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A B S T R A C T

Chloromethane (CH3Cl) and dichloromethane (CH2Cl2) are known to have both natural and anthropogenic
sources to the atmosphere. From recent studies it is known that tropical and sub tropical plants are primary
sources of CH3Cl in the atmosphere. In order to quantify the biogenic emissions of CH3Cl and CH2Cl2 from
mangroves, field measurement were conducted in a tropical mangrove forest on the coast of Brazil. To the best of
our knowledge these field measurements were the first of its kind conducted in the tropical mangrove ecosystem
of Braganca. A mesoscale atmospheric model, MEsoscale TRAnsport and fluid (Stream) model (METRAS), was
used to simulate passive tracers concentrations and to study the dependency of concentrations on type of
emission function and meteorology. Model simulated concentrations were normalized using the observed field
data. With the help of the mesoscale model results and the observed data the mangrove emissions were estimated
at the local scale. By using this bottom-up approach the global emissions of CH3Cl and CH2Cl2 from mangroves
were quantified. The emission range obtained with different emission functions and different meteorology are
4–7 Gg yr−1 for CH3Cl and 1–2 Gg yr2 for CH2Cl2. Based on the present study the mangroves contribute 0.3
percent of CH2Cl2 and 0.2 percent of CH3Cl in the global emission budget. This study corroborates the study by
Manley et al. (2007) which estimated that mangroves produce 0.3 percent of CH3Cl in the global emission
budget. Although they contribute a small percentage in the global budget, their long lifetime enables them to
contribute to the destruction of ozone in the stratosphere. From the detailed analyses of the model results it can
be concluded that meteorology has a larger influence on the variability of concentrations than the temporal
variability of the emission function.

1. Introduction

Atmospheric halocarbons such as chloromethane (CH3Cl), bromo-
methane (CH3Br) and dichloromethane (CH2Cl2) contribute to several
atmospheric chemical processes (e.g. stratospheric ozone depletion).
These halocarbons originate from both natural and anthropogenic
sources such as biomass burning, incineration/industrial processes,
oceanic emissions, coastal salt marshes and leaf litter (Khalil and
Rasmussen, 1999; Lobert et al., 1999; Yokouchi et al., 2000b; Harper,
1985; Moore et al., 1996; Rhew et al., 2000; Blei et al., 2010; Kolusu
et al., 2017). The quantification of halocarbons is uncertain. It is known
that the global budgets of CH3Cl and CH3Br are imbalanced, i.e. known
sinks are much larger than known sources (Butler, 2000; WMO, 2010).
Field observations and modelling studies suggest that tropical and
subtropical forest plants may be an important source of CH3Cl
(Yokouchi et al., 2000a,b; 2002; Lee-Taylor et al., 1998; Kolusu et al.,

2017). Quantification of CH3Cl and CH2Cl2 emissions from mangroves
is relevant to the tropospheric ozone, since they contribute to its de-
struction. However, its major relevance is for climate studies, since
CH3Cl and CH2Cl2 have long atmospheric life time i.e. 1 year for CH3Cl,
0.5 year for CH2Cl2 (WMO, 2010). This long life time is sufficient to
transport and mix the halocarbons into the stratosphere and so impact
atmospheric chemistry on the regional and global scale.

Our study estimates CH3Cl and CH2Cl2 emissions from a mangrove
forest region in tropical Braganca, Brazil. Mangroves forests are coastal
forests found in sheltered estuaries and along river banks and lagoons in
the tropics and subtropics. Mangrove forests are situated in sandy and
muddy sheltered coastal locations (Hogarth, 1999). Mangroves are
halophytic trees and woody shrubs that are exposed directly or in-
directly to seawater halides. Their global range is approximated by the
20 °C winter ocean isotherm, and as such cover approximately 60–70%
of the coastline between 25°N and S latitudes (Hogarth, 1999). Of the
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50 to 75 recognized mangrove species, comprising 16–20 families,
there are 4 major genera: Rhizophora, Avicennia, Bruguiera and Son-
neratia (Ellison and Farnsworth, 2001; Hogarth, 1999; Kathiresan and
Bingham, 2001). Mangrove forests support numerous ecosystem func-
tions, including fisheries production and nutrient cycling. However, the
areal extent of mangrove forests has declined by 30–50% over the past
half century (Duke et al., 2007; Polidoro et al., 2010; Alongi, 2002).
Current estimate of the global total area of mangroves using recently
available Global Land Survey (GLS) and the Landsat archives is
137,760 km2 (Giri et al., 2011).

