= & Isoprene
e
hourly lsoprene
= & Monoterpenes Batch...

choose “Open” (Figure 4). daily_monoterf g,
hourly_monote

Double click on the module;

or right click on the module and

-

Figure 4. Opening a module.

ii) — User interface to estimate emissions for a single hour

Open the module *“hourly_isoprene” or “hourly_monoterpenes”. The following

window will opened and should be filled (Figure 5).
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+** hourly isoprene

«© Emission factors: _ Output file for the
_ | hourly emissions
¢ Biomass density: } {massfcell]:
| |
 Leaf Area Index: _ No description available
| |
& Actual Normalized Difference Yegetation Index (NDVI): S
' N | INPUTS
|
@ NDVI annual maximum values: _
|
® Netaomlogital variables (temperature, radiation):
| g
@ Enter day and hour corresponding to sequential order of the netCDF file {in format d.h): _
& Output file for the air temperature:
| |
& Output file for the incident solar radiation:
| |
& Output file for the hourly emissions (afm2/h):
| |
® Qutput file For the hourly emissions (massjcell): _ _9 OUTPUTS
. | |3
Units for the emission outputs: :
g v
_Spatiai resolution For the emission outputs: _
&s Specified Below v ﬂ
' 1000 |

I OK ] [ Cancel ] [Environrnents‘..] [ << Hide Help ] [ Tool Help l

Figure 5. User interface for the module “hourly_isoprene”.

To better understanding of the contents, a description about the required information is
presented below.

- INPUTS:

Emission factors

Name of the file that contains a regular grid with the emission factors for the selected

compound (isoprene or monoterpenes) at standard conditions.

Biomass density

Name of the file that contains a regular grid with the biomass density for each PFT.

Leaf Area Index

Name of the file that contains a regular grid with the LAl corresponding to simulation date.

Actual Normalized Difference Vegetation Index (NDVI)

Name of the file that contains a regular grid with the NDVI corresponding to simulation
date.
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NDVI annual maximum values

Name of the file that contains a regular grid with the multiyear maximum NDVI resulting
from a composition of overlapped NDVI images. These images should be available for
different months of year, in order to capture the vegetation seasonality. Thus, to obtain the
maximum regular grid within the ArcToolbox select Data Management Tools > Raster >
Raster Dataset > Mosaic to New Raster. Opening this geoprocessing tool, add all NDVI

images, and in Mosaic Operator choose “Maximum”.

Meteorological variables (temperature, radiation)

Name of a NetCDF file corresponding to the simulation period which contains the
meteorological variables needed in the modelling process to characterize the air
temperature and incoming solar radiation. These files are composed by multiple layers, in
which each one represents hourly data. To extract only these variables from the original
NetCDF file, a script in python programming language should be used previously as
describe in Appendix B.

Enter day and hour corresponding to sequential order of the netCDF file (in format d.h)

Within the temporal period covered by the netCDF file, select the day and hour (in format
d.h) corresponding to sequential order of the file taking into account the simulation date.
For example, the layer 60 in the netCDF file is equivalent to 3.12.

- OUTPUTS:

Output file for the air temperature

Define the location and the name of the output file that contains a regular grid with the

ambient air temperature for the simulation date.

Output file for the incident solar radiation

Define the location and the name of the output file that contains a regular grid with the

incoming solar radiation for the simulation date.

Output file for the hourly emissions (ug/mz2/h)

Define the location and the name of the output file that contains a regular grid with the
hourly emission of a compound in [ug.m?%h™] for the simulation date. The spatial

resolution is equal to the smallest cell size among all input datasets.
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Output file for the hourly emissions (mass/cell)

Define the location and the name of the output file that contains a regular grid with the
hourly emission of a compound per area unit. In a first step, emissions are calculated to
the smallest cell size among all input datasets, and then can be aggregated for a larger
cell size. This emission flux is dependent of the mass units and spatial resolution required

by user.

Units for the emission outputs

Mass units to estimate hourly emissions. The following units can be chosen: micrograms

(1g); milligrams (mg); grams (g); and kilograms (kg).

