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Abstract

Methyl chloride (CHCI) and methylene chloride (GBI,) are known to have natural and
anthropogenic sources to the atmosphere. From tretedies it is known that tropical and
sub tropical plants are primary sources for atmedphmethyl chloride. The budgets of
CHzCl and CHCI, are imbalanced primarily due to large uncertaintiehe source estimates
for these compounds. In this thesis emissions eftévo chlorinated methanes, ¢H and
CH.ClI, from the tropical Atlantic Ocean and mangrove $oregion are quantified

The variation of CHCI and CHCI, concentrations in the air and seawater has beayzaal

as a function of latitude using Meteor cruise dM&8/2). There is no correlation found
between CHCI and CHCI, concentrations in the seawater. This leads tetggestion that
they may not have a common oceanic source. Thealiaycle of concentrations, fluxes and
sea surface temperature (SST) were studied tondieteia dependency of concentrations and
fluxes on SST. SST does not show any significaieicebn CHCI, concentrations in surface
seawater. CECl and CHCI, are supersaturated in the seawater during thesecrdihis
implies that the tropical Atlantic Ocean emits {LHand CHCI, into the atmosphere. The
tropical Atlantic Ocean mean fluxes of & and CHCI, during the cruise were 150 nmol
m? d* and 81 nmol i d*, respectively. Sources of GEIl and CHCI, were determined by
calculating backward trajectories. The backwardettaries revealed that the tropical
Atlantic Ocean and the African coast (also inlamBre primary and secondary source
regions for methyl halides, respectively, during Meteor cruise.

In order to quantify the biogenic emissions of nyethalides from mangroves, field
measurement were conducted in the tropical mangfokest at the coast of Brazil. A
mesoscale atmospheric model, METRAS, was used toulgie passive tracer’s
concentrations and to study the dependency of cdrat®ns on type of emission function
and meteorology. Model simulated concentrationsewsrmalized using the observed field
data. With the help of the mesoscale model resarts the observed data the mangrove
emission were estimated at the local scale. Bygu#iis “bottom-up” approach the global
emissions of methyl halides from mangroves werentified. The emission range obtained
with different emission functions and different e@tlogy are 4-7 Gg yrfor CH:Cl and
1-2 Gg yi* for CH,Cl,. Based on the present study the mangroves coterib8 percent of
CH.Cl, and 0.2 percent of GEI in the global emission budget. Manley et al.Q20



estimated that the mangroves produce 0.3 perce@Hg€l in the global emission budget.
This study supports the Manley et al. (2007) stikipm the detailed analyses of the model
results it can be concluded that meteorology hksger influence on the variability in the
concentrations than constant emissions or humitlipendent emission functions.



Zusammenfassung

Es ist bekannt, dass die Quellen von Methylchl¢@#i;Cl) und Dichlormethan (CCl) in

der Atmosphare sowohl natirlichen als auch anttgepen Ursprungs sind. Aktuelle
Studien nennen tropische und subtropische Pflaalzeprimare Quelle des atmosphérischen
Methylchlorids. Die Unsicherheiten in den Bilanzgon CHCI und CHCI, werden
grof3tenteils durch Unsicherheiten in der BestimmdeagQuellstarken verursacht. In dieser
Arbeit werden die Emissionen aus dem tropischeramiichen Ozean und aus einem
Mangrovenwald fur zwei chlorierte Methane, £&Hund CHCI,, quantifiziert

Die Variabilitat der CHCI und CHCI, Konzentrationen in der Luft und im Meerwasser
wurden als Funktion der geographischen Breite Wigewendung von Daten, die auf der der
Fahrt M78/2 des Forschungsschiffes Meteor gesammugtien, analysiert. Es konnten keine
Korrelationen zwischen Gi&l und CHCI, Konzentrationen im Meerwasser gefunden
werden. Dies deutet darauf hin, dass sie keine gsarae Quelle im Ozean besitzen. Der
Tagesgang der Konzentrationen, der Flisse und degrédoberflachentemperatur (sea
surface temperature (SST)) wurde untersucht, unddigingigkeit der Konzentrationen und
Flisse von der SST zu bestimmen. Die SST zeigekesignifikanten Effekt auf die GBI,
Konzentrationen im Meerwasser. ¢H und CHCIl, waren wahrend der Fahrt M78/2 im
Meerwasser Ubersattigt. Das impliziert, dass dapische Atlantische Ozean @E und
CH.Cl; in die Atmosphéare emittiert. Der mittlere Flussnv@H:;Cl und CHCI, aus dem
tropischen Atlantischen Ozean war 150 nmd dit und 81 nmol rif d* wahrend der Fahrt
M78/2. Quellen von CBEClI und CHCl, wurden durch die Berechnung von
Ruckwartstrajektorie bestimmt. Die Berechnung déckwartstrajektorien ergab, dass der
tropische Atlantische Ozean die primare und dieikAfrische Kiste (auch Inland) die
sekundare Quellregion fur halogeniertes Methan sréhder Fahrt M78/2 waren.

Um die biogene Emission halogenierter Methane vamd@fioven zu quantifizieren wurden
Feldmessungen im Mangrovenwald an der Kuste vonsilBma durchgefiihrt. Das
mesoskalige Atmospharenmodell METRAS wurde verwenda® die Konzentrationen der
passiven Tracer und die Abhangigkeit der Konzeiotmah von der Wahl der
Emissionsfunktion und der Meteorologie zu untersmchDie mit METRAS simulierten
Konzentrationen wurden mit den Daten aus den Feddumgen normalisiert. Mit der Hilfe
der Modellergebnisse und der Feldmessung wurdekmissionen der Mangroven auf einer
lokalen Skala bestimmt. Unter Verwendung diesesttino-up” Ansatzes wurde die globale



Emission von halogenierten Methane aus Mangroventtfiziert. Die erhaltenen Ergebnisse
fur die Emission unter der Nutzung unterschiedlichEmissionsfunktionen und
unterschiedlicher Meteorologie liegen im Bereicimvie-7 Gg yi fiir CHyCl und 1-2 Gg yt

fur CH,Cl,. Basierend auf Daten der vorgestellten Studig tieg Anteil von Mangroven am
globalen Emissionshaushalt bei 0.3 Prozent fiug@und 0.2 Prozent fur G&I. Manley et

al. (2007) sehen den Anteil von Mangroven am glebd&missionshaushalt bei 0.3 Prozent
fur CHsCl. Diese Studie bekraftigt das Ergebnis von Manétyal. (2007). Aus einer
detaillierten Analyse der Modellergebnisse kanschossen werden, dass die Meteorologie
einen groReren Einfluss auf die Variabilitat dernKentrationen hat als die zeitliche
Variationen der Emission.
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1 Introduction

Halocarbons (where one or more hydrogen atoms eplaced by a halogen atom, i.e.
fluorine (F), chlorine (CI), bromine (Br) and iodin(l)), such as methyl chloride
(chloromethane) (C4CI), methyl bromide (bromomethane) (¢B#), and methylene chloride
(CHXCI,) are precursors of reactive halogens, which doutiei to the destruction of
stratospheric ozone (Clerbaux and Cunnold, 200y & the case of methyl iodide
(iodomethane) (CH), also to the formation of aerosols in the marin@undary layer
(Carpenter, 2003). To date, there are still largeettainties concerning their atmospheric
budgets. This particularly holds true for ¢Bf, whose known sinks exceed the known
sources by more than 20% (Yvon-Lewis et al., 200%ough recent modeling and field
studies suggest that the atmospheric budget gfoCéhn be closed by large emissions from
tropical forests (Gebhardt et al., 2008; Saito #okouchi,2008), the strength of the known
distinct sources are assigned with large uncertainEven less is known about the natural
sources of methylene chloride.

These methyl halides play a very important rolthm atmospheric chemical processes. Their
present globally surface averaged mixing ratios=® pptv (parts per trillion) for Ci€l

and 7.5 pptv for CkBr (WMO, 2010). In the case of GBI, average mixing ratios in the
atmosphere range from 8.7 pptv at Cape Grim (Tamjpdao 30.2 pptv at Mace Head
(Ireland) (Simmonds et al., 2006). The {LHmixing ratio in the atmosphere is within the
range of 0.1 - 3 pptv over the open ocean (Singhl.et1983; Yokouchi et al., 2001 and
reference therein). The estimated atmospherictimfes are 1.0 yr, 0.8 yr and 0.5 yr for
CHsClI, CHsBr and CHCI, respectively (WMO, 2010). These atmospheric lifees are
large enough that they can be transported intstila¢osphere via convective processes in the
Intertropical Convergence Zone (ITCZ) (Gebhardilet2008).

1.1 Sources and sinks of methyl halides in the ataphere

This section provides a brief overview of the diffiet sources and sinks of mono methyl
halides, namely methyl chloride, methyl bromide amethylene chloride as quantified and
outlined in the Scientific Assessment for Ozone IBepn (WMO, 2007; 2010) and some
additional references in the literature.



1.1.1 Sources and sinks of methyl chloride

Methyl chloride is known to have both, natural asllvas industrial sources. The most
important industrial use of methyl chloride is fv®duction of silicon polymers. However,

industrial processes are responsible for only aomportion of the atmospheric GEl

(Clerbaux and Cunnold, 2007) while the majorityathospheric CkCl has natural sources.
The known natural sources are oceans, tropicakahttopical plants, biomass burning, wet
lands, rice paddies, salt marshes, biogenic pramubty vascular plants, abiotic release from
dead or senescent plant material, decay of orgaatter in topsoil, tropical wood-root fungi,
and mangroves (WMO, 2007; 2010 and reference therdihe known sinks of methyl
chloride are oxidation by hydroxyl radicals (OHdps$ to the stratosphere, reaction with
chlorine radicals in the marine boundary layer,amie uptake to the cold waters (i.e. polar

oceans) and the uptake by soils. The estimatedagkmurces of CkCl are summarized in
Table 1.1 and Table 1.2, respectively.

Table 1.1 Current best estimated known source gthsn(Gg y') for atmospheric methyl chloride.

topsoil

Ecosystem Emissions (Gg yi') Reference
Range Best estimate

Tropical and subtropical 820 - 8200 2640* WMO, 2007 and reference

plants therein.

Biomass burning 655 - 1125 911 Lobert et al., 19%8ppler
et al., 2005

Salt marshes 65 - 440 170 WMO, 2007 and reference
therein.

Fungi 43 - 470 160 WMO, 2007 and reference
therein.

Coastal oceans 19 - 98 50 Hu et al., 2010

Incineration 15-75 45 Keppler et al., 2005

Rice paddy 24-49 5 WMO, 2007 and reference
therein.

Peat lands 0.9-43.4 5.5 Dimmer et al., 2001

Leaf litter’ -5.2 - 1900 320 Blei et al., 2010

Salt marshes including n.g. 49 Manley et al ., 2006

mangroves

Wetlands n.g. 34.7 Dimmer et al., 2001

Mangroves n.g. 12 Manley et al., 2007

Industrial processes n.g. 10 WMO, 2007 and referenc
therein

Decay of organic matter in | n.q. n.g. Keppler et al., 2005

* average values based on model studies (Lee-Taylal.,e2001; Yoshida et al., 2004), n.q. not

quantified.” source was estimated from measurements of netsfluxd may be influenced by sink.



Table 1.2 Current best estimated known sink stfenffBg yi') for atmospheric methyl chloride.

Ecosystem Range (Ggyh) | Best estimate Reference
(Gg yr?)
OH reaction 3800 — 4100 3180 WMO, 2007 and
reference therein.
Oceans (loss to polar cold | 93 — 145 75 WMO, 2007 and
ocean waters) reference therein.
Cl reaction 180 - 550 370 WMO, 2007 and
reference therein.
Soil 100 -1600 1600 WMO, 2007 and
reference therein.
Loss to stratosphere 100 -300 200 WMO, 2007 and
reference therein.

Until 1996, the oceans were thought to be the Ergatural source of methyl chloride to the
atmosphere. Later studies have demonstrated teaethestrial sources are more important
for the atmospheric budget (Moore et al., 1996;pdarand Hamilton, 2003; Montzka and

Fraser, 2003; Keppler et al., 2005; WMO, 2010).

1.1.2 Sources and sinks of methyl bromide

Methyl bromide (CHBr) also has both, natural and anthropogenic ssuidethyl bromide

is an important ozone-depleting substance (ODS) amdributes about 34% of the total
stratospheric bromine (Montzka et al., 2011). i plast, methyl bromide was widely used as
an agricultural fumigant for different crops. Hovweey CHBr production and trade was
reduced according to the amendments made to theréédrProtocol (UNEP, 1995), and the
phase out began in 1998. The globally average@deiniixing ratio of CkBr thus reduced
from ~9.2 pptv in 1996 — 1998 to ~7.4 pptv in 200®K¥uchi et al., 2002b; Montzka et al.,
2003; Yvon-Lewis et al., 2009). Therefore, a siguaifit portion of CHBr is emitted from
natural sources. The relative significance of rat@H;Br emissions will play more and
more important roles in stratospheric ozone deptetiue to reduction of anthropogenic
emissions of methyl bromide to the atmosphere. & a8 and Table 1.4 describe the known
sources and sinks of methyl bromide based on theDNR010) report.



Table 1.3 Current best estimated known source gthsn(Gg yr') for atmospheric methyl bromide.

Ecosystem Emissions (Gg yi) Reference
Range Best estimate

Ocean 34 - 49 42 WMO, 2010 and reference
therein.

Biomass Burning 10 - 40 29 WMO, 2010 and refergnce
therein.

Based on California 7 — 29 14 WMO, 2010 and reference

saltmarshes therein.

Fumigation- 7.1-8.1 7.6 WMO, 2010 and reference

quarantine/pre- therein.

shipmen

Fumigation- 46-9.0 6.7 WMO, 2010 and reference

dispersive (soils) therein.

Rapeseed 4-6.1 5.1 WMO, 2010 and reference
therein.

Mangroves 1.2-1.3 1.3 WMO, 2010 and reference
therein.

Coastal salt marshes*0.6 — 14 7 WMO, 2010 and reference
therein.

Based on Scottish | 0.5-3.0 1 WMO, 2010 and reference

salt marsh therein.

Fungus (litter decay)) 0.5-5.2 1.7 WMO, 2010 anefenence
therein.

Based on Tasmania| 0.2 — 1.0 0.6 WMO, 2010 and reference

saltmarsh therein.

Rice paddies 01-1.7 0.7 WMO, 2010 and reference
therein.

Shrublands* 0-1 0.2 WMO, 2010 and reference
therein.

Temperate -0.1-1.3 0.6 WMO, 2010 and reference

peatlands* therein.

Leaded gasoline n.g. <5.7 WMO, 2010 and reference
therein.

Fungus (leaf-cutter | n.q. 0.5 WMO, 2010 and reference

ants) therein.

Tropical trees n.g. 18 Blei et al., 2010

Temperate n.g. n.g. WMO, 2010 and reference

woodlands therein.

* sources were estimated from measurements oflunetsf and may be influenced by sinks within
them, n. g. not quantified.



Table 1.4 Current best estimated known sink sttenffsg yi') for atmospheric methyl bromide.

Ecosystem Range (Gg yh Best estimate Reference
(Gg yr?)
Ocean 49 — 52 49 WMO, 2010 and
reference therein
OH and Photolysis n.g. 63.6 WMO, 2010 gnd
reference therein
Soils 19 - 44 32 WMO, 2010 and
reference therein

n. g. is not quantified.

Rhew et al. (2007) suggests that the Arctic tundra major source and sink of carbon-
containing gases, but the biogeochemical cycleabddarbons in this ecosystem is largely
unexplored They observed that the smallest net uptake ratdargest net emissions of
CHsCl and CHBr are at the flooded sites, while the largestuptke rates or smallest net
emissions are at the drained sites. A study by dtedl. (2009) suggests the Arctic tundra
acting as a net sink for GBI and CHBr. Swanson et al. (2007) measured over polar and
mid-latitude regions and confirmed a significardguction of methyl halides associated with
all snow or ice environments. The above authorehat up scaled the results. Therefore,
the values are not shown in the Table 1.1, 1.2ahB1.4. Rhew (2011) has shown that the
tall grass prairie acts both, as a source andkafsmCH;Br and CHCI. The tall grass prairie
covers 68 million hectares of North America, butlyod% remains today due to the
widespread conversion to agricultural and graziagds (Samson and Knopf, 1994).
Therefore, tall grass prairie is not likely to bglabally important source or sink of methyl
halides. Thus, the values are not included in Tal8eand 1.4.

1.1.3 Sources and sinks of methylene chloride

Methylene chloride or dichloromethane (&Hb) is used as a paint remover in foam
production and fumigation. Industrial sources oftmgkene chloride were estimated by
McCulloch et al. (1999) from audited sales datatiout 580 Gg in 1990. 70% of methylene
chloride emissions into the atmosphere were at&thto anthropogenic sources by Cox et al.
(2003). The atmospheric life time of @El, is about 0.5 yr (WMO, 2010). Methylene

chloride is not regulated by the Montreal Protaioé to the low impact on the stratospheric
ozone destruction. A study by Moore (2004) basedcrise measurements in the North
Atlantic and the Labrador Sea suggests that meathytiloride has also a marine source.
Ooki and Yokouchi (2011) found indications of a £ production by phytoplankton in the

sea surface water between 10°S and 40°S. Anotlhecesof CHCI, is biomass burning



(Lobert et al., 1999). However, the natural sou@e&H,Cl, are not well understood, hence
it is not possible to provide a global budget foethylene chloride. The annual Northern
Hemisphere (NH) mean concentration of LCH in air was 30.8+0.2 pptv at Mace Head,
Ireland (1998-2004), and in the Southern Hemispli8td) 8.74+0.03 pptv at Cape Grim,
Tasmania (1998-2004) (Simmonds et al., 2006). Thpmnatmospheric removal process for
CH.CI; is destruction by the hydroxyl radical (OH) (WMEQQ07).

This study mainly focuses on the ¢H and CHCI,. Hence, source and sinks of ¢tdre
not explained in this thesis.

1.1.4 Summary of the atmospheric global budgets ofethyl halides

Significant uncertainties remain in the detailemi@pheric budget of methyl halides. Natural
terrestrial ecosystems can be both, a source aimkdor methyl halides. Global budgets for
methyl halides are still tainted with considerahblecertainties. Table 1.5 summarizes the
global budgets of methyl halides taken from WMOQ202010) and own estimates based on
the above literature reviews. Methylene chloridenas yet fully explored (Section 1.1.3).
Hence, a global budget of GEl is not given in the Table 1.5.

Table 1.5 Imbalance in the global budgets of mathidride and methyl bromide.

Methyl bromide Methyl chloride
Best estimate Range Best estimate Range
(Gg yr) (Gg yr?) (Gg yr) (Gg yr)
WMO | Own WMO Oown WMO | Own WMO | Own
2010 | estimat| 2010 estimates| 2007 | estimates| 2007 estimate
es [
Sources| 111.5| 140 69.7 - 69.7 — 4098 4413.7 1743 4 1614.8 —
169.7 142.7 13,578 | 12356
Sinks 147.6| 144.6 64-96 68—-96 4106 5425 42734273 —
6695 6695
Net 36.1 4.6 57— |1.7-46.7| 8 1012 2530 +2658.2 —
73.7 6883 5661

The source and sink strengths for methyl halideshasvn in Tables 1.1, 1.2, 1.3, 1.4 and 1.5
clearly shows that the known sinks are larger tii@nknown sources. In the case of methyl
bromide known sinks still outweigh known sources 38/1 Gg yt. This large missing
source for CHBr is assumed to be of terrestrial and nonindusbrigin (Lee-Taylor et al.,
1998; Reeves, 2003; Warwick et al., 2006). Howetee, 3D-global chemical transport



modeling study for CkBr by Warwick et al. (2006) suggested to perform reno
measurements in the continental mid-to-high laggjdhe central-Southern Africa and South
America to constrain the terrestrial source of ryletialides.

In the case of methyl chloride, 3D-modeling studiese performed to explain the missing
sources. A first modeling study of the global trepleeric budget for C€l was carried out
by Lee-Taylor et al. (2001). They found that thédalance of the methyl chloride budget was
due to the missing sources, which are likely totdreestrial emissions. Another modeling
study of Yashida et al. (2004) found that a biogesaurce could be located at 30°N - 30°S
and they constrained this region in the model. Thalculated that biogenic emissions
between 30°N - 30°S account for 93% of the globidk@ sources using the GEOS-Chem
chemical transport model. This is in agreement whth estimates by Khalil and Rasmussen
(1999) who suggested that 85% of the emission oGTHomes from tropical and
subtropical regions. Further modeling results bgoXet al. (2010a) indicate that about 50%
of the CHCI comes from tropical terrestrial sources thatyveuith global temperature
changes.