Manley et al. (2007) studied the methyl halide emissions from
greenhouse-grown mangroves. They estimated a global annual release
of CH3Cl from mangroves 12 Gg yr−1. Kolusu et al. (2017) quantified
emissions of CH3Cl and CH2Cl2 over the tropical Atlantic Ocean and
suggested tropical mangroves are possible source regions. Therefore, it
is important to derive the CH3Cl, CH2Cl2 emissions from mangroves.
Quantified CH3Cl and CH2Cl2 emissions from mangroves can be used in
climate models to understand the impact of mangroves forest on the
global atmospheric chemistry. Furthermore, since a change of man-
groves can be expected due to sea level rise and global warming, it will
be expected that the area of mangrove forests will also change globally
in the future and thereby impacting emissions of CH3Cl, CH2Cl2 into the
atmosphere.

Hence, field measurements were conducted in the tropical Braganca
mangroves forest region. The study region is located in the north
eastern coastal part of Brazil, South America. The specific research
questions addressed in this study are as follows: (1) Determination of
CH3Cl, CH2Cl2 emissions using observations and a mesoscale atmo-
spheric model on the Braganca, Brazil from a mangrove forest. (2) What
are the impacts of meteorology and different emission functions on the
concentrations. The detailed description of data and method are pre-
sented in section 2. Section 3 presents the results, discussion and con-
clusions are given in section 4.

2. Method and data

2.1. Model description

The atmospheric MEsoscale TRAnsport and fluid (Stream) Model
METRAS is adapted to simulate the meteorological conditions and
transport of CH3Cl, CH2Cl2 over the tropical region of Braganca, Brazil.
METRAS is based on the primitive equations, ensuring the conservation
of momentum, mass and energy. The three dimensional equations are
solved in a terrain-following co-ordinate system. wind, temperature,
humidity, cloud and rain water content as well as concentrations are
derived from prognostic equations, whereas density and pressure are
calculated from diagnostic equations (Schlünzen et al., 2012). METRAS
has been used to simulate atmospheric phenomena in different regions
and for different applications (Dierer et al., 2005; Lüpkes and

Schlünzen, 1996; Niemeier and Schlünzen, 1993; Schlünzen and
Katzfey, 2003). However, this is the first study where METRAS has been
applied to the Braganca region.

The concentration of passive tracers are calculated in METRAS on
an Eulerian grid by solving the equation for the conservation of mass in
flux form:

        ⏟∂ ∂ = − ∇ − ∇ ′ ′ + +− −C t ρ ρCυ ρ ρC υ Q Q/ ( ) ( )
a b c

source

d

sink

e

1 1

(1)

Equation (1) gives the rate of change of the average concentration
(a), the advection (b), turbulent diffusion (c), the sources (d) and the
sinks (e). Chemical reactions and deposition of tracers are neglected in
our study, because the chemical species have relatively long life times
in the atmosphere about a year. Hence, in equation (1) the sink term (e)
is neglected. A biogenic emission source has already been defined in
METRAS for pollen emission (Schueler and Schlünzen, 2006). There are
six different passive tracers defined in the model. Passive tracers are
non-chemical reactions and only transport of concentrations. These
tracers can be used for anthropogenic, biogenic or any other assigned
emissions. Kolusu (2013) presented qualitative analyses of meteorology
simulated by the model and details about type of passive tracers defined
in the model which are used here to study the biogenic emissions in the
Braganca region. Here we present the model results for constant and
time dependent emission functions limited to the mangroves source
region.

2.2. Model setup

The model domain is setup for the region of Braganca, Brazil. The
Moderate Resolution Imaging Spectroradiometer (MODIS) land cover
data are used, which have a horizontal resolution of 500 m. Shuttle
Radar Topography Mission (SRTM) topography data of 100 m resolu-
tion are used for the model domain. Fig. 1 shows the different land-use
classes and topography for the tropical region of Braganca, Brazil in
METRAS. Meadows, mixed forest and mangroves are the most abundant
land-use classes in the domain. The maximum orography height is
about 115 m in the south west of the domain (Fig. 1b). The minimum
orography height can be seen along the coastal Braganca region.

2.3. Meteorological data used for nudging

The High Resolution Brazilian Model (MBAR) is a Brazilian devel-
opment of the High Resolution Model (HRM). MBAR forecasts of me-
teorological data of horizontal winds, potential temperature and spe-
cific humidity are used as forcing fields for METRAS. MBAR is a limited
area, finite difference, hydrostatic, primitive equation high resolution
regional model whose domain covers most of South America (http://
www.inmet.gov.br/vime/). MBAR was developed by Deutscher
Wetterdienst (DWD), the German Meteorological Service and was

Fig. 1. Different landuse classes (a) and orography (b) of the model domain in the Brazil region.
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implemented at the National Institute of Meteorology (INMET). MBAR
needs initial and boundary conditions from a global model. DWD de-
veloped an operational global numerical weather prediction model,
named German Global Model (GME), based on an almost uniform ico-
sahedral-hexagonal grid. The MBAR model initial state and lateral
boundary values are adapted from the analysis of GME. DWD provides
the analyses and forecasts of GME on all 60 model levels and seven soil
layers at a horizontal resolution of 30 km up to 78–120 h at 3-hourly
intervals, based on the initial states for 00 and 12 UTC (Majewski et al.,
2010).