Spatial resolution for the emission outputs

Cell size (in meters) to estimate hourly emissions.

iii) — User interface to estimate daily emissions

Open the module “daily _isoprene” or “daily_monoterpenes”. The following window will
opened and should be filled (Figure 6).

L daily_isoprene

o Emission factors: _ Output file for the daily
_ @ emissions
« Biomass density: ; (ug!mz‘day}:
=]
o Leaf Area Index: No description available
@ Actual Normalized Difference Yegetation Index (NDVI): —> INPUTS
| B
& MDVI annual maximum values:
| =]
» Meteorological variables (temperature, radiation): .
> Eindatbn day: . .
& Output file for the hourly emissions (ug/m2/h):
' =)
_0ubput file for the daily emissions (ug/m2jday):
| | &
& Output file for the daily emissions (massjcell):
|
Units for the emission outputs: —> OUTPUTS
9 v
Spatial resolution For the emission outputs: _
As Specified Below ¥ EJ
1000 |
I OK | [ Cancel I [Envirurrnents.‘. ] ’ << Hide Help ] ’ Tool Help I

Figure 6. User interface for the module “daily_isoprene”.
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The differences found in relation to the user interface previously described are the
following:

- INPUTS:

Simulation day

Enter the day corresponding to sequential order of the netCDF file taking into account the
file’s temporal coverage and the simulation date intended. For example, if the netCDF file
is composed by 5 days considering meteorological model outputs from 9 to 13 of May and
assuming that simulations for 10" of May are intended, the day 2 in the graphic interface
should be specified.

- OUTPUTS:

Qutput file for the hourly emissions (pg/mz2/h)

Define the location and the name of the output files corresponding to regular grids with the
hourly emissions of a compound in [ug.m?Zh?] for the simulation day. The spatial
resolution is equal to the smallest cell size among all input datasets. To store these files, a
file geodatabase has to be created and output names should be defined. Follow these

steps:

-
- In the bracket allocated for this field click “Open” ( 2 );

- and then click in “New File Geodatabase” on the desired location (Figure 7);

Output of the hourly isoprene emission (ug/m2/h):

Look in: Slc:A | v & @ E- £ D&
[}
[E4cc4abend72a41242052795¢69 >{New File Geodatabase )

Figure 7. Create a geodatabase to store hourly emissions.

- A “New File Geodatabase” (GDB extension) is created. This name is attributed by

default. To rename it, select this folder and click again.

- Open the geodatabase (double click) and defines the output names. Write
“‘isop_hour%Layer%_ugm?2”, for isoprene emissions. Note that at least all characters
between percentage symbols (inclusive) should be written in this way, because
otherwise hourly data are not saved. The term “%Layer%” is a variable that
corresponds to a layer number (equivalent to an hour) in the netCDF file. Data for

each hour will be stored with a different file name, where only changes the layer
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number. Thus, for a netCDF file composed by 72 layers (3 days x 24h), the
information is organized automatically as follows:

First day: layers from 1 to 24

Second day: layers from 25 to 48

Third day: layers from 49 to 72

Assuming simulations for the third day, in the example above the hourly files will be saved
as:

isop_hour49_ugm2; isop_hour50_ugm2; isop_hour51_ugm2; isop_hour52_ugm?2;
isop_hour..._ugm2;  isop_hour72_ugm?2.

Output file for the daily emissions (ug/mz2/day)

Define the location and the name of the output file that contains a regular grid with the
daily emission of a compound in [ug.m™.day™] resulting from the sum of hourly emissions.

The spatial resolution is equal to the smallest cell size among all input datasets.

Output file for the daily emissions (mass/cell)

Define the location and the name of the output file that contains a regular grid with the
daily emission of a compound per area unit. In a first step, emissions are calculated to the
smallest cell size among all input datasets, and then can be aggregated for a larger cell
size. This emission flux is dependent of the mass units and spatial resolution required by

user.