1.2 Importance of methyl halides in the atmosphere

Halocarbons from anthropogenic and natural sourepsesent a large source of reactive
chlorine (Cl) and bromine (Br) to the stratospheréhese are formed when
chlorofluorocarbons (CFCs) or methyl halides erker stratosphere. Methyl chloride and
methyl bromide can reach the stratosphere wherne kiadogen atoms, released through
photolysis, catalytically destroy ozone. It is e&ited that the natural sources of {CHand
CH3Br currently contribute about 17% of the chlorineda30% of the bromine in the
stratosphere, respectively (Fahey, 2010). Withphase out of chlorofluorocarbons, which
are currently recognized as the most importantierarrof reactive halogens, the relative
importance of naturally produced methyl halidesaasource for reactive halogens will
increase. Only in the past decade methyl halidesived attention with respect to the
stratospheric ozone destruction. Methyl bromidinéssingle largest carrier of bromine to the
stratosphere. It has also been determined th&6id ito 60 times more effective than chlorine
in depleting ozone on a per atom basis (Butler,0206urthermore, naturally produced
halocarbons are important contributors to the dlet@rming with an estimated combined
radiative forcing of 0.01 W h ppb* for CHCl and 0.03 W ni ppb* for CH,Cl, (IPCC,
2007).



1.2.1 Chapman mechanism

The stratosphere which begins at about 10 km -Mi&kove the earth’s surface and extends
up to about 50 km high is the region of the atmesptthat contains 90% of the earth’s
ozone. The understanding of ozone photochemistiy pvaposed by Sydney Chapman in
1930. He hypothesized that the solar ultravioleiaton and the oxygen molecule jCare
responsible for ozone production and destructiome €lementary reactions given below
describe the Chapman mechanism.

O, + hv - O O b roduct 1.1
0+0,+M - O,+M roduction (1.1)
O; + hv -0 +0, _

Destruction (1.2)

In the production equations, molecular oxygen dissaolar radiationi{v ) of wavelengths
smaller than 242 nm and the molecular oxygen phsgodiates. The oxygen atoms (O)
formed, react rapidly with £in presence of a third body (M). Here M is anyrofally inert
collision atom or molecule which removes energgtabilize an adduct product. As End
O, are the most abundant gases in the air, M, thexgifomost likely N or O,.

In the second part of the mechanism ozone absotasradiation in the wavelength range of
240 nm to 320 nm and decomposes toa@d an oxygen atom. Finally, ozone reacts with
atomic oxygen to regenerate two molecules ef The above cycle occurs usually in the
stratosphere.

1.2.2 Catalytic destruction of ozone by chlorine ahbromine

The Chapman cycle stated in Section 1.2.1 overagtsn the stratospheric ozone.
Measurements indicate that the actual amount afi@nothe stratosphere is about a factor of
two smaller than explained by the Chapman mecha(§arneck, 1998). The chlorine and

bromine radicals that destruct ozone follow reacpathways described by Crutzen (1974):
Cl +0, - ClO+0,

CIO +0 - Cl+O0,
Net O +0, - 20, (1.3)




2(Cl +0, - ClO+0,)

CIO +ClO - (ClO),

(ClO),+ hv - CIO0+0
CloO - Cl + O,

Net: 20, - 30, (1.4)

Br +0, -BrO+0,
BrO+0O -Br +0,
Net: O + 0O, -20, (1.5)

Br +0O, - BrO +0,

Cl +0, - ClO +0,

ClO+BrO -~ Br + Cl+0,

Net: 20, - 30, (1.6)

The net results of the above reactions are to cbimzene molecule into oxygen molecules.
In each cycle, chlorine and bromine act as a csttaliyis estimated that one chlorine atom
can destroy up to tens of thousands of ozone miglecduring the total time of its stay in the

stratosphere.

1.3 Aims of this thesis

Methyl halides (CHCI, CHsBr and CHCI,) are green house gases in the atmosphere (IPCC,
2007). Since, it is important to study emissionsmathyl halides from different sources in
the atmosphere. A typical example is determinatbmhe global methyl halide emissions
from coastal salt marshes (Rhew et al., 2000).dFeéasurements were conducted in the
coastal salt marshes site and then extrapolatingl Imeasurements to global scale by
multiplying the unit area flux with an estimatedlghl salt marsh area. This is so named
“bottom-up” study. Another method is “top-down” imverse modeling approach. Manley et
al. (2007) found methyl halide emissions from mangs in a greenhouse experiment. They
obtained data from a single mangrove grown in ameuse in the laboratory. A more
accurate field experiment should be conducted enndttural populations of mangroves to
determine emissions more generally. An overall afrthis study is to determine the methyl
halide emissions from mangroves. In order to fulflhese goals, observations were



performed and analyzed. In addition, numerical &tnns were performed using the
mesoscale atmospheric model METRAS.

The thesis aims
* To quantify the emissions of methyl halides frora tfopical Atlantic Ocean.
* To determine methyl halide emissions from mangroves
* To determine the impact of meteorology and emisfioictions on concentrations of
methyl halides.

Chapter gives the background concentrations of methyl lealidbserved during the Meteor
cruise. It also determines emissions of methyldeslifrom the ocean to the atmosphere and
identifies the possible source regions of methylidea (methyl chloride and methylene
chloride only) by using the Hybrid Single Partitlagrangian Integrated Trajectory Model
(HYSPLIT). Chapter 3Jescribes the observations in the topical Braganaagrove forest
region. It also shows the methyl halides data #matused in this study from the literature.
Chapter 4describes the model METRAS used in the thesis, nioglel adaptation and
application over the tropical Braganca region asdesults. Chapter presents the model
sensitivity studies on the role of meteorology amstant concentrations and impact of
emissions function on concentrations. Chapter & gilges the determined global emission of
methyl halides from mangrove region. Chaptgrésents a brief summary of the thesis with
the main results and the overall conclusions.
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2. Background concentrations and emissions of methhalides over the
tropical Atlantic Ocean

2.1 Introduction

The ocean plays an important role in the globabéoxhemical cycle of methyl halides.
Previous studies have shown that methyl chloride;(@) in the ocean is supersaturated
(exceeding the equilibrium concentration in the @gphere) in middle and low latitudes and
undersaturated in high latitudes (Moore et al., 6199von-Lewis et al., 2004). Methyl
bromide (CHBr) is undersaturated in the open ocean (Loberalet1995; 1996, 1997;
Groszko and Moore 1998; King et al., 2000, 2002o~ewis et al., 2004; Tokarczyk and
Moore 2006), and supersaturated in the temperatersvf_obert et al., 1996; Groszko and
Moore 1998; Baker et al., 1999). Methylene chlor{@&1,Cl,) is not fully explored in the
ocean. Moore (2004) suggested that the oceanapparent source of methylene chloride in
the North Atlantic and the Labrador Seawaters basethe Poseidon and the Hudson cruise
data. Another study by Ooki and Yokouchi (2011) foomed the in-situ production of
methylene chloride in the seawater between 10%santl 40° south. They also suggested
that more measurements are required covering aloss to evaluate the global oceanic
emission of methylene chloride.

This chapter presents methyl chloride and methytdnieride concentrations in the air and
seawater from the Meteor cruise M78/2 over theitalpAtlantic Ocean. The objectives of
this chapter are to understand the variation ohgiathloride and methylene chloride in the
air and the tropical Atlantic Ocean water for diffiet latitudes. Furthermore, the possible
nonlocal source regions shall be identified andhyldtalide fluxes from the tropical Atlantic
Ocean to the atmosphere shall be quantified. Artiaddl aim is to determine a relation of
sea surface temperature (SST) and concentratiofuates of CHCIl and CHCI..

The chemistry data are provided by the InstituteBimgeochemistry and Marine Chemistry
(IfBM), University of Hamburg. The air and seawatencentrations of methyl chloride and
methylene chloride were determined using Gas Chiagnaphy (GC).

The samples were collected along a transect whfpa after leaving the Exclusive
Economic Zone (EEZ) of Guyana at 10° 13.07'N, 58618"W and ended with entering the
EEZ of Brazil at 23° 9.6°S, 39° 40.2°"W. Figure 8Hows the locations of the samples and
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methylene chloride concentrations in the air from82 during the period of 5 April 2009 —
9 May 2009.
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Figure 2.1 Geographical location of sampling sitesl methylene chloride concentrations (colors) in
the air during the meteor cruise.

2.2 Variation of methyl chloride and methylene chlade in air and
seawater

The latitudinal distribution of the methyl chloridgend methylene chloride concentrations in
the air measured are shown in Figure 2.2. Figurek,2d show the normalized
concentrations. The normalized concentrations aes calculated as the ratio of the single
concentration measurement to the average condentralNormalized concentration is
represented as a percentage.

The average concentration of methyl chloride deiteedh in the air from the cruise data is
825 pptv. Earlier studies determined the annua8133997) average global concentration of
methyl chloride in the marine region to be 606 pptwith a range of 570 -
620 pptv (Koppmann et al., 1993; Khali et al., 9908i et al., 1999; Yokouchi et al., 2000).
Methyl chloride mean concentration in the air isoahigher than hourly mean (547 pptv)
from the NOAA/ESRL data of halocarbon in-situ praxgrat Cape Matatulu 14.3°S 170.6°W
during 8" April to 9" May 2009. Thus, the observed average methyl afdarbncentration
in the air from the Meteor cruise is higher thas Hverage value of the global marine air
concentration as in previous studies and NOAA olzemal site.
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Figure 2.2 Latitudinal variation of concentratioisair (a) methyl chloride, (b) methylene
(c) normalized methyl chloride, (d) normalized my&the chloride, () TRMM

climatology (mm/day).

chloride,
rainfall

Latitudinal variation of atmospheric (air) concetiton (Figure 2.2c) is very small, mostly
below £50%. The analytical error of concentratiarthe air and seawater was 9% during
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the cruise (Personal communication with Dr. SeiféBM, University of Hamburg, 2012).
This analytical error is also applicable to normadi concentrations. Methyl chloride
concentrations are slightly enhanced in the aialut 10°S. The maximum observed
concentration is 1282 pptv for GEI in the air near to the Brazil coast (latitude 2%'S,
longitude 39° 67°W). The increase in concentrati@arer to the coast suggests it is likely
influenced by coastal or land bound sources of@H

In the case of methylene chloride very few measerém are available. The first
measurements of GBI, were reported by Cox et al. (1976). They founcha@rage mixing
ratio of 35£19 pptv in December 1974 and Januaiblfi Wiltshire, England. The average
concentration of CkCl, determined in the air from the current cruise dat@ pptv. The
average concentration (9 pptv) for &H, during the cruise is lower than the annual mean
concentration in air 30.8 pptv (dry air mole frac at Mace Head, Ireland (1998-2004).
However, there is an excellent agreement, withatfveual mean concentration of 8.74 pptv
(dry air mole fraction) found in the Southern Hephisre (SH) at Cape Grim, Tasmania
(1998 - 2004) (Simmonds et al., 2006).

The concentrations of GBI, do not vary with latitude in the Southern Hemiggh@igures
2.2b, d) and are found to increase linearly justmof the equator (0.5°N) to 7°N. The
concentrations are mostly constant in the trop®adith Atlantic Ocean. Koppmann et al.
(1993) found that the concentrations of L over the Atlantic Ocean decreased linearly
from 45°N to the northern boundary of the Intertcap Convergence Zone (ITCZ) around
10°N and were almost constant over the South Adadtean. The gradient found here is
similar to the one described by them. However stitellite pictures show a convective cloud
band over the high concentration region. (Satellfietures from Dundee web site
http://www.sat.dundee.ac.uk/auth.html).

In order to understand the location of ITCZ in thenth of April and May, the climatolgical
rainfall data of TRMM satellite is shown in the Brg 2.2 (e). The climatology is calculated
from 1998 — 2008 data in mm/day. The ITCZ is lodate the +5° in the Northern
Hemisphere and Southern Hemisphere in April. Th€4Tis mostly in the Northern
Hemisphere during May. Higher concentrations oLCllin the NH are due to more sources
and emissions. The gradient in the concentratidiasvs inter hemispheric mixing in the
ITCZ.
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The concentration in the seawater is determingaicomole per liter (pmor). The seawater

from the Meteor cruise showed mean concentratidnmethyl chloride and methylene
chloride to be around 120 pmdf land 28 pmol 1, respectively. Figure 2.3 shows the
latitudinal variation of concentrations and normeatl concentrations of GBI and CHCI,

in the seawater. Unlike in the air, the concertratiof CHCl and CHCI, in the seawater

show a large variability, but hardly a systemahamge with latitude as found for QEl, in
the air (Figure 2.2d).
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Figure 2.3 Latitudinal variation of concentratiolirs seawater of (a) methyl chloride, (b) methylene

chloride, (c) normalized methyl chloride, (d) nolimed methylene chloride (All
concentrations are given in pma)!

The Meteor cruise data are subdivided into two gsothe Northern Hemisphere (NH) data
(0.55° N - 9.04° N) and the Southern Hemispherg°®-— 23.16°S). Table 2.1 and Table 2.2
summarize the mean and standard deviation ofGClHNd CHCI, concentrations in the air
and seawater. The analytical uncertainty of +99given in the parentheses. Table 2.1 and
Table 2.2 show that &I concentrations in the air have a slightly higlemispheric
difference than in seawater. In the case obClH the concentrations in the air also have a
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larger hemispheric difference than in seawater,clvhmay indicate an influence of
anthropogenic sources in the NH.

Table 2.1Mean and standard deviation of methyl chloride amethylene chloride in the air (n is
number of observations).

Air methyl chloride | methylene chloride
(pptv) (Pptv)

Mean concentration (n=57) 825 + 144 (¥9%) 9 + 6%a@9

Northern Hemisphere (n=19) 840 + 118 175

Southern Hemisphere (n=38) 818 + 157 5+2

Table 2.2Mean and standard deviation of methyl chloride amethylene chloride in the seawater (n
is number of observations).

Seawater methyl chloride | methylene chloride
[pmol 17 [pmol 17

Mean concentration (n=54) 120 £ 46 (9% 28 + 19%d

Northern Hemisphere (n=17 111+ 32 38+15

Southern Hemisphere (n=37 125 + 50 23 +13

It is known that methyl halides are produced byineaalgae and phytoplankton in the ocean.
Singh et al. (1983) found a strong correlation leetv CHCI and CHBr concentrations in
seawater. The authors concluded a common oceanicestor CHCI and CHBr. Here an
attempt is made to find a significant correlati@ivitieen CHCI| and CHCI; in the seawater.
Figure 2.4 shows the relation betweensCHand CHCI, concentrations in the seawater with
the correlation coefficient value denoted by R.UF&y2.4 suggests that there is no significant
relation between C}€l and CHCI, concentrations in seawater. The correlation batwee
CHsCl and CHCI, concentrations in the air is slightly better wig¥0.198. Although the
exact mechanisms for the production of {CHand CHCI, in the ocean are not clear, some
studies show phytoplankton production of L (Ooki et al., 2011) and Gl (Tait and
Moore, 1995). Based on the above discussion,dbieluded that CkCl and CHCI, might
not have a common oceanic source.
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Figure 2.4 Relationship between methyl chloride amdthylene chloride concentrations in the
seawater.

2.3 Quantifying emissions of methyl halides fromhe tropical Atlantic
Ocean

The study of sea to air flux of methyl halides &wimportant for understanding their global
budgets. Liss and Slater (1974) first describedcthssical and most widely used two layer
film model, which proposes that the transfer predesy molecular diffusion through a thin
layer of water at the air water interface. Accogdto this model, a net flux is driven by the
concentration gradient between seawater to airtaedransfer velocity or piston velocity
(K). The transfer velocity depends on several facsoh as wind speed, friction velocity,
bubble formation, temperature and small-scale wélviss and Merlivat, 1986; Wanninkhof,
1992; McGillis et al., 2001a; 2001b; Nightiangleatt, 2000). Many factors can affect the
transfer velocity, but over the open ocean windtifag has a dominant effect. There are
many ways for flux measurements such as the cowaiar eddy correlation technique,
relaxed eddy accumulation, profile method, massarza techniques. The following
describes the flux calculation procedure usedismdtudy.

2.3.1 Flux calculation of methyl chloride and methlene chloride

The fluxes of CHCI and CHCI, from the sea to the air can be defined as theuatoof
transfer velocity K ) and the concentration difference between seawattair AC).
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F=K (C,-C,H™) (2.1)

Here F is the flux from the sea in nmolfrd™. C,, is the concentration (pmof) of CH:ClI
and CHCI, in the seawaterC, is the concentration (pmot) of CH:Cl and CHCl, in the
air. His the Henry constant, which is nondimensional addpted from Moore (2000) for
CHsCl and CHCI,. H is calculated by the following expression:

H =exp(A-B/T) (2.2)

Here A and B are constants that are specific for each compamadobtained from Moore
(2000) for CHCI, and from Khalil et al. (1999) for GJ&l. The adopted values a®=8.75,

B =2834K for CHCI, A=11.09,B=3935K for CHCl,. T is the sea surface temperature in
Kelvin, as measured during the Meteor cruise.

The transfer velocityK is an important term in the calculation of thex#g. There have been
several attempts or estimates made to calcKlatélany of the studies parameterike as a
function of wind speed (Liss and Merlivat, 1986; Mdankhof, 1992; McGillis et al., 2001)
because it is a major factor and also easy to meabuthis study, an empirical quadratic
and cubic relation between the transfer velocitg aind speed from Wanninkhof (1992),
hereafter called (W92), and McGillis et al. (200hgreafter called (Mc0O1), are used to
calculate the fluxes.

The W92 formula for K uses wind speeds of ship bound anemometers. Tha W9
relationship was derived from laboratory studigse W92 relationship (eq.2.3) is used most
often to determine the fluxes.

SC -1/2
Ko, = 031U°% | — 2.3
wo2 [660:' ( )
The Mc01 formula is similar and given by eq. (2.4)
SC 1/2
Ko = (33 + 0.026u°) | — 2.4
= ( = @.4)

The transfer velocities from eq. (2.3) and eq.)(2r¢ given in cm fhiwith u being the wind
speed at 10 m. However, the wind speed was measurékde ship at a height of 45.5 m.
Therefore, the wind speed has to be recalculated teeight of 10 m. Under neutral
conditions, Prandtl's solution shows that the hamial flow over the ocean surface follows
the logarithmic wind profile in the vertical diréat. A logarithmic wind profile is calculated
as follows:
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U [z}
u,=—In|—
k1% (2.5)

Here u, is the wind speed at the heightwz, is the friction velocity and can not be measured
directly, kis the von Karman constant (0.40) argjis the roughness length which

dependence on wind speed (about 0.0001 m for tletbnocean). The above formula is
used to calculate the 10 m wind speed from theegadt 45 m.

The boundary layer over the ocean is not neceggsailtral, it could be stable or unstable.
The tropical Atlantic Ocean is more unstable as diasng the Meteor cruise observed. A
stability dependent logarithmic wind profile givéy Monin-Obukhov similarity theory as
follows (Schliinzeret al., 1996):

e ol {2l

Here L is the Monin-Obukhov length. Thgy function is derived for unstable conditions
using the approach by Dye8chlinzeret al., 1996), again using 10 m wind speed valines.
addition, the Large and Pond (1981) empirical fdamis also used. These two different
approaches give similar 10 m wind speeds with fewdifice from only 0.01 to 0.1 thdor
the Meteor cruise. Hence, the logarithmic profisdcalated wind speed is used in the eq.
(2.3) and eq. (2.4).

In the eq. (2.3) and eq. (2.45cdenotes the Schmidt number and the constant 6@teis
value of Sc for CG;, in seawater at 20°C. The Schmidt number is defasethe ratio of the
kinematic viscosity ¢) to the molecular diffusivity of the trace gas iair
(D) (Sc=v D). The temperature dependency of the Schmidt nurisbestimated by
Khalil and Rasmussen (1999) as follows:

Sc=3356 M2 (1-0.065T + 0.002043T2 -2610° T*) 2.7)

M is the molecular weight of the compound ahds the sea surface temperature (SST) in
degree Celsius.

Figure 2.5 shows the transfer velocity for £# and CHCI calculated for different wind
speeds. The transfer velocities are in centimegehpur. It needs to be converted into meter
per day for flux calculations. The concentratiomsop I'* is converted in to g cth Finally
fluxes are calculated in nmolmd™. To determine the difference between the W92 and
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McO1 relationships, transfer velocity is plottechengt the wind speed. Figure 2.5 shows that
the McO1 relation gives higher transfer velocitiedow 4 ms wind speed than the W92
relation. For larger wind speeds the W92 relatioves) higher transfer velocities. These are
about 120% higher than that received with Mc01 Hdoth compounds. However, the two
relations show the similar pattern with wind spéadooth compounds.
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Figure 2.5 Dependency of transfer velocity on wspded W92 and Mc01 formula for (a) £H, and
(b) CH:CI.

The fluxes are calculated from the W92 and McOnide at every sampling location. The
sampling time is 30 minutes for atmospheric andws#s samples. Hence, the
meteorological parameters such as the correcteoh ¥nd speed and air temperature are
taken as 30 minutes average with respect to theiping time.

The CHCI; fluxes are shown in Figure 2.5 using both relaiops. The variations of fluxes
from both relationships are similar, only the magae differs. The McO1 relation gave
lower fluxes than the W92 formula. The mean caleddluxes are 81+81.72 nmold™,
73+70 nmol rif d* from the W92 and McO1, respectively. As to be exge from Figure
2.6, the mean flux calculated from McO1 is sligHtyer than W92 in the tropical Atlantic
Ocean during the Meteor cruise. According to Ookd & okouchi (2011) the average
calculated oceanic emission of &F, derived from the region between 10°S and 40°8an t
Indian ocean was 0.22gm>d™" - 0.43gm=>d™". The calculated average emissions
during the Meteor cruise in the tropical Atlanticcéan are 6.8Zgm™d‘and
6.2gm>d™ using W92 and McO1, respectively. Thus the valaess higher than in the
other study. The maximum and minimum calculatedetiof CHCI, in the tropical Atlantic
Ocean are 330 nmol fid* and 0.72 nmol M d* using W92 relation. Figure 2.7 also shows
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that calculated fluxes are higher in the NH, lowethe equator and then increased at 15°S.

Moreover, the SH fluxes are more or less similar.
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Figure 2.6 Calculated fluxes of GEl, in the tropical Atlantic Ocean using (a) W92 ard McO1
relationships.

CHgsCl calculated fluxes are shown in Figure 2.7. TheDMcalculated fluxes are not shown
in this figure because it shows a similar patteroept their somewhat smaller values. The
average calculated fluxes of @l in the tropical Atlantic Ocean are 150+150 nmotd*
and 1344129 nmol thd™ from the W92 and McO01, respectively. The flux reng@f CHCI
using W92 relationship (-16.5 nmolmd* to 683 nmol nf d?) are larger than those
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determined by Hu et al. (2010) (-5.9 nmof wi* - 348 nmol rif d*) and lower than those of
Lu et al. (2010) (-185 nmol fid™* to 1791 nmol rif d*). The W92 mean calculated &
flux (150 nmol ¥ d?) in the tropical Atlantic Ocean is less than thgatSingh et al. (1983)
who determined mean flux of 705 nmol’rd™®. Our average sea to air flux of @& (150
nmol ni? d) in the tropical Atlantic Ocean is higher than trenual global oceanic mean
flux of 48 nmol n¥ d*- 98.4 nmol rif d* (Khalil et al., 1999; Moore, 2000; Yoshida et al.,
2004). The annual global oceanic mean fluxes dheeinced by the seasonal variations and
sinks. Hence, calculated GEl flux is higher than the global values. The cidted CHCI
fluxes are within the range of previous studiess lalso noted that fluxes are higher where
the wind speed is higher. The € fluxes are higher in the NH and slightly lower the
SH. There is a negative flux (-16.5 nmoFrd™) calculated at 3.02°N and 36.70°W, which
means flux from atmosphere to the sea, and thendsescting as a local sink.
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Figure 2.7 Calculated fluxes of GEI in the tropical Atlantic Ocean using the W92atenship.

The CHCI fluxes show similar variations as the £&Hp fluxes, but higher values were found
for the tropical Atlantic Ocean. The variationsfloixes of the two compounds are caused by
wind speed and seawater concentration. Saturatiomalies were calculated for @&l and
CH_,CI, during the meteor cruise. Saturation anomaly fndd as the percentage departure
from the expected equilibrium between gas conctot® in surface seawater and the
atmosphere (Hughes et al., 2009). Saturation anoisablculated by eq. (2.8).
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Saturation anomaly (%) ¥00(C,, - %)/ % (2.8)

Here C, is the concentration in seawatdf, is the concentration in air anHl is the
nondimensional temperature dependency Henry's Laefficient as calculated by eq. (2.2).

The saturation anomaly maximum and minimum valums GH;Cl are 477 percent, -3
percent in the tropical Atlantic Ocean. In the ca$e€CH,Cl, the maximum and minimum
saturation anomaly are found to 205 percent and iEScent. Higher saturation anomaly
values of CHCI and CHCI, suggest that the tropical Atlantic Ocean is andrtgmnt source
for these compounds.

The positive saturation anomalies indicate the mgberation of CHCI and CHCI; in the
seawater. The saturation anomalies of both comoanel positive (supersaturation) in the
tropical Atlantic Ocean during the Meteor cruisaep8&rsaturation implies a net flux from the
ocean to the atmosphere. Hence,;CHand CHCI, are emitted from the tropical Atlantic
Ocean to the atmosphere during the Meteor cruise.

2.3.2 Diurnal cycle of concentrations and fluxesver the tropical Atlantic
Ocean

Figure 2.8 shows the diurnal variations of {CH (a, d) and CKCl, (b, €) normalized
concentrations in the air (a, b) and seawater)(dseavell as ambient air temperature (c) and
wind speed (f) during 4 - 6 May 2009. X-axis is themple local sun time based on the
sample location. The air temperature is measur@8.8tm above the sea level (Figure 2.8c).
There is a diurnal cycle of air temperature on Ns&yobserved over the tropical Atlantic
Ocean. Higher wind speeds are observed on Magrisl 6" May from noon compared to
May 4" 2009. The Relative humidity is about 70% obsersladng the three days period.
Meteorological conditions have been changing witbsifion of the ship. Measured
concentrations are also not from the same wates masne day.

The concentrations of Gl and CHCI; in the air do show a little variation with time of
day. There is also clear diurnal cycle of {LHconcentrations visible in the seawater.,CH
concentration in the seawater has a maximum att,niglnimum at noon and a second
maximum in the evening. The above mentioned patane observed during the Meteor
cruise. Lu et al. (2010) studied diurnal variatmfnCH;Cl in seawater in the East China Sea
and the Southern Yellow Sea and found differentr@dilpatterns at both sites. They found
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maximum concentration at noon in the East China &®hin the evening in the Southern
Yellow Sea and lowest concentration at night fothblecations. It indicates that different
regions show different diurnal cycle patterns. Oakd Yokouchi (2011) determined the
oceanic emission of Ci@l, by the phytoplankton production in the South Ind@oean.
Maximum concentrations of chlorophyll-a were deteed in the subsurface layer (20 —
150 m), as were maximum concentrations of dihalbamets (Chl,, CH,CIl and CHCly) in
the South Indian ocean between 5°S and 30°S. Toreglutled that maximum concentration
of CH,Cl, in the subsurface layer was derived from direct ardirect productions by
phytoplankton, indirect productions of @El, mean photolysis and chloride substitution of
CHCII.
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Figure 2.8 Diurnal variation of (a), (d) normalizadethyl chloride and (b), (e) normalized methylene
chloride concentrations in (a), (b) air and (d),) (eeawater, of (c) air temperature and (f)
wind speed over the tropical Atlantic Ocean.

In order to understand the biological processelienting concentration, high resolution
satellite chlorophyll-a data downloaded from the tidlzal Aeronautics and Space
Administration (NASA) website (http://oceancolorfggaasa.gov/cgi/l3?per=DAY) is used.
The data set has 4 km spatial resolution and diailg scale. The chlorophyll-a data have,
however, many gaps due to clouds over the samfgrggions. The satellite data can not be

24



used during the cruise period. Unfortunately, nables chlorophyll-a data were obtained
during the Meteor cruise. Thus, the biologicaluefice on concentration can not be studied.

The diurnal cycles of calculated normalized fluxédoth compounds are shown in Figure
2.9. CHCI fluxes calculated are mostly lower at night asigjhtly higher at day time.
However, the overall maximum of G@l flux is about 150% found on 6 May at around 20
hrs. The night time maximum of GAI flux may be caused by biological activity such a
respiration. The CkCl, fluxes calculated are slightly higher in the latght, lower at noon
and thereafter constant. The overall maximum of@flux is about 270% found on May 6
at 02hrs local sun time. Both compounds do not sbomsistent diurnal cycle in the fluxes
over the tropical Atlantic Ocean from 4 to 6 May020Wind speed is the most driving factor
for the diurnal variations of fluxes in the trogdiédlantic Ocean.
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Figure 2.9 Diurnal variation of (a) CkCl and (b) CHCI, normalized fluxes in the tropical Atlantic
Ocean.

2.3.3 Significance of sea surface temperature onraentrations and fluxes
of methyl halides

Previous studies have reported existence of aioe#tip between the concentration
anomalies and concentration for €H in the seawater and sea surface temperature) (86T
the open ocean (MacDonald and Moore, 2007; Ooki.eR010). Lu et al. (2010) found no
correlation between concentration anomalies o§@Hnd SST in the East China sea while
others (like Ooki et al., 2010) found strong caatens. Similarly, an attempt is made to find
the correlation of concentration and flux of methyllides with SST. The in-situ
measurement of seawater temperatures were takeg tile Meteor cruise at 2.1 m depth in
the tropical Atlantic Ocean. The measured SST dafiem 26°C to 28.5°C during the
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Meteor cruise. The measurement values are in the sange as NOAA weekly SST data for
the cruise period.

The results are shown in the Figure 2.10. The esxcatbts show that the concentrations of
CHsCl are less scattered than the concentrations @€GHNnd increase with SST. There is a
positive correlation R=0.4 found between conceiunst of CHCl and SST. This suggests
the dependency of GBI concentration on SST in the tropical Atlantice@o.
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Figure 2.10 Comparison of (a), GEI and (c), CHCI, concentrations in the seawater against SST,
and of (b) CHCI and (d) CHCI, fluxes against SST.

In the case of C}Cl, the concentrations are less dependent on SSTe Tharsmall negative
correlation (R=-0.11) found between concentratiéiCH,Cl, and SST. Thus, Ci€l, does
not solely depend on the SST in the tropical AttaGtcean. There is a higher relation of SST
to CH;Cl concentrations than for GBI, concentrations.
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The correlation between the fluxes of both the commgls and SST is negative. There is a
high negative correlation found betweenH flux and SST of 0.6. The scatter plot shows
that the fluxes of both the compounds are scatterek about for temperatures of 26°C to
27°C. Overall, fluxes are negatively correlatedhv®ST in the tropical Atlantic Ocean. The

inverse relation of SST and fluxes are mainly duthé flux equation.

2.4. Identification of methyl halides source regios using HYSPLIT
back trajectories

The air mass source regions for the concentratibas were measured over the tropical
Atlantic Ocean region during the Meteor cruise determined by simulating backward
trajectories. The Hybrid Single Particle Lagrangiaregrated Trajectory Model (HYSPLIT)

was used to calculate the back trajectories foptbeed air masses.

2.4.1 HYSPLIT model setup

The HYSPLIT model was downloaded from the Air Reses Laboratory (ARL) web site.
The model code version used was HYSPLIT - 4.9. FASPLIT model can be run
interactively on the web or on a PC. For the curstudies the HYSPLIT model has installed
on a windows XP laptop and run using a graphicat ugerface (GUI).

Lagrangian particle models compute trajectories ¢drge number of so-called particles to
describe the transport and diffusion of tracergh@ atmosphere. The main advantage of
Lagrangian models is that, unlike in Eulerian medéhere is no numerical diffusion. This
study used a simple approach of ensemble trajestbsr using HYSPLIT.

HYSPLIT requires meteorological data of the hortabmvind (u), (v), the vertical wind (w),
temperature (T) and surface pressure (Psfc). Rel&@umidity or specific humidity (Q) is
optional. The meteorology data of the Global Dassifilation System (GDAS) from the
National Centers for Environmental Prediction (NGEPproviding a 0.8 horizontal
resolution are used as input for the HYSPLIT baakiMaajectory calculation. There are
many uncertainties in the calculation of traje@srarising from the possible errors in input
meteorological fields and the numerical methodsrédauce uncertainties associated with a
single trajectory, HYSPLIT is run in an ensembled@®o generate multiple trajectories from
a single meteorological field (Draxler, 2003). Eastsemble member is computed from the
same location starting for the same time. The mamelfiguration used 27 ensemble
members with each member having the same probabllit backward trajectories were
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simulated in accordance with the sample time ofrtleasurements performed at 20 meters
above sea level. A total of 57 air samples weréectdd during the Meteor cruise. For each
of them an ensemble of backward trajectories waspawed. Draxler and Hess (1997) gave a
more detailed model description. A brief descaptito model the trajectory equation
follows. If we assume that a particle passivelyoiwk the wind, then its trajectory is just the
integration of the particle position vector in spand time (t). The final position is computed
from the average velocity (V) at the initial positi (P) and first-guess positioP(). The
first-guess and final positions are as follows:

P'(t+At)=P(t) +V (P,t) At 2.8)
P(t+At)=P(t)+ 05V (P,t) +V (P',t +At)|At (2.9)

The integration time stegAt can vary during the simulation. It is computed frahe

requirement that the advection distance per tirep should be less than the grid spacing.
Time steps can vary from 1 minute to 1 hour.

Backward trajectories were calculated for the tpeeod 5 April to 9 May 2009. Backward
trajectories have been calculated for a week asplaled at 00,06,12,18 Universal Time
Coordinated (UTC), starting at sampling time ant@ang location.

2.4.2 HYSPLIT results for the Meteor cruise
The ensemble of trajectories was classified acogrth the region in which they were most
often present. In one such backward trajectory,dhasee to five days were spent adjacent to
the African coast, thus defining this trajectoryaasong those of the African coast source
region. Based on this assumption, trajectories wategorised and their probable source
region was indentified. The following are the prbleasources regions for methyl halides:

0] The Open ocean air mass source region

(i) The African coast air mass source region

(i)  The African coast (also inland) air mass sourcéreg

(iv)  The South American coast (off shore) air mass soregion

Examples of HYSPLIT model results are shown in Feg@.11 and Figure 2.12 for the
different sampling positions thereby depicting dayth different probable source regions.
The average concentrations of methyl chloride aethgiene chloride were calculated based
on the backward trajectory analysis of assignedcsotegions. The mean concentration of
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methyl chloride and methylene chloride in air frtime African coast air mass were 830 pptv
and 11 pptv respectively. The African coast (alspand) air mass source region
concentrations were 817 pptv for g and 13 pptv for CBECl,. The South American coast
(off shore) air mass source region concentratioagew17 pptv for CkCl and 4 pptv for
CH.Cl,. The open ocean air mass source region concemisatiere 863 pptv for G&l and

5 pptv for CHCI..

3.02N 36.71 W

* at

Meters AGL

12060018120600181206001812080018120600181206001812060018
04/09 04/08 04/07 04/06 04/05 04/04 04/03

Figure 2.11 Calculated ensemble backward trajee®nising 0.5 resolution meteorological data on
9 April 2009, receptor at 15.30 UTC.

* denotes the receptor. The vertical momentumefih mass from the source region to the receptor
(sample location) is given in meters above the gdoevel (AGL).

CHsCl concentration for the open ocean air mass sawgen was higher than the African
coast (also inland) and the South American codétsfwre) air mass source region. There
was a negative flux of CJ&I calculated at 3.02°N, 36.7°W, which comes frow African
coast (also inland) air mass source region. FigQuid shows an example of the assigned
African coast (also inland) air mass source reg@n3.02°N, 36.7°W sample location. The
negative flux of CHCI at this sample location may be influenced by Alfiecan coast (also
inland) air mass transport. Since, also,CH concentrations were found to be higher in the
African coast (also inland) air mass source regiompared to other source regions, this
could be a hint for either anthropogenic or oceaces.
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Figure 2.12 Calculated backward trajectories assidrfor the South American coast (also inland)
sources regions on 9 May 2009, receptor at 05.0CUT

* denotes the receptor. The vertical momentumefih mass from the source region to the receptor

(sample location) is given in meters above the gddevel (AGL).

To speculate on possible source regions one careatigat biomass burning is the second
largest source for methyl chloride. Biomass burrantvity is widespread, most often in the
tropical farmlands in South America and Africa. Tineost active biomass burning
geographical region is between 10°S and 30°S. Mésthe biomass burning in South
America occurs south of 10°S during the August toDer period with peak activity in
September. Unlike in South America, the centralo&fbiomass burning starts in June with
peak activity in August (Torres et al., 2010). Higltoncentration of C4€l and negative
flux associated with African coast (also inlandjicates a second probable source region for
CHsCI. Thus, tropical Atlantic Ocean could be the @i source region for the GAI
during the Meteor cruise. In the case of JCH higher concentration and lower fluxes were
calculated for the African coastal (also inland)raass source region. There is no negative
flux calculated for CHCI,. Thus, the tropical Atlantic Ocean was primaryg &frican coast
(also inland) air mass source region secondaryaiebsource regions for G&l, during the
Meteor cruise.
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The peak concentration of GEI associated with the South American coast (atéand)
(Figure. 2.12) air mass source was observed t@B2 fiptv (Figure 2.2) (23.15°S 39.67°W).
Figure 2.12 shows only 5 days backward trajectodies to missing meteorological data
input file. Similarly, large concentrations of mgthchloride [1500 pptv at Cape Hedo,
Okinawa island (26.9°N, 128.3°W) (Japan) and spedsurement at Jakarta (6.2°S 106.8°E,
in a forest of Bandung (6.9°S 107.6°E on tropieakJ(Indonesia) ranging from1000 pptv to
2000 pptv] have been measured by Yokouchi et 802 They suggest a land source of
CH3Cl may be responsible for higher concentrationsstviof the South America coastal
region consists of a mangrove forest. With tropiaatl subtropical vegetation being the
largest source, it is much more likely that tropicaiests act as the main source for methyl
chloride. The backward trajectory analysis suppdines higher concentration of methyl
chloride might result from the South American cdasto inland) air mass source region.

2.5 Conclusions

The average concentrations of methyl chloride amthgtene chloride in the air and seawater
during the Meteor cruise are 825+144 pptv, 9+6 mptd 120+46 pmol Y, 28+15 pmol 1,
respectively. Observed concentrations of methybritié are higher in the air compared to
earlier studies performed in other regions of tloelgv

There are significant calibration differences betweaesearch groups reporting data on
CH3Cl and CHCI,. The analytical uncertainty of £9% also needseaabnsidered for further
studies of the global budget and in modeling swdighere is no correlation between the
concentrations of methyl chloride and methyleneotie in the seawater. Thus, methyl
chloride and methylene chloride may not have a comoteanic source.

The quantified average methyl chloride and methg/lehloride emission from the tropical
Atlantic Ocean are 150+150 nmol nd™* and 81+81.72 nmol thd™. The global coastal
ocean emission of GJ&l and CHCI, using a global coastal ocean area of 27.123kh
(Menard and Smith, 1966) are 75 G¢'ynd 68 Gg yt, respectively. Thus, the ocean may
be an important source for GEl and CHCI, emissions.

The diurnal cycle of methyl chloride and methyleddoride concentrations and fluxes were
studied. Slightly higher concentrations of £LHand CHCI, in seawater and higher fluxes of
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CHsCl and CHCI, at night time were may be due to the biologicalcpsses in the tropical
Atlantic Ocean. However, the reason for high cotregions at night-time remains unknown.
The higher fluxes during night time may be due t&tenrological conditions.

A high correlation was found between the 4CH concentration in seawater and SST,
suggesting that the GBI concentration depends on the SST in the studg during the
Meteor cruise. On the other hand, no correlations waund between the GHI,
concentration in seawater and SST implying thatGhRCIl, concentration may not depend
on the SST in the study area. For the future modeadtudy, it has to be considered that there
are measurement uncertainties in the concentredtita

The backward trajectory results of the HYSPLIT mlogleow that mainly the air masses
came from the African coast (also inland) as wslittee South American coast (off shore)
and the open ocean. The backward trajectories lexvéaat the tropical Atlantic Ocean and
the African coast (also inland) were primary andoselary source regions for methyl
chloride, respectively, during the Meteor cruisdnisTcould be either due to natural or
anthropogenic emissions to the atmosphere.

The trajectory results support the findings of otsteidies such as Yokouchi et al. (2000) and
Rhew et al. (2000) that coastal terrestrial soues significant in the global budget of
CHzCl. Moreover, high concentrations nearer to thet®dumerica coast (also inland) source
region suggest that the (may be mangrove) foregtdst likely to be a source of methyl
chloride.
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3. Observational data

3.1 Introduction

The observations of the important gases like clfilwooocarbons, hydrochlorofluorocarb-ons
and methyl halides are available from the AdvanGéabal Atmospheric Gases Experiment
(AGAGE). The AGAGE has been measuring the compmsitif the atmosphere since 1978
at a number of high frequency stations (Prinn ¢228l0Q. These data will give a background
global concentration value for these compounds. él@r, the AGAGE do not give the local
emissions of a particular forest. Thus, more |latrervations are needed.

This study focuses on mangrove forest emissionsrder to accomplish this study, a field
experiment was conducted in the tropical Braganaagrove forest region. It is an arduous
task to do observations in the field, because tdrge number of possible technical and
human errors. Also, observations are costly ance tconsuming. To the best of our
knowledge these field measurements were the firstsokind conducted in the tropical

Braganca mangrove ecosystem. Manley et al. (20@id)exl greenhouse-grown mangroves
emissions of methyl halides in the laboratory. Heeve their study could not consider the
tidal activity, rainfall and biogeochemical processhat would occur in naturally grown

mangroves forest. Also the emissions from roots steths or the possibility of enhanced
emissions during flowering were not consideredmytheir study.

This chapter will present the measurement areatlamabserved methyl halides data from
the tropical mangrove forest region.

3.2 Data from the literature survey

In mangrove forests typically two different natusalurces exist for methyl halides, namely
the mangrove and the ocean. Manley et al. (200@jlwcted laboratory studies for different
types of mangroves like Rhizophora mangle (Red moa@j, and Avicennia germinans
(Black mangrove) and quantified emissions of methglides. In the case of the ocean,
calculated emissions are based on results of Ghapbé this thesis. Table 3.1 shows the
quantified methyl halide emissions from differeatisces.
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Table 3.1 Quantified methyl halide emissions frboewrhangroves and Oceans.