To store the input and output files of the model, geodatabases must be created. For that,
should follow the procedure previously explained or use the ArcCatalog, from which a
right click on the empty space should be applied, selecting “New” and then “File
Geodatabase”.

iv) — Running the model

After all the file names and parameters in the user interface have been filled, the model is
ready to run. Click “OK”.
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5. Post-processing and visualization

As post-processing step, the user might need to rename the output files, essentially the
hourly emissions resulting from a simulation day, in order to correctly identify them. This
task can only be performed inside the ArcCatalog, selecting the folder (geodatabase) that
contains the files. Additionally it is recommended copy these files to a new geodatabase.
Once this stage is completed, the files may be opened in ArcMap environment allowing
the user to make a spatial analysis of different layers.
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Appendix A

Methodology description

According to implemented approach, the net emission of a compound from terrestrial
ecosystems into the above-canopy atmosphere at a specific location and time is given as:

E=&.M,.[y .LDF+(1-LDF ) |7 % a1 -¥now 1)

Where:

E - Net emission of a compound [ug.m?2.h™]

¢ - Emission factor at standard conditions [ug.g™*.h™]
Ma - Dry leaves mass per area unit [g.m]

yL - Light correction factor

LDF - Light dependence fraction

y71 - Temperature correction factor

yLal - LAI correction factor

ynpvi - NDVI correction factor

BVOC emission factors (¢) under standardized environmental conditions (T=30°C,
PAR=1000 pmol.m?s™) and leaves biomass (M,) are associated with the vegetation
type.

In order to estimate BVOC emissions at current environmental conditions, correction
factors are applied to the standard emission rates. Based on the Guenther et al. (1995)
algorithms, the light and temperature influence are analyzed. Also the dependence of the

BVOC emission on vegetation parameters (NDVI and LAl) is considered.

Light influence on BVOC emissions

C, xax PAR
7= 2
" (1+a’ x PAR?)® @
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PAR - Photosynthetically active radiation at leaf level [umol.m™. s™] — can be estimated

from solar radiation and sun angle or applying a correction factor (0.45*4.6 = 2.07)

- Percent of the radiation that is the PAR spectrum based on observed data = 0.45
- Conversion factor to convert radiation of W.m™? to pmol.m?. s* = 4.6
C_ = 1.066 (scaling constant to force the function to 1.0 at the standardized value of PAR

- commonly taken as 1000 pmol.m?2.s™)

0. = 0.0027 (apparent quantum vyield of isoprenoid emission)

The LDF modulates BVOC emissions taking into account the fractions assigned to each
compound or category. Sakulyanontvittaya et al. (2008) assume that 5 to 10% of
monoterpene emissions occur through the light and temperature dependent route. In the
current approach was considered the upper threshold, that is, LDF equal to 0.1. For the
isoprene the LDF is assumed to be 1, since this compound is only emitted in the presence
of light.

Temperature influence on BVOC emissions

Equation 3 is applied for the isoprene.

exp Cp x (T -Ty)
RxTg xT,

(3
Crox (T —-T,)
RxTg xT,

YT =

Cis + exp{

T. - Absolute leaf temperature [K] —»  Assume as air temperature
Ts - Leaf temperature at standard conditions (typically 303.16 K) at which y; =1
T = 314 K (optimum temperature that describes the temperature response function for

BVOC synthesis)

R - Gas constant (8.314 J.mol*.K™?)
Cy1 =95 000 J.mol™* _ I

T Parameters that describes the activation
Ct, =230 000 J.mol* | and deactivation energies of the emissions

CT3 = 0.961

The equation parameters, Ct; and Cr; are typically chosen to yield yr =1
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For monoterpenes the temperature response function is given as:

e =exp[ (T -T;)] 4)

[ is a temperature dependence parameter, estimated through the combination with
temperature dependence information from different plant species. The resulting value for

monoterpenes (n = 59 plant samples) is £ =0.13+0.07 K (Sakulyanontvittaya et al., 2008).

This value was considered in the current approach.

LAl influence on BVOC emissions

LAl is used to characterize structural properties of plant canopies in terms of the amount
of foliage at a given location. It is defined as the green leaf area per ground surface unit.