Plant Species | Time of incubation | Methyl chloride | Mthylene Reference
chloride

A. germinans* | >240 days 82 mg ntyr! n.qg. [1]
(Laboratory)

A. germinans* | ~1.5years 27 mg ntyr! n.g. [1]
(Laboratory)

R. Mangle* >240 days 29 mg ntyr! n.qg. [1]
(Laboratory)

R.Mangle* ~1.5years 97 mg ntyr! n.g. [1]
(Laboratory)

Ocean Field 2.8 mg fyr’ 25 mgntyrt |[2]

* based on LAI = 5. n.g. not quantified. [1] Manleyal. (2007), [2] Chapter 2 of this thesis.

3.3 Field experiment in Braganca

The tropical Braganca coastal region was chosefidiok sampling. Braganca encompasses a
mangrove ecosystem at the Atlantic coast that esafiom the state of Para in the eastern
Amazonia, northern Brazil. Braganca is 210 km advayn the city of Belem. The general
local classification is “Region Bragantina” whicha part of the “Amazon Oriental” (Krause
et al.,, 2001). The Bragantiana mangrove ecosystenmtegral part of the 2340 square
kilometer area of the municipality of Braganca. Brdas an area of 8500 square kilometer
of coastal mangrove region, and is the second damangrove forest on the earth (Kjerfve
et al., 1997). Hereafter the Bragantina mangrowesystem is referred to as the Braganca
mangrove ecosystem. The Braganca coastal mangooest fis dominated by three species
namely, Rhizophora mangle (Red mangrove), Aviceg@aninans (Black mangrove) and
Laguncularia racemosa (White mangrove) (Krausd.ef@01). The mangrove forest also
consists of grass area. The growth of the mangraegends on different environmental
factors such as soil type, salinity and tidal agtivn that region. The average height of a
mangrove tree is about 20 m - 25 m in the Bragaflsa, it was observed that there was less
than 1 m tall mangrove trees in the forest. FigBuie shows the mangroves trees in the
Braganca forest.
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3.3.1 Experimental setup and data to be measured

The field equipment consisted of well equipped Weastations and Chemistry instruments
such as a Gas Chromatograpl3C). Observations related to the chemical sampiese
carried out by Dr. habil. Frank Laturnus from tmstitute for Biogeochemistry and Marine
Chemistry (IfBM), University of Hamburg. Howevehe campaign in the mangrove forest
had to be done with a very limited instrumentati@ue to custom security clearance
problems, only very few instruments were availabldhe following are the list of
instruments:

1) Flow meter for adjusting and correcting air floates.

2) Adsorption tubes to collect air samples.

3) Timer.

4) Portable generator.

5) Thermometer.

6) Anemometer.

The meteorological parameters and air samples wezasured at the coastal and inland
location. Meteorological parameters such as tentyperawind speed and wind direction are
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important factors to determine the emission fromftirest. Basic equipments were used for
collecting the air samples in the metallic tubdse &ir samples were processed at the Federal
University of Para (UFPA). These processed air $asnpere later analyzed in the Institute
for Biogeochemistry and Marine Chemistry, Universif Hamburg by Dr. habil. Frank
Laturnus using well equipped GC. Data were reviewgdDr. Bahlmann from the same

group.

Wind speed was measured at a height of 1.5 m frengtound level using an Instrutherm
AD-155 portable anemometer. A simple thermometes wsed to measure the ambient air
temperature. The thermometer was not covered witimgtrument shelter or a thermometer
shelter. Thus, it takes the direct heat radiatidn consideration as well. Figure 3.2 shows
the observational setup in the field with the aafal# limited instruments.

Figure 3.2 Instruments used in the mangrove fdifesto by Dr. Frank Laturnus).

A survey was conducted in the tropical mangroveoredor the best possible upwind and
downwind sites. Braganca beach position with theorctinates of 0°49'29 9S, 46°
36' 56.5" W had been chosen as upwind location. Bragancamdgiin the equatorial belt.
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The wind direction is mostly north-easterly, thadi winds from the equatorial Atlantic are
most prominent. Hence, the beach region of Bragamdhe most suitable place for an
upwind measurement location.

The downwind position was located at the end oftlamgrove forest. The coordinates of the
downwind location were 054' 04 "5, 46°40' 37 .9 W. The north-easterly air mass then is
advected over the mangrove ecosystem thus, a dowmasition is chosen at the end of the
forest. The downwind location was inundated durihg high tide time. Both places are
easily accessible in the forest. The distance b&twke upwind and the downwind location
is about 8 kilometers. In general, the Bragancagmae ecosystem is flooded regularly
during high tide.

Some few additional observations were taken ircthre of the forest, which has a concrete
bridge of 100 m length. The coordinates of the reemtind location are 0" 41 "%, 46°
38 36.7" W. The sampling instruments were placed in the ieidéithe bridge.

The experimental procedure follows the simple Lagian approach. In this
method, concentration differences essential torohete forest emission are calculated as the
difference between the measured upwind and downeamatentration. The upwind site at
the beach is called upwind. The site situated #iftervind passed through the forest region is
called downwind. Figure 3.3 shows the upwind anevrdeind locations in the tropical
Braganca mangrove forest. Figure 3.3 is download®dm NASA website
(http://landsat.usgs.gov/) during field work fromoP Dr. Nils Edvin Asp lab.

A southerly wind was measured on 15 December 20izhat case the upwind and
downwind positions were reversed (Figure 3.3). ghadient across the forest is calculated
as difference between upwind and downwind conceafraacross the space. It is expressed
by equation (3.3).

E = (Cupwind - C )/AX

downwind

(3.2)
Here Copuind andC are the concentrations of methyl halides at upveind downwind
locations, respectivelyAX is the distance between upwind and downwind locain the
mangrove forest.

downwind
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vl Branca :

Figure 3.3 Upwind and downwind positions of a mavgr forest area at Braganca (yellow color
arrow shows the north direction of mangrove forat).

Field work was carried out from 11 December 201A7oDecember 2010. To add more
information, the automatic meteorological weathatisn data from the Brazilian National
institute of Meteorology (INMET) in Braganca (1.Q45S, 46.7827°W) were collected.
The INMET automatic weather station data are stoiad one hourly intervals.
These data can be downloaded from the INMET welfisitp://www.inmet.gov.br/sonab-
ra/maps/pg_automaticas.php) and are availabledimptete duration of the field campaign.
These data were used for a better understandititgeaibserved field data. Figure 3.4 shows
the time series of air temperature, wind speedvand direction from the INMET automatic
weather station and observed data in the field. Mkasured field temperature at the coast,
inland and the centre wind well matched with thMENI' weather station on 12 December
2010. Higher temperature and wind speed are obdatveng 15 to 17 December 2010 in
the field compared to weather station locationaldo shows a clear diurnal cycle in
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temperature and wind speed during 11 to 13 Decen2®0 and thereafter cloudy
conditions. Wind directions are excluded for wingksds below 0.5 rifs from the field as
well as the INMET weather station data. The winceclion observed in the forest region
was more likely constant easterly. The wind di@ttivas mostly northerly on 11 — 13
December at the INMET station and thereafter viamatvas observed. The wind direction
and wind speed show more variation on 14 — 15 Dbeerand higher wind speeds. It was
also noted that there was thunderstorm activithenfield on 15 December. The rainfall was
observed on 15 December after the morning sam@eerall, clear diurnal cycles of
temperature and wind speed were seen from 11 Demetohil3 December and thereafter
cloudier and thunderstorm activities occurred. [teghe limited meteorological instruments
available in the field, reasonable weather dataewemllected. The anemometer was not
available during 11 — 14 December 2010. Hence, wpebd and wind direction data are not
shown in Figure 3.4 for that period.
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Figure 3.4 Observed meteorological parameters caegbavith INMET weather station data.

3.3.2 Observed concentrations from Braganca

This section describes the observed chemistry idatae mangrove field. Air samples were
collected at the upwind, downwind and the centradmegion from the mangroves. In
addition, the stable carbon isotope ratio of melialides from the air samples was measured
in the isotope laboratory at the IfBM. Twenty amitieir samples were taken at the
downwind, centre wind and the upwind from 11 todd&cember 2010. The sampling system
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inlet was placed 50 centimeters above the grouhd.duration of air sampling in the forest
was 20 minutes and was done in the morning, nodnrathe evening. Most of the samples
had errors due to the interaction with humiditytiie sample processing. Only one day of
data for concentrations for methyl halides weredvabm the field work due to difficulties
in the sampling process.

Out of the twenty samples, four samples were tdkerthe stable carbon isotope analysis.
The sampling duration for the stable carbon isotopaysis was 40 minutes.

The stable carbon isotope ratios are usually expres thed-notation (in %o) relative to the

Vienna Pee Dee Belemnite (V-PDB) standard:

(laC /12 Csample - C /12 Cstandard)

513C = 13C /12 C

x1000 (3.2)

standard

A brief description of the configuration and valiga of the sampling analysis for isotopic
determination is given by Bahlmann et al. (201h)wihich they have discussed the total
sampling system. This study followed the above @ghmethodology for the chemistry
analysis of air samples.

Table 3.2 shows the observed concentration andestabbon isotope ratio of methyl halides
from the mangrove ecosystem for the remaining sesafampling date, and time and the
mixing ratios of different compounds at the upwiadd downwind locations are given.
Mixing ratios are expressed in pptv (parts pelidrl by volumes). The sample time is in the
local time of Brazil (BRT) and it is the startingne for sample collection. The stable carbon
isotope ratios are in parts per mil (%0). Measurgdsamples at the centre of the forest are
not obtained due to large errors. Hence, neitheictimcentration nor the carbon isotope ratio
is available at the centre wind. The concentratidference between upwind and downwind
is 744 pptv for CHCI. In the case of CiLl, the difference is 178 pptv. The calculated
concentration gradient is 93 pptv Knfor CH:Cl from the equation 3.1. In the case of
CH.Cl, the concentration gradient is 22.25 pptv krabove the mangrove forest. The
calculated gradient and concentration differencey miaggest that mangroves may emit
methyl chloride as well as methylene chloride. $table carbon isotope ratios were smaller
at the downwind location suggesting biological esiws of methyl chloride (Table 3.2) from
the tropical mangroves forest.
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Table 3.2 Observed mixing ratios and the isotog®saof methyl halides at upwind and downwind
location from mangrove ecosystem, n/a is not als&ela

Compound Mixing ratios (pptv) Stable carbon isotope ratios
(%0)
Sample location Upwind Downwind Upwind Downwind
Sample date time | 17.12.2010 | 17.12.2010 | 11.12.2010 | 11.12.2010
(BRT) 16:40 18:05 14:15 18:30
Methyl chloride 707 1451 -39.6 -79.0
-37.8 -63.2
Methylene chloride | 38 216 n/a n/a
3.4 Conclusions

This chapter provides the first field data of méthglides from the tropical mangrove

ecosystems. Due to all the problems involved whih field study and drawbacks due to not
available instruments and problems in analysehi@fconcentration data, only very limited

ambient air samples were obtained in this studyimAple Lagrangian approach has been
used in this study. This approach may since bemewoended for field studies in the forest

region.

Observed meteorological parameters in the fieldiaele matched with the INMET automatic

weather station data. The measured concentrattow that methyl chloride and methylene
chloride concentrations increase downwind over @edib These high concentration
differences suggest that mangrove forest may emthyhchloride and methylene chloride in
the tropical Braganca. The stable carbon isotop®sraof methyl chloride have larger

negative values downwind indicating biogenic enaisf methyl chloride from the tropical

mangrove forest. The calculated stable carbon psot@tio at the downwind position is

similar to that of salt marsh and tropical plartience, with the help of the stable carbon
isotope ratios and concentrations data it has leecluded that mangroves emit methyl
chloride and methylene chloride.
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4. Adaptation and application of METRAS to the Braganca region

The atmospheric MEsoscale TRAnsport and fluid ¢@tremodel (METRAS) is adopted to
simulate the meteorological conditions and transpdrmethyl halides over the tropical
Braganca region.

4.1 Relevant qualities of the model METRAS

METRAS is based on the primitive equations, engutite conservation of momentum, mass
and energy. The three dimensional equations ameddh a terrain-following coordinate
system. Wind, temperature, humidity, cloud and we#ter content as well as concentrations
are derived from prognostic equations, whereasityeasad pressure are calculated from
diagnostic equations (Schliinzen et al., 2012). MESRas already been used to simulate
atmospheric phenomena in different regions andditierent applications (Dierer et al.,
2005; Lupkes et al., 1996; Niemeier et al., 19931l&nzen et al., 2003). However, this is the
first study where METRAS has been applied for th@ganca region.

The concentrations of passive tracers are calalulseMETRAS on an Eulerian grid by
solving the conservation of mass equation in flopat:

oC 1 —_ 1 NN

Otc =T D(IOOCV) T |](poc \ ) + Qsource + Qsink (41)
— 0 Y — —_

() ) © (d) (e)

Equation (4.1) gives the rate of change of the ayerconcentration (a), of different source

regions resulting from the advection (b), turbuldiftusion (c), the sources (d) and the sinks

(e). Chemical reactions and deposition of traceesnaglected in our present study, because
the chemical species have long life times in theoaphere of about a year. Furthermore,
measured deposition velocity data are unavailabl¢he literature. Hence, wet and dry

deposition calculations have been neglected ingtidy. Hence, in the eq. (4. 1) the sink

term (e) can be neglected.

A biogenic emission has already been defined fdepa@mission (Schueler and Schltinzen,
2006). There are six different types of passiveers defined in the model which are used
here to study the biogenic emissions in the Bragaagion (Table 4.1). Out of the six, two
are point sources at a fixed site corresponding.th a few mangroves; T1 is at the
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downwind position of the observational site, T2hst upwind location (Figure 3.3). Passive
tracer T3 is calculated for a constant emissioa that covers the entire mangrove region.
Passive tracer T4 is the same as the third bugrttission depends on humidity. T5 is used in
the present study to represent emissions from #teryas a constant passive tracer, and T6
Is the same as the fifth one, but emission dependsumidity. Table 4.1 summarizes the
different types of passive tracer emission regions.

Table 4.1 Different type of passive tracers inrtiedel METRAS

Tracers | Source area Emission function

T1 Single stand downwind of measurement si@onstant

T2 Single stand upwind of measurement site Constant

T3 Mangroves Constant

T4 Mangroves Depends on humidity

T5 Water Constant

T6 Water Depends on humidity
4.2 Selected model domain and input data

The model METRAS is a limited area model. Thereftwaundary values are needed from a
coarser resolved domain. The following describes RBMRETRAS model domain, initial
conditions and boundary values of the simulatidofse

The study region is located in the north easterastd part of Brazil, South America
(Chapter 3). The model domain is setup for thiSoregThe MODIS land cover data are
used, which have a horizontal resolution of 500Time MODIS data can be downloaded
from this webpage (https://Ipdaac.usgs.gov/get)dathese data were processed to a
MERAS model readable format. The Shuttle Radar Goggghy Mission (SRTM) orography
data of 100 m resolution are used for the tropBralganca domain. The data can be down
loaded from the webpage (http://srtm.csi.cgiar.ofggure 4.1 shows the different land-use
classes and the topography for the tropical Bragamgion. Figure 4.1 (a) shows that
meadows, mixed forest and mangroves are the mastahbt land-use classes in the domain.
The maximum orography height is about 115 m ingiweth west of the domain (Figure 4.1
b). The minimum orography can be seen along thstabBraganca region.
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Figure 4.1 Different land-use classes (a) and oamiy (b) in the tropical Braganca region.

The MBAR forecast meteorological data of horizontahds, potential temperature and
specific humidity are used in METRAS as forcindd& The MBAR is a limited area, finite

difference, hydrostatic, primitive equation highsaotition regional model whose domain
covers most of South America. MBAR was developedDeytscher Wetterdienst (DWD)
which is the German Meteorological Service and wgdemented at the National Institute
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of Meteorology (INMET). The model MBAR needs inltend boundary conditions from the
global model. DWD developed an operational globainarical weather prediction model,
named GME, based on an almost uniform icosahedrabgonal grid. The MBAR model
initial state and lateral boundary values are agthftom the analysis of the global model
GME. DWD provides the analyses and forecasts of GMEall 60 model levels and seven
soil layers at a horizontal resolution of 30 kmtop78 to 120 hours at 3-hourly intervals,
based on the initial states for 00 and 12 UTC (Male, 2010). The horizontal resolution of
the MBAR model is 7 km. Hourly data of wind, temgteire and specific humidity are used
as initial and lateral forcing for the METRAS mod&éhe METRAS model has been setup
for a Brazil domain with 1 km horizontal resolutioFhe model domain consisted of 157 km
by 174 km horizontal and 34 non-homogeneous vérgad levels. In this simulation sea
surface temperatures are used from the observatpmnsing a mean derived from the year
2010 for the month of December. The global oceaa sarface temperature data
(HadISST1.1) developed by Rayner et al. (2003) weesl in the simulation.

Since the limited area model domain is lateraliyitéd, boundary values are required to
integrate the model. The boundary conditions usethé METRAS model are as follows.
For the lower boundary conditions of wind (u, v, ¥ed values (i.e. zero) were prescribed.
Large-scale values are prescribed at the upperdaoyrusing absorbing layers below. The
lateral boundary conditions for the boundary normisd components are calculated as far
as possible from the prognostic equations, for ibandary parallel wind components a
gradient zero is assumed. Close to the lateraluppeér boundaries a nudging term is added
to the equations to ensure that wind, temperatndehaumidity can be nudged towards the
forcing values of the coarser model (in this casRAR).

The values of temperature and humidity are caledldtom the energy budget equation at
the lower model boundary. Zero gradients are usetheaupper and lateral boundary for
temperature and humidity. In the case of cloud wedatent, zero gradients were used at the
lower and upper boundary. Large-scale values wasscpbed as inflow points at the lateral
boundary for cloud water content. For rain waterteat the flux at the boundary is set equal
to the flux in the model at the lower boundary. Tpper boundary conditions of rainwater
content are zero gradients. At the lateral boundemge-scale values are prescribed for
rainwater content.

For the passive tracers at the lower boundary line dt the boundary is calculated from
deposition velocity. This is set to zero in thegemet case studies (see eq.4.1). At the upper
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and lateral boundaries, zero gradients are usedthierpassive tracers. The boundary
conditions are the same for all six tracers.

4.3 Adaptation of METRAS land-use classes to theapical region of
Braganca

In the METRAS model used here, 10 different land-utasses are distinguished. These
classes were up to now adopted for the Europeaarrégchliinzen et al., 1996) and widely
used there. However, not all these land-use clamsesepresented in the Braganca region
and other classes occur (Figure 4.1 a). In ordadtpt this model, several sensitivity studies
were conducted by tuning the physical parameteatsdle characteristic for each of the 10
different land-use classes, such as Alb&dothermal diffusivity kg, thermal conductivity
Vs, soil water availabilityoq (starting value), saturation value for water cahté and
roughness lengtlz,. Table 4.2 gives the physical parameters obtalnyesensitivity studies
for the tropical Braganca region.

Table 4.2 Surface characteristics adopted for tiopital Braganca region in the METRAS model.
A,denotes albedo, k. [10° m’s™] and, v [J(Ksm)Jthermal diffusivity and
conductivity of the soila, soil water availability (starting value)W, [m]the saturation
value for water in the groundz, [m] the roughness length ary, [m| is a resulting depth
for the diurnal temperature wave.

yhiﬁgeAdS- Class | A, Ks Vs a, W, Zy h,
Water 0 f(Z(t)) 0.15 100.0 0.98 100.0 f(u*) 0.11
Wetland with 1 0.16 0.74 2.20 0.98 0.322 0.008 0.25
mangroves

Savannas 2 0.20 0.57 1.05 0.90 0.026 0.00Q.22
Mixed 3 0.20 0.52 1.33 0.90 0.138 0.04 210.
Meadows 4 0.16 0.52 1.33 0.90 0.015 0.020.21
Shrubs 5 0.15 0.24 0.30 0.90 0.02 0.05 140.
Bushes 6 0.20 0.52 1.33 0.90 0.081 0.100.21
Mixed forest 7 0.12 0.12 0.5 0.90 0.121 0.45| 0.26
Coniferous 8 0.11 0.80 2.16 0.90 0.161 0.60 0.26
forest

Urban area 9 0.15 1.4 2.93 0.90 0.09 0.700.45
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The surface characteristics are used to calcutaeurface temperature, which is calculated
from the energy budget equation in the model METRA® surface energy budget equation
is used in the model METRAS as follows:

L-a)(1 +D)+L | -L 1 +Q, +Q. +Qs +Q.=0 (4.2)

Here (1-a)(l + D) characterizes the direct and diffusive short waadkation budget. The
incoming and outgoing long wave radiative fluxesare also calculated with respect to the
radiation budget in the atmosphere. The te@s and Q. are the sensible and latent heat
fluxes. They are calculated dependent on the dnctrelocity u. and scaling values for
temperatured, and humidityg. . These last three parameters depend on the rosgherggth
7. Qg is the heat exchange with the ground, which depemdthe thermal characteristics of
the ground. The last ter@. is the anthropogenic heat emission, which is vostlered in
this study.

Following Tiedke and Geleyn (1975) and Deardorf®78), eq. (4.1) is solved using the
force-restore method, which results in the belomnfo
%:ﬂ{ﬂ | COSZM) =7 0 T2 +C, po 0. U +1,y py G —Jn_vL(_h)}
ot vg.h h,

(4.3)
The values used for different land-use classebk@ftropical Braganca are given in the Table
4.2. The values for the northern Europe land-usessels are given in the scientific
documentation of the Multi Scale Model System M-2%5Schliinzen et al. (2012).

The following sections discuss more in detail thergy fluxes calculated from the model
and observed data for different land-use classhs. Model METRAS was integrated per
land-use class for one case with standard parasneéened METRAS-standard. The second
one is with changed parameters for the Bragandarmmeatgamed METRAS-changed. In order
to understand the energy budget of the differemtldase classes in the model, the surface
type is defined as homogeneous in space which ntetalgrid represents 100% of the same
land-use class.

With the values in the Table 4.2 it can not be ek that model results agree completely
with measurements, since the homogeneity is notdon reality. However, it is sufficient to
check whether the range of the model calculatedeuand their relative magnitudes are
correct or not. For this, the METRAS model has bieeegrated for 20 days for all the land-
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use classes. However, model calculated fluxes &m@wnvis here only for dates with
measurements data available.

The most cited and available data were choseredirtie of model adaptation in this study.
However, currently new data may or may not be abéel for these land-use classes. Hence,
the newly available data were not considered is $fidy. It is noted that first priority was
given to finding tropical measurements of differéarid-use class. All land-use classes did
not have tropical measurements. Hence, homogenaodsise data were created in order to
run the model for the corresponding experimentzdtion.

4.3.1 Adaptation of land-use class water

Water covers 36% in the model domain. In this lasd-class, no changes were made in the
model METRAS surface characteristics. Hence, thé RIES-standard land-use class fluxes
and changed land-use class fluxes are identical.

The METRAS water surface was initialized with a@3@mperature, 80% humidity and a 3
m s* wind speed, and the model was integrated fromulyg 2010. The initialized water
surface temperature represents the climatologiahlevof the water temperature over the
tropical Atlantic Ocean for July. Figure 4.2 shothe diurnal cycle of surface fluxes and
temperature simulated by the model for 22 July,0200he Figure gives nearly constant
sensible, latent and ground heat fluxes. It is comro see constant fluxes over the water
surface, because the surface type is relativelydgemeous in space and time. Hence, SST is
kept constant in the METRAS model integration.

The model METRAS can not changes the surface wet@perature in the model integration.
Hence, constant surface water temperature candre(b&y. 4.2 (b)). It is noted that a slight
decrease in the 2 m and 10 m temperature occunsgdilve day. This is due to the vertical
mixing of the atmosphere which mixes cooler Aildwer levels with increasing integration
time.
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Figure 4.2: Diurnal cycle for water (a) contributicof surface fluxes to the surface energy budget as
calculated by METRAS (shortwave radiation (SW)glarave radiation (LW), sensible heat
flux (SH), latent heat flux (LH), ground heat fii@&H) in W ), and (b) surface temperature
(Tsurf), temperature at 10 m above surface (T10ng) mperature at 2 m above surface
(T2m).

4.3.2 Adaptation of land-use class mudflats to wlaind with mangroves

The land-use class mangroves is newly introducedhen model METRAS. The only
differences in the mudflats land-use class (METRA&dard) and wetland with mangroves
(METRAS-changed) are albedo and roughness lengtnggs in the model. The wetland
with mangroves land-use class consists in 6% imtbdel domain.

To check the validity of the newly found parametersthis class, the surface energy fluxes
were validated for this class against the obsefltegs over an wetland ecosystem. This is
not optimal, but there are no energy budget measmestudies for a mangrove region that
could be used. Hence, this study used the wetlandystem surface energy fluxes. Energy
exchange is among the most important processesilawd ecosystems, because it affects
variables such as temperature, water transporti gl@wth and productivity (Dennison and
Berry, 1989).

Burba et al. (1999) observed energy fluxes at BddlaViarsh (42°30'N, 100° 25 W)
located in the Sand hills region of north centrabikaska, USA. In their study, they measured
net radiation, incoming and outgoing radiation labove the canopy. The observed air
temperature and wind speed at 2 m above the camepy30°C and 4 mi’srespectively, on
18 July, 1994. The canopy height was varying aBautto 1.5 m at the observational cite.

The METRAS model was initialized with a large-scgteessure of 1013.25 hPa, a
temperature of 30°C and 4 n wind speed, 80% relative humidity for the obsepral site
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Ballards Marsh. The model has been integrated fiémJuly, 1994. Figure.4.3 shows the
diurnal cycle on day 2 of the model integrationatifsurface energy budget fluxes for the
METRAS-standard surface class (Figure 4.3b), METRASnged (Figure 4.3a) against
measured fluxes (Figure 4.3c) for wetlands
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Figure 4.3 Diurnal cycle for wetland with mangroveSontribution of surface fluxes of different
surface energy fluxes of model (a) METRAS-chanp@dVWETRAS-standard and (c) measured.
Sensible heat flux (SH), latent heat flux (LH),ugrd heat flux (GH) in W th

The net radiation fluxes simulated by the modehimtwo cases are higher than the observed
data. The magnitudes of the observed sensibleflueésH) increases from 0 W o 40 W

m? between 7:00 — 10:30 and then slightly decreage@@ W n?). Night time observed
values of the sensible heat flux ranged from -4énttto -30 W n¥. METRAS-changed and
METRAS-standard calculated sensible heat fluxesEréV m? at 7:00, - 55 W Mat 10:00
and then thereafter decreased to -20 at 17:00.0ffreet in the observed and model energy
fluxes are due to the local day light saving in theasurements (UTC-5).

Diurnal variation of measured latent heat flux (Ltdhged up to -300 W Ato -380 W n¥
during day. Peak magnitude of the latent heat lfldxoccurred about one to two hours after
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the peak in net radiation. This is likely due tdhanced evapotranspiration in the afternoon
resulting from observed high air temperature. Havewthe model calculated fluxes are
stronger than the measured values (between -2412Wr#76 W nf). These values are not
completely out of range. For example, Lafleur (1)0®@asured latent heat flux ranging from
-210 W ¥ to -400 W nf for sedge-dominated wetlands in Canada. Smid (18fEorted
larger magnitudes of midday latent heat flux vagyfrom -400 W nf to -500 W n¥. The
model was not initialized for the Lafleur or thentsi study, but it is considered that the
model fluxes are comparable with observations.

The diurnal pattern of the observed ground heat {l@8H) generally follows that of net
radiation. This can also be seen in the model t&silihe flux magnitudes of the model
simulated are more or less close to the observied da

Figure.4.4 shows the diurnal variation of model penature compared with measured data.
The air temperature at the site ranges from 29b BO5 K. The model temperature ranges
from 299 K to 305 K. The temperature is slightlglner for the METRAS-changed land-use
class than the METRAS-standard. Although the malibels not reach observed minimum

temperatures, there is a good agreement with thgnito@e of maximum temperature. The

temperatures are damped in the model due to mtmet laeat flux (more evaporation) in the

model. Both the models do show the diurnal cyclerywsmall difference is noted in the two

model temperatures at 2 m.
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Figure 4.4 Comparison of diurnal variation of (apdel results and (b) measured temperature at the
observational site.

The model calculated energy fluxes are within thege of measurements. The adopted
parameters and standard parameters gave very diffatence in the fluxes. But, with the
new parameters the latent heat flux is slightlyhkig which can be considered as
characteristic for the tropical mangroves. Henlee adopted new parameters are good for the
tropical humid region.

4.3.3 Adaptation of land-use class savannas

The land-use class savanna is present in 0.1%eahtidel domain in the tropical Braganca.
This is a new land-use class adopted in the modelrRAS. Hence, the METRAS-standard
fluxes are not calculated. Tropical savannas innthose of central Brazil (Cerrado) serve
as an important regulator of energy and mass exgghasith the atmosphere (Miranda et al.,
1997). Tropical savannas cover about one - eighttme global land surface (Scholes and
Archer, 1997) and are characterized by high plpaties diversity.
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Giambelluca et al. (2009) measured energy fluxeghat Cerrado region. Their field
measurements were conducted at two sites withirBthaeilian Institute for Geography and
Statistics (IBGE) ecological reserve. The field esmental station was located
approximately 33 km south of the centre of Braqili&®° 56 S, 47°5 3W) at approximately
1100 m in elevation. The annual range of monthlamair temperature is very small, with a
minimum of 20.1°C in June and a maximum of 23.59C Qctober. Observational
instruments such as the net radiometer were mouaitesde the canopy at 13.43 m. The
canopy height is about 8 - 10 m in the experimesital

The model was initialized with a 20°C temperat@re) ' wind speed and 80% humidity for
the same latitude and longitude as the observdtsieafor 1 July 2001. Figure 4.5 shows a
comparison of model calculated diurnal variation soffface fluxes with observed mean
patterns of net radiation and latent heat flux Joly 2001. Model data are taken on 3 July
2001 for comparison. The measured net radiationimax in the month of July was
558 W ni®. Model calculated maximum net radiation is 500 V¥ in the noon. The net
radiation calculated from the model is comparahlsize with the measured data. In Figure
4.5 b, the maximum net radiation is observed auaté" number of data point (i.e. about
12 LST) in the experimental site. A diurnal cycfdaient heat flux is observed in the model.
There were no observational data of sensible Haaéd in the canopy. Calculated Bowen
ratio values are in the range between greaterzbemto less than one for July in the canopy
at the experimental site. Model calculated Bowetiosaare within the range of these
measurements.
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Figure 4.5 Different surface energy fluxes calcethtoy (a) METRAS-changed and (b) observed
mean diurnal cycle of energy flux for July monthhegt experimental site.

Figure 4.6 shows the model calculated and meagsanegerature for the same site. Measured
daily average temperature data were downloaded ftben IBGE website. Measured
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temperatures show a narrow diurnal variation ofpgerature over the savanna regions for
July 2001. There are no hourly observed data dileailat the experimental site. The daily
average data are shown in Figure 4.6 b, for Ju§l20’he model simulated maximum

temperature is about 296 K fof*3July 2001 which is slightly lower than the maximum
measured daily mean (297 K).
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Figure 4.6 Comparison of (a) model temperature dove day, with (b) measured daily average
temperatures for July 2001.

The adopted surface characteristics con not vellybgeevaluated due to a lack of all surface
energy fluxes in the observed data. However, thdahcesults are in a reliable range and
may not affect the results of this study very mudhe to a very small area in the domain
covered with savannas. Hence, one can use theggeddsavannas land-use class surface
characteristic parameters.

4.3.4 Adaptation of mixed land-use class

The mixed land-use class covers 0.2% of the modetaih. Hemakumara et al. (2003)
measured fluxes over a mixed vegetation area aarndgra field site located about 40 km
southeast of Colombo, Sri Lanka. The field site wygucal of the Sri Lanka wet zone with
mixed land cover composed of both perennial andpeennial vegetation. These data were
used to compare with, because only this study wasadle for the tropical region.

METRAS was initialized for 28 December 1999 inizad with 3 m& wind speed, 80%
relative humidity and 26°C large-scale real temjueeaat the experimental site location. Soil
water availability @,) only changed in the model METRAS-changed fromif.RIETRAS-
standard to 0.9 in METRAS-changed. Diurnal cycléshe fluxes are shown in Figure 4.7.
The maximum net radiation measured was 700 WModel simulated net radiation is
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slightly lower than the measured data. Higher adtation in the measurements is partly due
to the somewhat higher altitude (about 200 m) efftbld site. The sensible heat flux (SH)
simulated from the model METRAS-changed is sintitameasurements.
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Figure 4.7 Variation of diurnal fluxes of modelg (dETRAS-changed, (b) METRAS-standard and
(c) measured data on 1 January 2000.

The adopted surface characteristics again cannatelieevaluated due to lack of all surface
energy fluxes in the observed data. However, tladae results look promising and, again,
the model results may not be affected in this stuely much by this land-use due to their
very small area in the domain. Hence, one can heset adopted mixed land-use class
surface characteristic parameters.

4.3.5 Adaptation of land-use class meadows

Meadows land-use class covered 41% in the modehaorin this land-use class observed
data are adopted from Kurc and Small (2004). Daeeveollected from the McKenzie Flats
area of the Sevilleta National Wildlife Refuge (SIRYY central New Mexico, U.S.A.
Measurements were conducted at grassland (meadoasy shrub land which are separated
by 2 km. The temperature and wind speed data fhrenmteasurement site were not available.
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The measurements were taken at both the site$ ah &bove the canopy. At both sites soil
variables were measured at 5 cm depth. The obseéatadepresent an average diurnal cycle
of the energy fluxes for the season 1 June - 15e8dger for three years (2000-2002).

Albedo, soil water availability and roughness léngte changed in the model METRAS-
changed compared to the METRAS-standard. Both meelsions were initialized with the
temperature 24°C, 80% humidity and with wind spe#d5 ms' for June 2000. The
temperature, wind speeds and albedo were taken dlzsarved data. The model results are
presented for'3 June 2000.

Figure 4.8 shows the model METRAS simulated endltgges compared with measured data
at the site location. The shortwave radiation sated by the model METRAS-changed is
close to the observed radiation. The long waveataui simulated by the model in both cases
is smaller than observed. The ground heat flux ntade is in the reasonable range with
measured data in both the cases. The authors agddudensible and latent heat fluxes using
the Bowen ratio method (Shuttleworth, 1993; Morf€r al., 2000). The authors noted that
at sunrise and sunset, the sensible and latentflueas were opposite in sign and nearly
equal. This gives a Bowen ratio close to -1. Sirhylave calculated Bowen ratio values at
sunrise (5:50 am) and sunset (20:17 pm) are -2.8, respectively, for the model METRAS-
changed and -2.3, -8.5, respectively, for the mMETRAS-standard.
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Figure 4.8 Simulated METRAS-changed (a), METRASdata (b) and measured (c) energy fluxes
for the meadows land-use class.

The adopted surface characteristics gave a highdidence into the Bowen ratio values and
the net radiation values compared with measured. dé¢nce, one can use these adopted
meadows land-use class surface characteristic paeasfor the tropical humid region.

4.3.6 Adaptation of land-use class heath to shrubs

Small portion 0.04% of the model domain contairnsish. The meteorological data collected

for this land-use class are the same as for thalowesaland-use class study. Hence, the
model is initialized with the same meteorologicatadas used in the meadows class but with
wind speed (3 mY.

In this land-use class soil water availability asaturation value for water content are

increased for the shrubs land-use class in the hMB&RAS-changed in order to represent
humid tropical region.
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Figure 4.9 shows the comparison of energy fluxesvéen measured data and model
simulation. The shortwave radiation calculated friita model is slightly lower compared
with observed data. The shortwave radiation peaitedoon at 856 Wihfor METRAS-
changed, 853 Wih for METRAS-standard and 873 Wmfor the measurement site
respectively. However, the net radiation calculdtech the models is slightly lower then the
observed data. Variation of ground heat flux betw#ee measurements and METRAS-
standard were seen. Slightly negative ground Heatis seen in the METRAS-changed
simulation.
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Figure 4.9 Simulated (a) METRAS-changed, METRASdata (b) and measured (c) energy fluxes
for shrub land-use class at the experimental site.

The adopted surface characteristics again cannbbwevaluated due to a lack of all surface
energy fluxes in the observed data. However, thectsl model parameters may not affect
much this study due to a very small area in the alongovered by shrubs land-use class.
Hence, one can use these adopted shrubs landassescirface characteristic parameters.
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4.3.7 Adaptation of land-use class bushes

This land-use class contains 1% in the model donmMauder et al. (2007) measured energy
fluxes at NIMEX-1 site. The site was located at @igafemi Awolowo University, lle-Ife,
Nigeria (7° 33N, 4° 33E). The ground heat flux is measured at 0.02 m tdephe
measurement heights of net radiation, sensible th@at latent heat flux, and temperature
were 1.92 m, 2.48 m, 2.43 m, and 4.88 m, respdygtive

The soil water availability is increased from 08 Q.9 in the model METRAS-changed
compared to METRAS-standard due to high soil wateailability in the tropics. The
remaining surface parameters of this land-use @assunchanged in the model run. The
model METRAS was initialized with 30°C temperatugf% humidity and 3 m~swind
speed on 29 February, 2004. The temperature and wind speasesadre taken from the
measurement site.

Figure 4.10 shows the model energy fluxes and ebdedata for March 6, 2004. The model

has simulated higher short wave and net radiatidsoth the cases. The incoming shortwave
radiation is too high because clouds are neglemteldthen with too much radiation all fluxes

are higher in the model results than in the obsems. The Bowen ratios calculated from the
measurement data range between 0.3 and 0.5. Maltellated Bowen ratios are in range of
0.4 to 0.5 and 0.3 to 0.2 from METRAS-standard BirRAS-changed, respectively. The

model simulated sensible and latent heat fluxescameparable with the measurement data.
The model METRAS-changed simulated higher lateat Hax than the METRAS-standard.
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Figure 4.10 Comparison of simulated model METRA&gkd (a), METRAS-standard (b) and
measured (c) energy fluxes fdt Blarch 2004.

The adopted surface characteristics gave suffidentidence in model Bowen ratio values,
but rather too high net radiation values comparét measured data. However, the selected
model parameters may not affect much this studytdues small area (1%) in the domain.
Hence, one can use these adopted bushes landassesalface characteristic parameters for
the tropical humid region.

4.3.8 Adaptation of land-use class mixed forests

Mixed forest contains 17% in the model domain. Me@ley (1985) studied the energy
budget over mixed forest during the summer of 1881he Petawawa National Forestry
Institute, Chalk River, Ontario, Canada (4%°'N8 77° 25W). Instruments such as
radiometers were mounted at 21 m. Based on obsene¢ebrological conditions at this site,
the model has been initialized with a temperatdir238C, 82% humidity, 3 mswind speed

for 16 August 1981. Albedo, soil water availabilitpughness length, thermal diffusivity and
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conductivity parameters were changed in the mod@&TRIAS-changed compared to
METRAS-standard.

Figure 4.11 shows the radiation and energy balahceodel and measured data for August
18". In the model METRAS-standard and METRAS-changaides are peaked at noon with
maximum values of 639 Wand 602 Wrif respectively; the measured net radiation at the
observational site in the noon peaked with the maxi value of 600 Wi The model
METRAS-changed estimate of net radiation is clasthé measurement data. The calculated
mean hourly Bowen ratios from 08:00 to 16:00 LTiedrfrom 0.2 to 1.0 in the measured
data. Bowen ratios varied from 0.63 to 0.17 and 1.4 in the model METRAS-standard and
METRAS-changed cases, respectively. Jarvis etl@l7€) suggested that it is important to
establish the expected range of Bowen ratio vdoeforests. They found that, irrespective
of species, for most forests the daytime Bowerosatialculated as the mean hourly value
from 08:00 to 16:00 LT varies from 0.1 to 1.5 fayadtanopy conditions and from -0.7 to
+0.4 for wet canopy conditions. Model calculatedwa ratios are comparable with
measured data.

Figure 4.12 shows the comparison of diurnal vasratof surface temperature from the
measurements and model simulations. The measuriedsuemperature shows large diurnal
variation at the site. The model METRAS-changed alsows similarly large variation in the

surface temperature. The model METRAS-standard shteowaximum temperature about 4
K smaller than that of observations and METRAS-gjeah
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Figure 4.11 Comparison of simulated models (a) ME$Rhanged, METRAS-standard (b) and
measured (c) energy fluxes over the forest regioh®August 1981.
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The adopted surface characteristics gave modeltsethat agreed sufficiently well with
measured data for temperatures, the Bowen ratieesand the net radiation. Hence, one can
use these adopted mixed forest land-use classceudharacteristics parameters for the
tropical humid region.

4.3.9 Adaptation of land-use class coniferous fase

Very small portion 0.2% of the model domain covetediferous forest. Data from Abreu Sa
et al. (1988) were used to compare the model e$oiitthe coniferous land-use class. The
model was initialized for the experimental sitetwit 31°C temperature, 3 thevind speed
and 82 % humidity for 15 August, 1981. Albedo, swédter availability and roughness length
are tuned in the model METRAS-changed to betteressmt tropical coniferous forests.
These parameters are changed to reduce the peaksdel calculated energy fluxes (Fig.
4.13).
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Figure 4.13 Diurnal variations of the energy balancomponents of models simulated (a) METRAS-
changed, (b) METRAS-standard and (c) measuredaa®t' August 1984.
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The used measurements were conducted in the tfagiesgreen forests of the Amazonas
basin, Brazil. The measurements were made using m 4caffolding tower at a site (2°
57'S; 59°5 7W), situated in the Duke Reserve Forest (DRF), i@&tom Torquato Tapajos
Highway, Manaus, Amazonas, Brazil. Figure 4.13 shdve model simulated and observed
energy fluxes for the Amazon forest region at tkxpeeimental site. The measured net
radiation was 700 Wihat the noon at the site. Both the models reachedita770 W rif.
Sensible and latent heat fluxes simulated by thdehwere comparable with measured data.
The peak in the latent heat seen at 9 am sugdpedtabre evaporation occurred in the model
than observations. Figure 4.13 shows that the tidteat flux is larger than the sensible heat
flux, i.e., Bowen ratio is less than one, which methat the heat input to the atmosphere is
mainly in the latent form. This will increase therhidity of the lower atmosphere; therefore,
weather is likely to be relatively cool and moisthe forest region.