The LAl correction factor is implemented based on Guenther et al. (2006):

_ 049x LA
" T v 02 Lart)e ] ©

NDVI influence on BVYOC emissions

NDVI is considered as an indicator of the foliar greenness. In the current model, the NDVI
was implemented to derive a correction factor for BVOC emission quantification using the
ratio between a pixel actual value and its multiyear absolute maximum value (eq. 6). NDVI
values are in the range of -1 to 1 (dimensionless). Positive values are indicative of

vegetated surfaces.

NDVI
Ynovi = ————— (6)
NDVI .,
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Appendix B

Python script to extract meteorological variables from netCDF files

Script in python (using the version 2.7.2) to extract the ambient air temperature and

incoming solar radiation from netCDF files provided by WRF model.

To apply the script below should follow these steps:
1) — Within the python version select “IDLE”;
2) —Inthe File menu, choose “New Window”;
3) — Copy the script code for this window, changing only the fields referred in the
code (identified in red);
4) — Save the script code on the desired location;
5) — In the Run menu, choose “Check Module”. If there aren’t errors, the model is

ready to run. Click “F5” or in the Run menu, choose “Run”.

Script Code

import os

import sys

from netCDF4 import Dataset #import the dataset of the netCDF module
import numpy as np

direc=C/' | —> Indicate the directory or the path where is the original netCDF file. Write
i between quotation marks.

os.chdir(direc)

Write between quotation marks the

ficheiro='original_netCDF_name.nc name of the original netCDF data file.

dados=Dataset(ficheiro)

#View all variables in the original netCDF file and select those that are required:

print dados.variables

Time=dados.variables['’XTIME']
Latitude=dados.variables['XLAT']
Longitude=dados.variables['’XLONG']
Temperatura=dados.variables[T2']
Radiacao=dados.variables['SWDOWN']

#View the shape of the required variables (n layers, n rows, n columns) in the original
netCDF file:

print ‘Hora =',Time.shape

print 'Latitude =',Latitude.shape #Latitude = (n layers, n rows, n columns)
print 'Longitude =',Longitude.shape

print 'Temperatura =',Temperatura.shape

print 'Radiacéo =',Radiacao.shape
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#Create a new netCDF file:

print 'Create a new netCDF File "novo_netCDF"

novo_netCDF=Dataset('C:/new_netCDF _name.nc','w',format="NETCDF3_64BIT

v

Write between quotation marks the path and
the name to give the new netCDF data file.

#Create the dimensions and variables for the new netCDF file:

Tempo = novo_netCDF.createDimension(‘'Time',None)
north_south = novo_netCDF.createDimension('north_south', n rows)
east_west = novo_netCDF.createDimension(‘east_west', n columns)

\

Write the number of rows and columns according to
shape of the variables in the original netCDF file.

print novo_netCDF.dimensions

Times=novo_netCDF.createVariable('Time'",'i4",('Time",))
Latitudes=novo_netCDF.createVariable('Latitude','f4',(Time','north_south’,'east_west',))
Longitudes=novo_netCDF.createVariable('Longitude’,'f4",('Time','north_south','east_west',))

Times.units="hour’
Latitudes.units='degrees_north’
Longitudes.units="degrees_east'

Temperaturas=novo_netCDF.createVariable('Temperatura’,'f4',(‘'Time','north_south','east_west',))
Radiacoes=novo_netCDF.createVariable('Radiacao','f4',(‘'Time’,'north_south','east_west',))
#Define the units and the geolocation of the meteorological variables:

Temperaturas.units='k’

Temperaturas.coordinates='Time Latitude Longitude’

Radiacoes.units="W/m2'

Radiacoes.coordinates='Time Latitude Longitude’

print novo_netCDF.variables

#Copy the values of the meteorological variables from the original netCDF file to the new

netCDF file:

Temperaturas[:,:,:] = Temperatural[:,:,:]
Radiacoes[:,:,:] = Radiacaol[:,:,]

dados.close()
novo_netCDF.close()

NOTE: In python, comments start with a hash mark (#).
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