The adopted surface characteristics gave not moisfidence due to the peaks in the energy
fluxes simulated in the model. However, the mo@suits may not be affected in this study
very much, due to very small area in the domain ihaonsidered in the three-dimensional
model investigations. Hence, one can use thesetedlamniferous forest land-use class
surface characteristic parameters

4.3.10 Adaptation of urban land-use class

A very small portion (0.1%) in the domain of theidy region contains of urban are#s.
both model studies the model has been initializéth & 27° C temperature, 3 thsvind
speed and 80% humidity for the Braganca region.s@haput data were taken from the
INMET weather station located in the Bragantae only difference between METRAS-
standard and METRAS-changed case is the soil veatability; a, changed from 0.05 to
0.90 and all other surface characteristics remaér dame. Figure 4.14 shows the model
simulated energy balance. The shortwave radiatioulated from the models METRAS-
changed and METRAS-standard matches well with tieeved data. It should be noted that
the measured data were in UTC time, thus recakdltd local time measured short wave
radiation peaked at about 15 UTC and 12 LST (Iscal time). The Bowen ratio calculated
at the noon is 2.3 in the model METRAS-standar@l3 i METRAS-changed.
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Figure 4.14 Surface fluxes calculated from (a) MBBRchanged (b) METRAS-standard and (c)
INMET weather station (Time in UTC) for an urbararon 2 August 2010

Figure 4.15 shows the diurnal cycle of 2 m tempeeasimulated and observed over the
Braganca region. Observed INMET data has an abWhitv@riation of temperature during
the daytime, with a peaked at 14 UTC (about 13 L9 he METRAS-standard urban case
shows 7°C with a peak at about 14 LST. METRAS-clkeanghows a 5°C temperature
variation during the day with a maximum at aboutOD3LST. Both METRAS models are
able to reproduce diurnal variations of temperatmesistent with the measured data. The
METRAS-changed simulated lower temperature tharstaedard and observations.
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Figure 4.15 Simulated (a) model METRAS and (b) mieseurban temperature (Time in UTC) on 2
August 2010 at Braganca.
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The adopted surface characteristics again cannatelleevaluated due to lack of all surface
energy fluxes in the observed data. However, tlaglahe results look promising and, again,
the model results may not be affected in this stwely much by this land-use due to their
very small area (0.1%) in the domain. Hence, one wse these adopted land-use class
surface characteristic parameters for the tropidan area.

4.4 Meteorology results from METRAS over the tropi@al Braganca
region

The surface characteristic’'s parameters were atjusmtd tested for different land-use classes
for the tropical humid regions. The surface chamastic’s parameters were summarized in
the Table 4.2. These input values are used noWwamtodel simulation over the Baraganca
region in the 3-dimensional study.

The model METRAS has been run for about 6 days@&hdurs. The model was run from
20:00 BRT, 15 December 2010, to 21 December 2018bl€T 4.3). The METRAS

simulations were performed both with large-scaleifgy of MBAR data and without any
large-scale forcing in the model domain.

In the case without forcing, the model 1D-METRAS swaitialized for 1.04522° S,
46.78270° W. The initial water temperature anddesgale temperatures were chosen to be
300 K. The model was initialized with a relativenhidity of 75% at the surface, linearly
decreasing with height. A geostrophic wind of 2 issused for the model initialization. The
large-scale potential temperature gradient iscs6t@035 K rit.

In the case of with forcing, the model 1D-METRASswaitialized with large-scale profiles
obtained from the MBAR model using the ECMWF pregassor utility. The ECMWF pre-
processor is used for interpolating the ECMWF data the METRAS grid. The ECMWF
pre-processor has been adjusted for the MBAR daiatérpolate to the model METRAS
grid. The details of the model options used in #tigly are given in the Table 4.3.

Table 4.3 Details of METRAS model setup.

Model Type Non-hydrostatic model

Domain of integration 0.3194°S - 1.541°S; 45.9085%7.329°W
Vertical levels 34 non homogeneous

Horizontal resolution 1 km
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Cloud microphysics Kessler Scheme

Grid Arakawa-C

Number of passive tracers 6

Model starting time 15 December 2010, 20.00 |ticad
Filter for wind components 3 points

4.4.1 Qualitative analyses

In order to understand the role of meteorology encentrations, a qualitative comparison of
model simulated meteorological features was peréoknThe land and sea breeze circulation
is important for the study of pollution transpantthe forecast area. It is also an important
meteorological phenomenon in controlling the weatime coastal regions. Due to high
radiative heating and convection in the tropicadland sea breeze circulation occur more
frequently in the coastal region than the highualies.

Land and sea breeze circulations and time semeslaiion by the model will be discussed.
Simulated surface winds are mostly easterly overdibmain region in the model METRAS
and MBAR at 10 m above the ground level. Figuréafhd 4.17 show the evolution of the
simulated near-surface (10 m AGL) wind fields atOOBRT, 05:00 BRT, 12:00 BRT and
17:00 BRT in the model METRAS with and without fong and in the forcing data from
model MBAR. Land and sea breeze circulation pastene found on I7December 2010.

Surface temperature and low level winds were seewaty diurnally and spatially in the
model METRAS. During the evening (about 18:00-201b@ surface winds over the tropical
Braganca coast region were easterly ofi D@cember. It gradually becomes south-easterly,
indicating the onset of a land breeze at 00:00 BRThe model METRAS (nudge) case
(Figure 4.16a). There is a strong land breeze Iiseasterly) on 17 December at 05 BRT
(Figure 4.16b). The land and sea breeze circulagsomainly caused by the temperature
difference between land and water body. The tentypesalifference is about 3°C. In the case
of MBAR, surface winds are mostly easterly, wittsleght change in wind direction seen
over the coast at 06:00 BRT (not shown here). Eid4.16f shows mostly easterly winds in
the model MBAR at 05:00 BRT. The model MBAR prodsice clear land breeze and sea
breeze circulation during the simulation.

At noon (12:00 BRT) the surface winds at the cdasts to north-easterly, indicating the

onset of a sea breeze in the model METRAS (Figuréad c and MBAR (Figure 4.17¢). The
strong sea breeze occurring at 17:00 BRT has higied speeds of about 5 n1 $n the
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METRAS model with forcing and more than that in tim@del MBAR. The temperature
difference between land and water is about 5° Both models. The surface winds induced
by sea breezes are easterly to north-easterly thneetropical Braganca region during the
model simulation period.

Surface winds simulated by the model METRAS for tlet days reveal the recurrence of
land breezes with south-easterly winds in the nmyritom about 04:00 BRT to 06:00 BRT
and sea breezes with north-easterly winds in tle@ieg time between 15:00 BRT and 19:00
BRT. It should also be noted that MBAR and METRAS& mbt have the same physics
options for the simulation. METRAS consistently sisdand and sea breeze circulations and
clear day-time and night-time temperature diffeemnaver the land and water surface during
the simulation.
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Figure 4.16 Simulated surface wind field at 10 m\abthe ground at (a, ¢, €) 00:00 BRT and (b, d, f)
05:00 BRT for (a, b) METRAS with forcing, (c, d) MEAS without forcing, (e, f) MBAR over
the tropical Braganca region on 17 December 202@rk 10" vector is shown.
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Figure 4.17 Simulated surface wind field at 10 mabthe ground at (a, ¢, €) 12:00 BRT and (b, d, f)
17:00 BRT for (a, b) METRAS with forcing, (c, d) MEAS without forcing, (e, f) MBAR over
the tropical Braganca region on 17 December 202ri 10" vector is shown.
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In the case of METRAS without forcing (METRAS (urdge)), surface winds are mostly
from North with a temperature difference of 3°Cvien land and water. Very weak winds
were simulated compared to MBAR and the forced ge)dMETRAS simulations. During
the afternoon at the coast around 14:00 BRT, théhsoly winds turn to northerly, indicating
a delay in the onset of the sea breeze when cochpatle the forced (nudge) METRAS and
the model MBAR. At 17:00 BRT surface winds are Islig higher due to the sea breeze
influence over the coast region. More clouds waraukated in the model METRAS without
forcing than in the model METRAS with forcing andBMR. Furthermore, the model
METRAS is able to produce land and sea breeze lations over the domain region.
However, the large-scale phenomena in the equhtapical region also influence the
model results and need to be considered in the hdwmiwvain. Thus, the model METRAS
without forcing (unnudge) could not simulate constaade winds. Therefore, forcing of
meteorological parameters from the outer domaineisded. Hence, in this study, MBAR
meteorological data was used for forcing METRAS.

Figure 4.18 shows vertical profiles simulated @&t ¢tbast region in the morning (05:00 BRT)
for the land breeze setup and in the evening (1BRU) for the sea breeze situation in the
model domain. The potential temperature profileshef model METRAS match well with
MBAR profiles. The profiles show increasing potahttemperature and increasing wind
speed with height at 05:00 BRT. It is also notedt thtable atmospheric conditions in the
morning and in the evening at the coast exist duitie land sea breeze circulation.

The wind speed profiles in the model METRAS withdaicing (unnudge), show lower
values than the model MBAR and with the forced MRBR(nudge) profiles. METRAS
(nudge) profiles match well with MBAR, but abounis® - 2 ms' lower wind speeds were
simulated at a height of 1 km to 2 km during thererg time. METRAS (nudge) also shows
lower wind speeds than the MBAR model in the loawmosphere up to 500 m, and above
the profile well match the MBAR profile.
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Figure 4.18 Comparison of vertical profiles of tim@del METRAS (nudge, unnudge) and MBAR, for
simulated (a, b) potential temperature, (c, d) wapeed, (e. f) wind direction, (g, h) relative
humidity at 05:00 BRT (a, ¢, e, g), and 17:00 BRTd, f, h) for a grid point at a coastal
location on 17 December 2010.

There is a convectively unstable atmosphere betvd®e80 BRT — 16:00 BRT all days
during the simulation. The METRAS simulation shoaws unstable layer at a height about
150 m in the forced run and 300 — 500 m AGL in MEBRwithout forcing for this grid
point near the coast. The wind direction profileNHETRAS clearly shows a difference
between morning and evening time. The relative klityniprofiles show more humidity in
METRAS than the MBAR model in the lower levels. Hgy relative humidity is simulated
in the upper atmosphere at 17:00 BRT by the modBIAR than the model METRAS
without forcing (unnudge ) and with forcing (nudge)

72



4.4.2 Quantitative comparison

Figure 4.19 shows the diurnal variations of surféeyer data simulated by the models
compared with measurements. The station name isudtaua located at 1.083°S and
46.933°W. The station location is marked as a greiecle in Figure 4.21d. All model
variables are at 10 m above the ground level. Teatpes and humidity are measured at 2 m
at the observational site. Wind was measured ab.1Dhere are no continuous data available
at the observation site. Hourly data were downldadeom the NOAA website
(http://www.ncdc.noaa.gov/cdo-web/).
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Figure 4.19 Diurnal variation of simulated and obsed a) temperature, b) wind speed c) wind
direction d) relative humidity during 16 — 21 Dedmn 2010 at Tracuateua station of
latitude 1.083°S 46.933°W

The model METRAS (nudge) is able to produce sinmiéanperatures for the first two days
and underestimates maxima by about 2° C compargdmeéasured data on Decembel18
and 20" 2010. MBAR temperature shows slightly higher terapee during the day on
December 1% and 1§ 2010. Both models show very similar maximum terapges at

December 19 and 28' 2010. Minimum temperatures are not available &rtteasurements,
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thus it is unclear how low they were. The modebchevalues of 22°C to 24°C. The model
METRAS (unnudge) shows underestimates the maximemperatures. All the models do
show diurnal variation in the temperature at thisation during the simulation.

Wind speed predicted in the model METRAS (nudge) MBAR shows higher values
compared to observations (Figure 4.19b). The mbETRAS (unnudge) shows wind speed
comparable to observations and lower than the othedels. This is due to the model
initialization which contained weaker wind speedd ¢he neglectance of large-scale forcing.
The simulated relative humidity in METRAS is cloge the observations (Figure 4.19d).
MBAR underestimates humidity when compared to olm@ns and METRAS (nudge) on
December 1% and 18' 2010. METRAS (unnudge) simulates too high humadittompared
to observations and the other models. The wincctime simulated by the METRAS (nudge)
and MBAR mostly varies between 50° (north-eastddy}50° (south-easterly). It is common
to observe these trade winds at the equator. Thmel wirection in METRAS (unnudge)
deviated more from other simulations. All the madelo show diurnal variation of
temperature and humidity at the observational site.

Figure 4.20 shows the diurnal variation of surfateteorological variables, similar to Figure
4.19, but at another location: the automatic weatstation at 1.04522°S, 46.7827°W
(INMET). The measurement location is noted as megeincle in Figure 4.21d. The diurnal
variation of temperature is simulated very wellMBAR and matches the measured data at
the measurement location. METRAS (nudge) and METRASWInudge) simulate
temperatures that underestimate the temperatures tiie observation and MBAR. This is
due to the soil temperature and SST initializatiothe model METRAS. One can speculate
that the large-scale specified SST is less tharatheal value because SST's are taken from
monthly mean data. MBAR uses a different soil terapge data set (GME). In the case of
METRAS (nudge) and METRAS (unnudge), the soil terapge is calculated from the
large-scale temperature at 1000 m. A modificatibmibial soil temperature and SST would
be needed to improve the model simulations furthwever, there is no accurate soill
temperature data available in the domain region.
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Figure 4.20 Diurnal variation of simulated and obsed a) temperature, b) wind speed c) wind
direction d) relative humidity during 16 — 21 Dedmm 2010 at the INMET station.

Wind speed in the model METRAS (nudge) follows MBAR and again is found to be
higher in both models compared to observationss klso noted that strong winds were
temporarily measured but not simulated on Decerib8rand 28" 2010. The smaller wind
speeds of METRAS (unnudge) agrees better with @bdedata. Higher humidity was
simulated in METRAS compared with MBAR and the alsaonal site, especially when
METRAS (unnudge) is used. Wind direction in the mlIoMETRAS (nudge) shows large
differences between midnight and morning, whichidates the influence of land and sea
breeze circulation. This is simulated better in tih@del METRAS, however, due to the low
wind speeds only few reliable wind direction measuents remained in the data.

Figures 4.21 and 4.22 show the diurnal variatiothef meteorological variables close to the
surface at the coast and inland sites, where thergwrental data were taken during the field
campaign (Figure 4.21d). The models METRAS (nudged METRAS (unnudge)

underestimate temperatures compared to MBAR aneéresisons at both locations. The
wind direction simulated by the model METRAS at tteast (Figure 4.21c) and inland
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(Figure 4.22c) clearly show a diurnal cycle withudeeasterly winds in the morning (land
breeze) and north-easterly winds in the evening (seeze) at both locations. These two
observational sites are near to the Braganca chHBAR shows mainly easterly to north-
easterly winds at both the locations. Since vewy fieeasurements are available it cannot be
concluded if MBAR or METRAS (nudge) is closer taliey. However, it can be stated that
the wind directions simulated with METRAS (unnudgag not realistic. The METRAS
(nudge) simulated wind speed is in the range ofmtle@asurement (Figure 4.21b and Figure
4.22b) and closer than MBAR and METRAS (unnudgéhatcoast.

(@) (b)

32 12 v
# Coast
m—— METRAS-nudge
30 t - : 10 | MBAR

METRAS-unnudge

Temperature (C)
L] o
53} @

n
£

10m wind speed (m/s)
o

n
n
L)

%%!15 12/16 1217 12/18 12/19 12/20 12/21 12/22 1%!15 12/16 1217 12/18 12/19 12/20 12/21 12/2
Local time Local time
() (d)

400 T ; T
350k e g.0.. b 0 ...

@ Coast ; { i
300 o METHAS_nUdge ....... :.. e ..g ...........

© MBAR

oso| © MBAR | . ¥ N
METRAS-unnudge : : :

10m wind direction (°)
n
=]
S

0 H - A R H
1215 12/16 1217 1218 12119 12/20 12/21 12/2Z ; s
Local time ; 4600 W

Figure 4.21 Diurnal variation of simulated and obsed a) temperature, b) wind speed c¢) wind
direction during 16 — 21 December 2010 at the coastl (d) measurement locations (red
circle: Coast, yellow circle: Inland, Magenta ciecl INMET station and green circle:
Tracuateua station)
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Figure 4.22 Diurnal variation of simulated and obsed a) temperature, b) wind speed c) wind
direction during 16 — 21 December 2010 at the idlan

45 Conclusions

This chapter mainly focuses on the adaptation ef model METRAS to the tropical
Braganca region and the evaluation of the metegyotesults. There were ten surface land-
use classes available in the model METRAS, whicheveglopted for the tropical Braganca
region. Per land-use class simulations were madeder to get a better representation of the
surface energy balance in the model for the adjudtad-use classes. The surface
characteristic parameters for ten land-use classes obtained. With the limited available
observational data of energy fluxes for the tenfed#int land-use classes, the model
METRAS is able to reproduce observed values as ggatlcan be expected from idealized
case studies and keeping in mind that the dataotidully represent tropical regions. The
surface characteristic parameters adopted in thdysare only applicable for tropical high
humidity regions. It would have been better, if sil@@ments for the land-uses of the region
investigated had been available. However, theyhataéhere, but we would need high spatial
and temporal measurements over the different laed-classes for a more accurate
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representation of surface energy fluxes in the semde models. Also further land-use
classes could now be introduced into METRAS, whichthe meantime is capable of
simulating more than ten land-use classes. Noreghglthis is the first study adapting
METRAS for the South American region at the equator

The model METRAS has been simulated for a threeedgional model domain situated at
the coast of Braganca for about 6 days in Decen#84iQ, with adapted surface parameters.
The model METRAS is able to simulate land and ses#® circulation patterns over the
tropical Braganca region. The strength of the see4e is about 4 mi's METRAS model
simulations reveal a consistent diurnal cycle iwmseklto-surface variables such as air
temperature, wind and relative humidity. It is alsated that METRAS simulations forced
with MBAR improved the results considerably in canpon to METRAS without forcing.

It has been noted that the large-scale flow inftesnthe meteorological situation in the
model domain. Thus, METRAS is forced with MBAR nmtaogical fields. METRAS
(nudge) simulates quite reliable humidity fieldsowever, METRAS simulates lower
temperatures compared with the model MBAR and tkasured data near to the coast. This
could be due to the smaller SST in the model sittmriaA modification of soil temperature
and SST initialization would be necessary to impréive simulations. The model METRAS
can simulate essential characteristics of the abagmospheric phenomena (such as the
land-sea breeze circulation) and equatorial tradelsv(north-easterly and south-easterly).
Thus, the model METRAS could be used for pollutthspersion application studies in the
tropical Braganca region.
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5. Role of meteorology and emission functions foloacentration values

This chapter presents the detailed information @ passive tracer (i.e. no chemical
reactions involved) concentrations simulated wite model METRAS over the tropical
Braganca region. The model METRAS has been run avitbnstant emission function and a
time dependent emission function, which dependhamidity. These emission functions
were adopted from pollen measurement data. Theyinedlide emission from the mangrove
forest is unknown, therefore this study cannot haveelation with constant emission
functions and a time dependent emission functiomfethyl halides.

51 Introduction

Most of the mangrove forests in South America arnfl on the Atlantic and Pacific coasts
in the bays and estuaries. Mangrove forests ocslightly less than 2 million hectares in
South America (FAO, 2005). Brazil has the thirdgkst mangrove area in the world. The
global mangrove surface area covers about 2kb@ (Duarte et al., 2005). The mangrove
forest area has been substantially reduced workiwsthce the 1980’s due to land
competition for aquaculture, agriculture, infrasture and tourism (FAO, 2005). Current
estimate of the global total area of mangrovesgusatently available Global Land Survey
(GLS) and the Landsat archives is about 1.23Xa@° (Giri et al., 2011). This global total

surface area of mangroves will be used for theagirey of methyl halide emissions that are
derived from the present model and measuremeny.stud

A quantification of methyl halide emissions from mgaoves is relevant for the tropospheric
ozone since they are relevant for its destructidowever, its major relevance is given for
climate studies since methyl halides have longtiifees (e.g. 1 year for Gl and 0.5 year
for CH,Cl, (WMO, 2010)). This long life time is enough foreth to be transported and
mixed into the stratosphere, making an impact enatmospheric chemistry in the regional
and global scale. Therefore, it is important toed®ine the methyl halide emissions from
mangroves. Quantified methyl halide emissions frorangroves can be used in climate
models to understand the impact of mangrove favasthe global atmospheric chemistry.
Furthermore, since a change of area covered by noaeg can be expected due to sea level
rise and global warming, it will be expected thHa amount of mangroves on the globe will
also change in future and thereby affect emissadmsethyl halides into the atmosphere.
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To quantify emissions model studies are perfornied &re normalized with measured data
(Chapter 3) to achieve a reliable value for thessions. However, measurements are rare
and the commonly used method of a Lagrange approschtrictly valid only for
homogeneous and stationary conditions. In ordarigerstand the role of meteorology on
measured concentrations, two experiments were abadwith the mesoscale atmospheric
model METRAS. In one experiment METRAS was run withforcing, and in the other with
forcing from MBAR data. In both experiments 6 diffat passive tracers were considered.
The meteorology experiments results of both wenesaally discussed in Section 4.4.

Another uncertainty to the determination of emissiérom concentrations is the form of the
emission function. If emissions were merely conisteith time, the measured concentrations
might differ from those that were measured, suchwiéh a time dependent emission
function. However, the actual behavior of the pdaist more-or-less unknown. Therefore,
both meteorological studies were performed for tyyes of emissions, a constant one and a
time dependent one. The case studies performeslarmarized in Table 4.1.

The main objective of this chapter is to addressfthiowing questions:
1. Is a Lagrangian approach possible for measurements?
2. What is the role of meteorology on concentrations?
3. Can emission functions (also time dependent) beraeted from observed data?

52 Emissions in the model domain and emission futens used

Oceans and mangroves contribute to the emissiomettiyl halides to the atmosphere. These
two sources are included as passive tracers imibdel METRAS domain. Two emission
functions are used, a constant emission functiah artime dependent emission function
where emission depends on humidity. The humidifyethelent emission function relation
was originally obtained for pollen emissions andedained for the area of Lubeck by
Schueler and Schliinzen (2006). Both emission fanstimight not describe the real
situation, but they are used to study the possipact of emission function form on
concentrations. These emissions are to be scaladhi@ve methyl halide emissions using
observational data.

The concentration (eq. (4.1)) is linearly dependamtemissions, if no nonlinear chemical
reactions take place. For pollen dispersion thisasthe case, therefore, the ratios between
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concentrations difference to emissions are conskarice, the whole eq. (4.1) in the section

4.1 can be normalized with the emissions, resultinge following relation:

ac = Constant (5.1)
AE

The relation should not only hold for model resliigt also for measured data, thus for

emissions based on the measured data one receives:
ACMeasured - ACModel

AEMeas.ured AEModel (5 2)

In the eq. (5.2)AC,..cueq ANA AC,,, . @re the measured and modeled concentration gtadien
of methyl halides during the observational timeeiaal, respectivelyAE,, ., iS the model
emission of the source region in the simulationirdurthe observational time interval.
Therefore, the measurement based emission (nahkeg.. ., here) can be calculated as
follows:

AE — ACMealsuredAEModel

easured —
g ACModel (5 . 3)

The AC,,.....q IS Calculated as the concentration difference betwupwind and downwind
at the measurement siteAC,,.., IS the model simulated concentration differencevben
upwind and downwind at the measurement si#®E,, . is used for the corresponding
measurement time interval for quantifying the méttalide emissions.

In order to understand the impact of emission fiamst on concentration, the model
concentrations were scaled such that the totalstomg(for the whole integration) for the
time dependent emission function and constant eomiganction should be same. Based on
this assumption scaling factors were calculated %efj— 5.7) and these scaling factors were
then used to scale the simulated concentrationscéj@®ne can compare, after normalization,
the model simulated concentrations with differanission functions.

The following equations show the scaling factorwssn the time dependent emission
functions and constant emission function conceiotmatfor the mangrove area. For nudged

meteorology case:

E(Timedependentnudgé - D. 090
~ “En

E(Constantnudgg (5.4)

Here D., (90) is the normalization coefficient of time dedent and constant emission
functions for the nudged meteorology case oventhegrove region.

81



For the unnudged meteorology case:

E(Timedependentunnudgg _
= Dg,, 097
E(Consant,unnudgg (5.5)
Here D is the normalization coefficient of time dependantl constant emission functions

for the unnudged meteorology case over the mangexgien.

In the case of an emission source region over wéter scaled factor is as follows. For
nudged meteorology case:

E(Timedependennudgd _
= Dg,, U74
E(Condant,nudge) (5.6)
Here D, is the normalization coefficient of time dependant constant emission functions

for the nudged meteorology case over water.

For unnudge meteorology case:

E(Timedependenunnudgé - D, 01133
E(Consant,unnudge) (5.7)
Here D.,,is the normalization coefficient of time dependemd constant emission

functions for the unnudged meteorology case ovéemwa

To recalculate the same total emission of time deéeet and constant emission functions,
the normalization factors D are used to dividedbecentrations of time dependent emission
functions. Still, the model concentrations are ecmnparable with measured data. Therefore,
the relation between modeled and measured contentrgradients (e.q. (5.8)) is used to

come up with realistic concentrations from modsuits.
ACModel

=R 5.8
rC T (5.8)

Measured
The equation (5.8) is calculated after applying €g<! to 5.7) in order to get a concentration
factor for real source contribution.

In the case of the water source region we did neasure the ocean contribution of
concentrations during the observation period. e could assume that the same mangrove
measured locations measure contributions from te&am source region as well. Hence, the
model METRAS simulated concentrations from the waeurce were scaled using the
observed concentration data as done for the maegramission. Table 5.1 shows the
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relation of the methyl halides’ modeled concentradi and observed concentrations for
constant and time dependent emission functiondiffarent source regions.

Table 5.1 R(particles per pptv) values for the different sagcMeaning of T3 to T6 is given in

Table 4.1.
Tracer | T3 T4 T5 T6 Forcing
Compoun
CHLCI 2.6095x16 | 2.9819x10 | 3.9263x16 | 6.1897x16 Nudged
CH.CI 1.0907x10 | 1.2464x10 | 1.6411x10 | 2.5872x16 Nudged
CHLCI 2.0402x18 | 3.4756x16 | 1.4471x10 | 1.9087x18 Unnudged
CH,Cl, 8.5274x10 | 1.4527x18 | 6.0487x10 | 7.9778x16 Unnudged

Chapter 4 suggests that the model meteorologicatlitons are better in the nudged
simulation. The unnudged meteorology case is notsidered as the real atmospheric
conditions. Hence, the concentrations are scaledyube nudged meteorology case values
from the Table 5.1 for the unnudged meteorology @sswell.

The emissions simulated in METRAS for the differsatirce regions and emission functions
are shown in the Figure 5.1. Originally the modeigsion functions are in number of pollen
emitted per square meter area per second. These anei converted for methyl halide
compounds in g i s* for all source regions. For the mangrove sourggore the time
dependent emission functions of &H (Fig. 5.1a) and C}Cl, (Fig. 5.1b), do show diurnal
variation for METRAS (nudge) and METRAS (unnudgeg¢teorology case (denoted n or
un). The constant emission functions are the samehke nudged meteorology case and
unnudged meteorology case study. Higher emissiare wimulated in the time dependent
nudged meteorology case for mangroves and watgur@i5.1c, d) except for the 16
December 2010. It can also be seen that emissienkigher during the daytime than the
night-time.
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Figure 5.1 Emission of methyl halides for (a, b)ngp@ve forest source region and for (c, d) water
source region, T3n and T5n: constant emission fondbr nudge case; T4n and T6n time
dependent emission function for nudge case (Addpiedpollen study).

5.3 Determination of the different impacts on conagrations

5.3.1 Impact of meteorology on concentrations of nieyl halides in a
coastal mangrove region

This study used the Lagrangian approach for thesareaents as discussed in Chapter 3.
Wind direction showed mostly north-easterly windsing the observation time. Figure 5.2
gives the measured concentrations and model sietbiaeteorological conditions for the
sampling time. Model simulated winds are mostlytinerasterly (Figure 5.2b) before and
after the sampling time. The winds were changeadight-time only. Thus the selected
upwind and downwind locations were the most sugdbi the air sample collections. Hence,
the Lagrangian approach is applicable for the ain@e collections if the winds are constant
with time.
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Figure 5.2 (a) Measured methyl chloride concentasi, stable carbon isotope ratios (black) and
methylene chloride (blue) concentrations(pptv), (hgteorological conditions simulated with
METRAS (section of the model domain) for 17.12.2018e forest region, every*d/ector is
shown.

The concentrations are mainly dependent on the ar@tgical factors such as diffusion,
horizontal advective transport and vertical winnishe atmospheric boundary layer, but also
on the emission. The distinction between meteorcédgactors and emission functions is
quite difficult to be determined from concentragoifherefore, dispersion of passive tracers
is studied using the mesoscale METRAS model witb thfferent experiments. One is
METRAS with forcing (nudge) and the other METRAStwaut forcing (unnudge).
Furthermore, for both cases, different emissiorctions are considered. Figure 5.3 shows
the concentration transport during day (Figure Sa3and night (Figure 5.3c, d) time for the
nudged and unnudged meteorology case for mangroissien.

The scaled concentrations of ¢H (pptv) and CHCI, (pptv) are shown in Figures 5.3 and
5.4. The METRAS (nudge) concentrations are in tleasarement data range. For example,
the topical plants estimated source strength ikiwithe range of about 1000 pptv to 3500
pptv (Yokouchi et al., 2002). The concentrations &ransported by the model simulated
flow. The concentrations are higher during the pighis can be seen in both of the case
studies. It is also noted that higher concentrationMETRAS (unnudge) are simulated than
in METRAS (nudge). This difference in concentratisndue to the different meteorology.
Higher concentrations in METRAS (unnudge) are duéhe normalization of concentration
with the METRAS (nudge) results as well.
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Figure 5.3 CHCI scaled concentrations and wind pattern at 20buwee the ground for (a), (b) nudge

case and (c), (d) unnudge case at (a, c) night @gmdl) day for 17.12.2010 with constant
emission functions for mangrove emissions. Evetw&@tor is shown.
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Figure 5.4 CHCI, scaled concentrations and wind pattern at 20 mvabthe ground for (a), (b)

nudge case and (c), (d) unnudge case at (a, c)thagid (b, d) day for 17.12.2010 with
constant emission functions for mangrove emissiewsty 18 vector is shown.
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Figures 5.5, 5.6 show the concentration gradienmnethyl halides in the mangrove forest
region calculated from the model simulation. Thadgnt is calculated as concentration
difference between downwind and upwind positiongha mangrove forest after scaling
model concentrations using eq. (5.8), which is teth@s G in the Figures. This gradient is
thus comparable to the measurement approach ahgdivalthe mangrove forest contribution
of methyl halides.
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The diurnal cycle of methyl halide gradients cadtetl from METRAS (nudge) and
METRAS (unnudge) model simulations are studiedridesstand the meteorology impact on
the concentrations. The diurnal cycle of the metiglide gradient varies similarly for both
tracers but differs in magnitude (Figures 5.5, 5Té)e gradient of methyl halides varies little
during the night-time in METRAS (nudge). In METRA&nudge), higher differences in the
gradients are seen between the night-time and #y&inte. A higher difference in the
gradient of CHCI and CHCI, is noticed on 1%, 18" 19" and 2% December 2010 in
METRAS (unnudge). These higher differences in the different meteorology simulations
suggest that meteorology is playing a role in tbacentrations of the constant emission
function at the coastal mangrove forest.

The ratio of the gradient of GBl and CHCI, concentration for unnudged and nudged
meteorology suggests that in METRAS (unnudge) gradiare about 10 times higher than
METRAS (nudge) case except for’2December. On Z1December about 30 times higher
concentration gradients are found in METRAS (unm)dgr constant emission functions.

Observations were conducted on Decembdt 2010 between 16:40 to 18.05 BRT in the

forest region. The gradients of @& and CHCI, concentrations in both the cases are not
varying during the sampling time and are very smidiis implies that the observational time

was not the best time to determine the emissioatimm using measurements. To determine
the constant emission function from measuremergsn&ed to have observations of methyl
halides continuously during the night and the dagtiHence, it has been concluded that it is
impossible to determine the constant emission fanstusing measured data in the coastal
mangroves forest of Brazil based on only very fegasurements.

In order to quantify the role of meteorology on centrations, the model METRAS
simulated concentrations were normalized usingethetion (5.9) for the constant emission
function:

Normalized concentration differences T3un(z,x,y,1) ~T3n(z,x, y.1)

100 (5.9)
max(T 3un(z, x, y,t); T3n(z x, y,t))

Here T3un(z,x,y,t) denotes the scaled concentration simulated by MES Runnudge)
using a constant emission function. Similaffn(z, x, y,t isor METRAS (nudge).

Figure 5.7 shows the normalized concentration wiffees as derived from eq. (5.9) of

methyl halides for 17.12.2010 (Figure 5.7a, ¢)&80 and for 19.12.2010 (Figure 5.7b, d) at
4:30. The normalized concentration difference valae zero over the coast for a few hours

89



(about 9:00 to 12:00; not shown here) and, thezeaiitcreased notably on 2@ecember
2010 for CHCI and CHCI; (not shown here). The normalized concentratioretiffices of
CHsClI, CHCl, are in the magnitude of about +50 percent to -&@&ent of the maximum
concentrations. Hence, the quantified role of nretegy in the methyl halide concentrations
for constant emission function is about +50 perdenihe mangrove forest region.
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Figure 5.7 Normalized concentration differencesdahen eq. (5.9) for (a, ¢) 17.12.2010 and (b, d)
19.12.2010, for (a, b) C}€l and for (c. d) CECl,.

5.3.2 Impact of time dependent emission functionsxaoncentrations

The time dependent emission function simulatiornultesis the focus of this section. The
scaled CHCI and CHCI, concentrations are shown in the Figures 5.8 a@dds.the night-

time and daytime. Like the concentrations resultirggm the constant emission functions,
concentrations simulated by the time dependentstomsunctions show similar patterns in
METRAS (nudge) and METRAS (unnudge). Higher concditns are seen for both tracers
during the night due to stable stratification ire tatmosphere. The stable stratification

discourages vertical mixing of the tracers in thenasphere. Hence, the higher
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concentrations are noticed during the night-timbisTstability impact is larger than the
impacts of the increased emissions during the aey{Figure 5.1).

The magnitude of C§CI and CHCI, concentrations in METRAS (nudge) case is withia th
observed data range. However, the magnitudes in RAST (nudge) also vary substantially
during the night with a magnitude about 3000 ppte tb meteorology changes. In METRAS
(unnudge) case the concentrations ofsCHand CHCI, are mostly trapped in the coastal
mangrove region due to lower wind speeds simulatedhe model. Unlike METRAS
(unnudge), the concentrations are more dispers&édEMRAS (nudge) due to higher wind
speeds in the coastal mangrove region.
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Figure 5.8 CHCI scaled concentrations and wind pattern at 20buvwe the ground for (a), (b) nudge

case and (c), (d) unnudge case at (a, ¢) night @éndd) day for 17.12.2010 with time
dependent emission functions for mangrove emissioresy 18 vector is shown.
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Figure 5.9 CHCI, scaled concentrations and wind pattern at 20 mvabthe ground for (a), (b)

nudge case and (c), (d) unnudge case at (a, c)tragd (b, d) day for 17.1210 with time
dependent emission functions for mangrove emissioresy 18 vector is shown.

|
'0

The diurnal cycle of concentration gradients ofsCHand CHCI, are shown in Figures 5.10
and 5.11. The concentration gradients of methytkalin METRAS (nudge) case are mostly
constant during the day but slightly vary in thghti Unlike METRAS (nudge), the gradient
of methyl halides differ highly between night andydon the 1%, 18" 2d" and 2%
December in METRAS (unnudge). There is a highernitade of gradient on the 2hoted

in METRAS (unnudge) due to larger meteorologicarayes after 5 days of simulation.
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emission function for nudge (T4n), unnudge (T4onyifferent days. Note that 21.12.2010 is
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A similar pattern of diurnal variation of methyllfte concentration gradients are found for
the time dependent emission function and constamgston function in METRAS (nudge)
and METRAS (unnudge). The only difference is thegmiaude for both types of emission
functions. This suggests that the type of emissimctions likely does not have the largest
impact on concentration. The ratios of methyl relkedncentration gradients from METRAS
(unnudge) to METRAS (nudge) are: about 20 timethenl8" December; -10 to 10 times on
the 17" December; and slight variations are found on &{2and 26' December, 2010.

Eqg. (5.9) is also applied to the concentrationsutated using time dependent emission
functions. Figure 5.12 shows the normalizedsCHoncentration differences (Figure 5.12a,
b) and CHCI, concentration differences (Figure 5.12c, d) fdfedent days. The normalized
model-simulated concentration differences of metialldes using time dependent emission
functions are in the range of up to +50 percent.stijothe normalized concentration
difference calculated is +50 percent in the whoteleil simulations for CECl and CHCI; in

the coastal mangrove region. Hence, meteorologysplae same role on the concentrations
given different types of emission functions.
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Figure 5.12 Normalized concentration differencesdzhon eq. (5.9) for (a, c) 17.12.2010 and (b, d)
19.12.2010, for (a, b) C}€l and for (c, d) CEClI,.
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5.3.3 Frequency distributions to quantify impacts

This section presents the frequency distribution differences in methyl halide
concentrations simulated by the different modeluget for the coastal mangrove region. To
understand the role of both meteorology and timgeddent emission functions, different
combinations of frequency distributions were cadted. Such as one frequency distribution
with different meteorology and constant emissioncfions. Another one with constant
emission functions with different meteorology. Figu5.13 shows the differences in
distribution of CHCI (Figure 5.13a, c) and GBI, (Figure 5.13b, d). The x-axes denotes the
concentration difference between METRAS (unnudge) MIETRAS (nudge) cases in pptv.
The y-axes represent the number of grid pointseirtgnt. The total number of grid points
was calculated as the product of total number @ goints in the south-north-direction
(176), in the west-east-direction (159) and tim26(®utput intervals) at the 10 m model
level.
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Figure 5.13 Frequency distribution of concentratidifferences unnudge minus nudge case for
methyl halides for (a, b) constant emission fumsiand for (c, d) time dependent emission
functions.
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Frequency distributions of G&l and CHCI, show the distribution is mostly positively
skewed. More grid points show higher values in MBBRunnudge), the concentrations are
higher. The majority of grid points yield GBI concentration difference estimates within
+2000 pptv for constant and time dependent emiskiantions. In the case of GAI, the
concentration difference is about £1000 pptv. Thhs, frequency distribution plot suggests
that the impact of meteorology on concentratiorsgs.

Similarly, the frequency distributions of the di#&ces between concentration gradients of
METRAS (nudge) and METRAS (unnudge) meteorologyeoasre studied for the different
emission functions. The frequency distribution loé differences in concentration gradients
also reveals large differences due to meteoroldmnges (Figures not shown). The 4CH
concentration gradient difference extends from &b4&00 pptv to 5000 pptv for constant
and time dependent emission functions at the clomstagrove region. In the case of &b,

the differences in concentration gradients are lematarying between -500 pptv to 1000
pptv for both types of emission functions. The widistributions in the concentration
gradient difference also support that meteorology & large impact on the concentrations
measureable over the coastal mangrove region.

Table 5.2 shows the15", 50", 95", 99" percentiles of concentration differences (METRAS
(unnudge) minus METRAS (nudge)) of methyl halides €onstant emission function
(T3CHsCI, T3CHCIy) and for time dependent emission functions (T4CIHT4CH.CI,).
Higher values of the 99 percentile of the data suggest that larger diffees in the
concentrations occur due to meteorology changes.

Table 5.2 Percentiles of concentration differentarmudge and nudge for GEl and CHCI, in

pptv.
Percentiles 1 5 50 95 99
T3CH;CI -1748 -598 204 3236 7528
T4CHCI -1165 -413 179 2830 6423
T3CH,Cl, -418 -143 48 774 1801
T4CH,Cl, -278 -98 42 677 1536

The analyses performed before by comparing resuitts the same emissions but different
meteorology is now repeated for using the same ongtegy but different emission
functions. Figure 5.14 shows the frequency distidyu of methyl halides concentration
difference of different emission function calcuthtevith the same meteorology. The
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frequency distribution figure shows that the latgessrcentage of grid points are in the 0 pptv
concentration bin. Unlike in the different mete@gy but same emission functions case
(Figure 5.13), a small percentage of grid poinssh concentrations difference of less than
-400 pptv or more than 400 pptv in the constaner@iogy but different emission functions
case. This suggests that the type of emissionifimdipes not have more influence than the
meteorology on the concentrations signals that measurable in the coastal mangrove
region.

The same frequency distribution is also calculd#edhe concentration gradient differences.
The gradient Figures are not shown but reveal wgiely the same results for methyl
halides emissions of mangroves.
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Figure 5.14 Frequency distribution of methyl hadeoncentration difference of different emission
function with constant meteorology.

The percentiles of constant meteorology but differemission function concentration
difference are shown in the Table 5.3. Table 58pstts the previous results of smaller
difference in concentrations when the same metegyais used. The $9percentiles data of

the Table 5.2 is higher than compared with datahm Table 5.3. Hence, it has been
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concluded that meteorology has shown more influemcthe concentration than the different
emission functions in the coastal mangrove region.

Table 5.3 Percentiles of concentration differeneneen different emission functions for£LHand
CH.CI, in pptv.

Percentiles 1 5 50 95 99

T4n-T3nCHCI -2005 -788 -0.8 102 357

T4un-T3unCHCI -4000 -1300 0 303 1112

T4n-T3nCHCl, -479 -188 0 24 85

T4un-T3unCHCI, -957 -311 0 72 266

5.4 Contribution of different emission sources tohe coastal
concentrations

The observed concentrations in forest region aez ue scale the concentration of water
tracers as well. We assumed here that the obsemeddyl halide concentrations are from the
ocean contribution in order to understand the eetee of methyl halide emission from the
water source region.

Figures 5.15 and 5.16 show € concentrations of constant and time dependeligsom
function simulations for 17.12.2010 in day and miggime transport. METRAS (nudge) case
water concentrations (Figure 5.15 a, b and Figul® &, b) at the boundary show zero
concentrations due to prescribed boundary conditmmber 15 used in the model
simulation. The boundary condition 15 means thatidinge-scale values are prescribed at the
inflow boundary. But there are no inflow conceritras from the large-scale values. Hence
the concentrations at the boundary are zero in MES Rhudge) case.

Figures 5.15, 5.16 show the large difference inctirecentrations between METRAS (nudge)
and METRAS (unnudge) case. They also show that dtvecentration transport and

magnitude changed during night and daytime for lwatbes. The time dependent emission
function concentrations (Figure 5.16) show littlariation in the concentration compared
with constant emission functions from the waterreeuegion. Higher concentrations are
noted in the constant emission function than theetdependent emission function in both
meteorology case simulations. Hence, the concemratterns in the water region suggest
that a large influence of meteorology is more raféfor the concentrations than the impact
of emission. However, one should note here thattimeentration pattern is also affected by
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the boundary conditions chosen to simulate conatafrs. As mentioned before, a zero
concentration is assumed for inflow at the boundaemch results in small values close to the
eastern and northern model domain boundary in cAs®IETRAS (nudge), while the
gradients are small in METRAS (unnudge) (outflowtregse boundaries with gradient zero
boundary condition).

The CHCI, scaled concentrations also showed the same piegjeanly changes in the
magnitude are noticed. Therefore, here the@jiconcentration patterns are not shown.

(@) (b)
day=2 - 02:30 day=2 - 16:45

15018

100 iegfe . _ 100l Al g g .
3000 & E ' e 3000 &

[km]

50

50 100 150 50
[km] [km]

100

(©) (d)
day=2 - 02:30 day=2 - 16:45

3000 §

[km]

3000 §

50 100 150 50 100 150
[km] [km]
Figure 5.15 CHCI scaled concentrations and wind pattern at 20 mowve the ground for (a), (b)
nudge case and (c), (d) unnudge case at(a, c) maght (b, d) day for 17.12.2010 with
constant emission functions for water emissionsng#0" vector is shown.
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Figure 5.16 CHCI scaled concentrations and wind pattern at 20 bowe the ground for (a), (b)
nudge case and (c), (d) unnudge case at (a, c)igh (b, d) day for 17.12.2010 with time
dependent emission functions for water emissionsryEL(" vector is shown.

Figures 5.17 and 5.18 show the £Hp concentration gradient time series simulated ey th
model using a constant emission function (Figurgé7p.and time dependent emission
function (Figure 5.18) in the water source regibime negative sign indicates that the upwind
and downwind locations are not valid at the measer# site displayed in Figure 5.2a for the
whole time series (i.e., the observed upwind wdndadlownwind in the model).
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Figure 5.17 Water contribution (Concentration Greui) of CHCI, with constant emission functions
for nudge (T5n), unnudge (T5un) for different ddyste that 21.12.2010 is not for 24 hours.
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Figure 5.18 Water contribution (Concentration Gradi) of CHCIl, with time dependent emission
functions for nudge (T6n), unnudge (T6un) for dififé days. Note that 21.12.2010 is not for
24 hours.
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The CHCI and CHCI, concentration gradients give the water contributcd the methyl
halides. The scaled GBI and CHCI, concentration gradients are overestimated bedhese
measurements did not pick up the emissions reguftom water but from the mangroves.
The diurnal cycle of concentration gradients offetdgnt emission functions show similar
patterns in the whole model simulation. The conegian gradients do not vary much in the
METRAS (nudge) and METRAS (unnudge) for both engissiunctions on December 20
and 2% 2010. Variations of the concentration gradients aeen in the daytime from
December 18 to 19" 2010 for different emission functions in METRASu¢me) and
METRAS (unnudge) meteorology case. Unlike in thengmave source region the
concentration gradients varied at daytime muchierwater source regions due to advection
and meteorology impact.

The ratio of METRAS (unnudge) to METRAS (nudge) hy¢halide concentration gradients
using a constant emission function varies by aofaof about 1 to 3. In the case of time
dependent emission functions, the concentratiodignés ratio varies by a factor of about -2
to 2. These ratios indicate the concentration gradihanges due to meteorology. It has been
noted that the ratios of concentration gradiengsfar less for the water source region than
for the mangrove source region.

The normalized eq. (5.9) is also applied for théewaource region. The GEI normalized
concentration differences vary about 50 percentlfe constant emission function (Figures
5.19 a, b). In the case of time dependent emidsioctions, the normalized concentrations
vary slightly less than those of constant emisdiamctions for the water source region.
Normalized concentrations exceeding 50 percentseem at the northern boundary due to
zero inflow at the boundaries. Similar magnitudessreoted in the case of GEl, normalized
concentrations. Therefore, here the,CH normalized concentrations are not shown. Thus, it
has been concluded that the role of meteorologyethyl halide concentration is about +50
percent for the water source region irrespectiveypé of emission functions used in the
model.
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Figure 5.19 Normalized concentrations based on(®8®) with (a, b) constant emission function and
(c, d) time dependent emission function for (a16)12.2010 and (b, d) 19.12.2010, for

CH,CL.

The frequency distribution of different meteorologghd same emission functions
concentration difference (pptv) in x-axes and petage of frequency in y-axes is shown in
Figure 5.20. The frequency distribution histogranggests that the GBI concentration

differences are negatively skewed. A high percent#ggrid points are in the range of about

1000 pptv to -4000 pptv for GAl.

In the case of C§Cl, about 70 percent of the grid points are in thegeaaf -2000 pptv to
100 pptv in the water source region. Table 5.4 shdihe percentiles calculated for
concentration differences of different meteorolagih the same emission functions. From
the percentile calculation one can see the larfferdice in the concentrations for th& 1
percentile and the 9percentiles. Hence, meteorology has an impactomeentrations in
the water source region as well.
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Figure 5.20 Frequency distribution of concentratidifferences unnudge minus nudge case for

methyl halides for (a, b) constant emission fumgiand for (c, d) time dependent emission
functions for water source region.

Table 5.4 Percentiles of concentration differeneesMgen the unnudge and nudge forsCHand
CH,CI, in pptv for the water source region.

Percentiles| 1 5 50 95 99
T5CHCI -7554 -5868 -646 1014 2969
T6CHCI -6684 -4927 -284 984 3443
T5CH,Cl, | -1807 -1403 -154 242 710
T6CHCl, | -1599 -1178 -68 235 823

Figure 5.21 shows the frequency distribution of gkthalide concentration differences

using different emission functions concentrationhvthe same meteorology. In the case of
nudged meteorology, the GBI and CHCI, concentration difference is zero in about 50
percent of the grid points. On the other handhaunnudged meteorology case, 60 percent
of the grid points are positively skewed in thegfrency spectra. This suggests that, unlike in
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the mangrove source region, the type of emissiamction also plays a role in the
concentration for the water source region.
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Figure 5.21 Frequency distribution of methyl halicdencentration difference for different emission
function with constant meteorology for the wateusrse region.

The 50" percentile of constant and time dependent conasiorr differences of C¥Cl and
CH.Cl, is 0. METRAS (unnudge) case larger differencessaen. Overall, the §%ercentile
shows a large difference in the concentrationss&harge concentration differences are not
seen in the mangrove source region. One shall mmegever, that we do not have real
observations for the ocean and the whole calculatipolitely assumes that the values at the
two measurement sites are only impacted by emisgrom water. If this were the case, then
the type of emission functions is also playing amportant role in the concentrations
originating from a water source region.
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Table 5.5 Percentiles of concentration differeneneen different emission functions for£LHand
CH,CI, in pptv for water source region.

Percentiles 1 5 50 95 99
T6n-T5nCHCI -1182 -237 0 3810 | 5659
T6un-T5unCHCI -181 0 492 3853 | 5851
T6n-T5nCHCI, -282 -56 0 911 1353
T6un-T5unCHCI, -43 0 117 922 1399

5.5 Determination of methyl halide emissions from @ngroves

In this section the up-scaled emission of methiiblea are presented using the model results
and observations in the mangrove forest regionmFex. (5.3) one can calculate the
measured emission using the ratio of concentratidferences between upwind and
downwind from the model to the observed values kg atil).

The global mangrove area is slightly reduced asque(Giri et al., 2011) compared to the
previous study by Duarte et al. (2005). Manleylef2007) used laboratory measurements of
a single grown mangrove in a green house experitoeap-scale the C4€I contribution.
Using a global area of 2x1&m?, they estimated a Gi8| emission of 12 Gg ¥r. In the
present study the average #£H global mangrove emission using different emissio
functions and with different meteorology yielded7 46g yf* and 6-10 Gg yt for the
updated mangrove area and the previously quanafied, respectively (Table 5.6).

Our estimated values are thus lower to slightlydowhan the laboratory measurements by
Manley et al. (2007). This suggests that we estgnadittle less emission than the laboratory
study. Using the CECI global sink strength of 4106 Ggy(Chapter 1), the mangrove
production estimated range in the present study.% percent to 0.3 percent (global
mangrove area of 2x1@m?. The mangrove production estimated range is Ordepéto 0.2
percent with newly available global mangrove aréd.8776x10 km® The observational
error in the concentration is about 9 perg@tiapter 2)The maximum observational error
in the mangrove emission is about £18 percent usiagyradient method.
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Table 5.6 Calculated global emission of LLHand CHCI, from the mangrove forest.

Tracer Emeasured USING global| Eneasures USING  global | Observational
mangrove area of| mangrove area of 2x10| error (%)
1.3776x16km? km?

(Gg yr?) (Gg yr?)

T3CHCI n 6 9 +18

TA4CHCI_n 5 8 +18

T3CHCl un 7 10 +18

TACHCl _un 4 6 +18

T3CH,Cl, n 2 2 +18

TA4CH,Cl, n 1 2 +18

T3CH,Cl, un 2 3 +18

TA4CH,Cl, un 1 2 +18

The estimated CiCl, global mangrove contribution is in the range ef 2 Gg y* using the
updated mangrove area (2 — 3 Gq for the older estimate for mangrove areas). Waato
have any other observed values of CH emission from mangroves from the literature. It
has been concluded that mangroves emit@Has well. Since the value for GEl is a
reasonable range one might assume that this nave yat CHCI, might also be reliable.
The estimated annual emission of £ from the industrial, biomass burning and oceans is
604+251 Gg yr (Keene et al., 1999). Similarly Xiao (2008) estietaannual emission of
CH,Cl, at 629+44 Gg yt. Based on the present study the mangroves coterih@ percent

of CHyCl, in the global emission budget.

In the case of methyl halide emissions from a watacer, the model simulated
concentrations were not up-scaled due to a laakbsérvational data. We scaled the water
tracers also with the land measurements, which galie a hint on impact parameters found

in measurements. Hence, we could not use the ‘tnetip’ approach to up-scale the model
concentrations.

5.6 Conclusions

This chapter presents the transport of concentratf methyl halides for two different
source regions. In order to understand the imp&ahe&teorology on concentrations, we
conducted two experiments with the METRAS mesoscaledel. One experiment is
METRAS driven by the large-scale forcing of the MBAnodel (nudge). Another simulation
Is without any large-scale forcing (unnudge) of @oedlogy in the METRAS model. Then
the model simulated concentrations are normalizg@dguthe observed GBI and CHCI,
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concentration in the mangrove forest region. Wee tallvantage of land measurements to
normalize the water source region as well, assurtiiegobserved values are affected by
sources in the water region. The Lagrangian approac only recommended if the
measurements were collected continuously in tHd.fie

Our analysis suggests that we cannot derive andlud& on emission functions with the
help of limited observational data. It has beenedothat continuous observational
measurements are required to reliably determinkerdiit emission functions. Hence it is
impossible to derive the constant and time depeneerission functions of methyl halides
using two observational data points.

In the case of the mangrove source region, metegyohas shown a larger impact on
concentrations than the different emission fundiased in the model METRAS. Emission
functions do show a little influence in the conecanbns. On the other hand, the METRAS
model simulated concentrations resulting from eioiss over the water show both
meteorology and emission functions’ role in thecmntration.

The combination of measured air concentrationssamdlated tracer transport with different
types of emission functions allows the calculatidmmethyl halide emissions and, thus, an
estimation of the source strength from mangrovedis:

The mean annual emission of methyl halides usiffgrdint emission functions with different
meteorology are 6-10 Gg Yrfor CHCl and 2-3 Gg yt for CH,Cl, using the larger
mangrove area as used in previous estimates. $nstbhdy we have not quantified for the
water source region due to lack of real observatfoom the ocean region.
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6. Conclusions and future work

This study presents the observational and modeépglication of two halogenated
compounds, namely methyl chloride (¢3) and methylene chloride (GBIl,). The main
aim of the thesis is to quantify the natural enaissof methyl halides from the ocean and
mangrove source region. This study presents fietd flata on methyl halide emissions in a
tropical mangrove forest region. In this sectiohe tthesis’ main results found in the
preceding chapters are briefly summarized.

CHsCl and CHCI;, are known to have natural and anthropogenic seus€@missions into
the atmosphere including tropical and subtropidahts (Chapter 1). CKl, emissions into
the atmosphere can be largely attributed to antdgepic sources with little emission from
ocean and biomass burning. €&H and CHCI, have long lifetimes of about 1 year and 0.6
year, respectively (WMO, 2010). With these longtiihes these compounds are transported
into the stratosphere and impact the atmospheramidiry in the atmosphere. These
compounds destroy the ozone in the stratosphereaamdnvolved in several chemical
reactions. Despite all these hazardous effectsgilamtification of emissions of GBI and
CH.ClI; is uncertain. Chapter 1 summarizes the differentce and sinks of methyl halides
in the atmosphere. Chapter 1 also suggests tha e global imbalance, i.e. known sinks
are larger than the known sources.

Chapter 2 presents the background concentratio@$1g€| and CHCI, measured during the
Meteor cruise M78/2. The combination of meteoratagivariables such as wind speed, air
temperature and wind direction supplemented by eoimation measurements in air and
water allows for the quantification of oceanic esios of methyl halides. The methyl halide
oceanic source strengths are 150+150 nmbbihfor CHsCl, 81+81 nmol rif d*for CH,Cl..

In addition to this we studied the diurnal cycletod methyl halide fluxes and concentrations
in the seawater and in the air. The diurnal varabf fluxes and concentrations reveals that
slightly higher concentrations of GEI and CHCI, in seawater and higher fluxes of ¢H,
CH.ClI; during the night-time may be due to the biologigaicesses in the tropical Atlantic
Ocean. However, the reason for high fluxes at righ¢ remains unknown. Moreover, we
also found possible remote source regions of mdthiide using the backward trajectory
calculation of the HYSPLIT model. The backward ecpries revealed that the tropical
Atlantic Ocean and the African coast (also inlangéye the primary and secondary source
regions for methyl halides during the Meteor cruidgyh concentration found nearer to the
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South America coast with an (inland) air mass seuegion, which suggests that the (maybe
mangrove) forest is most likely to be a source efhigl halides.

This study conducted field work in the tropical rgesve forest region as a first step. The
results were presented in Chapter 3. The Lagrangipproach is used to measure
concentrations at the upwind and downwind locatidiige gradient method was applied to
determine the mangrove forest region emission ogG@Hand CHCIl,. We had limited
instruments for the measurements due to technrodllgms in transporting the instruments
into the Brazil. Despite all these problems, we aveuccessful in obtaining measurement
data from the mangrove forest. Using the gradieppr@ach the mangrove forest
concentrations difference between downwind and ngvare 744 pptv for C#Cl and 178
pptv for CHCl,. In addition to concentration data we also obthitiee CHCI stable carbon
isotopic ratio. The stable carbon isotopic datapsuis the biogenic emission of methyl
halides from the forest. Hence, we conclude thahgrmaves emit CkCl and CHClI,
compounds into the atmosphere. Our measured coatens have a 9 percent
observational error.

In order to quantify the mangrove emission of mkthglides, we used a mesoscale
atmospheric model METRAS in this study. The adamtabf the METRAS model to the
tropical Braganca region was presented in Chapt&hd adaptation of the METRAS model
was carried out by changing model surface paramet€he newly obtained surface
parameters are summarized in Chapter 4. The mo&8dIRAS was applied to the Braganca
model domain in a nudged and unnudged set-up, hedrdasults were compared with
available observational data. The nudged modellstea diurnal cycles of temperature and
wind speed and wind direction well. The model METRB able to simulate air—sea breeze
circulation in the tropical Braganca coast region.

In addition to the quantification of natural sowgad methyl halides into the atmosphere, the
important role of meteorology in concentrations vedso studied. This shall also help to
decide if a Lagrangian measurement set-up as dornghe field campaign can help to
determine emissions from plants. Chapter 5 is @éekicto determining (1) the impact of
meteorology on concentrations, (2) the impact of tgpe of emission functions on
concentrations, (3) whether time dependent emisfumations can be determined from
measured data. From detailed analysis in Chaptecah be concluded that meteorology has
a very large influence. Compared to the meteorqglegyission functions have little impact
on the concentrations of methyl halides in the tadamangrove and water source regions. It
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was also found that continuous meteorological aadcentrations data are required to
determine the time dependent emission function. this study, given the limited
observations, we cannot determine any type of eamganctions. However, with the help of
the model METRAS and observed field data, the egtioh mangrove source strength ranges
from (using a global area of 1.3776X1n°) of CH,Cl and CHCl, are 4-7 Gg yt, 1-2 Gg
yr', respectively.

It will be more helpful to have continuous measugats for a more accurate quantification
of source strength. Nonetheless, we successfullyatka range for methyl halide emissions
from the mangroves. The calculated mangrove enmssare within the range of other

estimates, but our concentration data are onlycdasea small period of time. The annual

variation of mangrove emission over the tropicaliaqrial region may be small due to

limited seasonal changes in the tropical equataegion. These derived emissions can be
used in global climate models to understand theashmpf mangroves on the global

chemistry. Furthermore, the change in mangrove asssls to be considered for global
emissions. The change in mangrove area is to bectegh due to anthropogenic activities,
sea level rise and global warming; all this wilteditly have an impact on emission of methyl
halides into the atmosphere.

The determined emissions can be used for the ingat&ation of any global chemical climate
model. The global model simulated chemistry will ibeeresting to see the type of source
region emission changes in the concentrations rpati@ this study concentrations are
measured during the dry season in the tropicaltegaharegion. It is also interesting to see
the emissions in different seasons and in diffefergst regions such as India, Indonesia and
Australia. From these results one can continueysbfidhe seasonal biogenic emissions from
the mangrove plant community. There is an oppotyuor future work on important and not
yet considered sources of methyl halides.
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AGAGE
AGL
ARL
BRT
CFCs
EEZ
FAO

GC
GDAS
GEOS-Chem
GH

GLS

GUI
HYSPLIT
IBGE
IfBM
INMET
IPCC
ITCZ

LAI

LH

LW
M78/2
MBAR
METRAS
MODIS
MSYS
NASA
NCEP
NH
NOAA
NOAA/ESRL
oDSs

PC
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Advanced Global Atmospheric Gases Experiment
Above the Ground Level
Air Resources Laboratory
Brazil local time
Chlorofluorocarbons
Exclusive Economic Zone
Food and Agricultural Organization
Gas Chromatography
Global Data Assimilation System
Goddard Earth Observing System chenmzidel
Ground heat Flux
Global Land Survey
Graphical User Interface

Hybrid Single Particle Lagrangian IntegrafTrajectory Model

Brazilian Institute for Geography and St#ts
Institute for Biogeochemistry and Marine Ghistry
National Institute of Meteorology
Intergovernmental Panel on Climate Change
Inter Tropical Convergence Zone

Leaf Area Index

Latent heat Flux

Long wave Radiation

Meteor cruise

High resolution mesoscale model

MEsocale TRAnsport and fluid (Stream) model
Moderate Resolution Imaging Spectroradiomete
Multiscale Model System

National Aeronautics and Space Administnatio
National Centers for Environmental Predictio
Northern Hemisphere

National Oceanic and Atmospheric Administrat
NOAA Earth System Research Laboratory
Ozone Depleting Substance

Personal computer



SH

SH
SNWR
SRTM
SST
SW
TRMM
UFPA
UNEP
uTC
WMO

Sensible heat Flux

Southern Hemisphere

Sevilleta National Wildlife Refuge
Shuttle Radar Topography Mission
Sea Surface Temperature
Shortwave Radiation

Tropical Rainfall Measuring Mission
Federal University of Para

United Nations Environment Programme
Coordinated Universal Time

World Meteorological Organization
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