The horizontal resolution of MBAR is 7 km. Hourly MBAR forecast
data of wind, temperature and specific humidity are used as initial and
lateral forcing for METRAS. The model METRAS has been run for about
6 days and 8 h. The model was run from 20:00 BRT, 15 December 2010,
to 21 December 2010. The first day simulations will be considered for
the spin up time of the model. The model METRAS has been setup for a
Brazil domain with 1 km horizontal resolution. The model domain
consists of 157 km by 174 km horizontal and 34 non-homogeneous
vertical grid levels. In this simulation sea surface temperatures are
obtained from the December 2010 mean of observation in the global
ocean sea surface temperature data (HadISST1.1) developed by Rayner
et al. (2003). The boundary conditions used in METRAS are as follows.
For the lower boundary conditions of wind (u, v, w), fixed values (i.e.
zero) were prescribed. Large-scale values are prescribed at the upper
boundary using absorbing layers below. The lateral boundary condi-
tions for the boundary normal wind components are calculated as far as
possible from the prognostic equations, for the boundary parallel wind
components a gradient of zero is assumed. Close to the lateral and
upper boundaries a nudging term is added to the equations to ensure
that wind, temperature and humidity can be nudged towards the for-
cing values of the coarser model (in this case MBAR).

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

For the passive tracers at the lower boundary the flux at the
boundary is calculated from a deposition velocity. However, this is set
to zero in this study (see equation (1)). At the upper and lateral
boundaries, zero gradients are used for the passive tracers. The

boundary conditions are the same for all tracers.

2.4. Observations

Field work was carried out in December 2010. The experimental
procedure follows the simple Lagrangian approach. In this method, the
forest emission is calculated as the difference between the measured the
concentration upwind and downwind of the forest. The site before the
forest is called upwind. The site situated after the wind passed through
the forest region is called downwind. Air samples were collected at
upwind and downwind locations from the mangroves. The sample vo-
lume is 1L, a brief description of the configuration and validation of the
sampling analysis for mixing ratios, isotopic determination is given by
(Bahlmann et al., 2011), in which they have discussed the total sam-
pling system. Samples were collected in Brazil and analysed in the la-
boratory by purge and trap gas chromatography with dry electrolytic
conductivity detection (P&T-GCDELCD). However, only one day of
quality assured samples for CH3Cl and CH2Cl2 was valid from the field
work due to problems in the sampling process. The concentartions of
measured CH3Cl(CH2Cl2) at the downwind and upwind locations are
1451 pptv (216 pptv) and 707 pptv (38 pptv), respectively. The number
of samples in this study is not expected to impact the derived emission
functions due to the very long life time of the compounds in the at-
mosphere.

3. Results and discussion

METRAS has been run with a constant emission function and a time
dependent emission function, which depends on humidity. The emis-
sions simulated in METRAS for the mangrove source regions and
emission functions are shown in Fig. 2. The time dependent emissions
are liner correlated with relative humidity from pollen measurement
data. We have assumed that the mangroves do react with temperature
and humidity and applied the same relation for this study. We used
these different emissions functions with different realization of me-
teorology to understand the role of these on concentration. For the
mangrove source region, the time dependent emission functions of
CH3Cl (Fig. 2a) and CH2Cl2 (Fig. 2b), do show diurnal variation for
METRAS (nudge) and METRAS (unnudge) meteorology case (denoted n
or un). The constant emission functions are the same for the nudged
meteorology case and unnudged meteorology case study. It can also be
seen that emissions are higher during the daytime than the night-time
as linearly correlated with humidity.

To quantify emissions, model studies are performed that are nor-
malized with the measured data to achieve a reliable value for the

Fig. 2. Emission of chloromethane and dichloromethane for (a, b) mangrove forest source. T3n and T4n are for constant, time dependent emission function for nudge case.
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emissions. However, measurements are rare and the commonly used
method of a Lagrange approach is strictly valid only for homogeneous
and stationary conditions. In the next section, we explain the scale
factors derived from observations and models.

3.1. Scale factors for model emissions from observations

Different modelling studies have found that it is necessary to apply
scaling factors to increase the aerosol emissions from sources to gain
realistic mass concentrations (Kaiser et al., 2012; Marlier et al., 2013;
Kolusu et al., 2015). Two emission functions are used: a constant
emission function and a time dependent emission function where
emission depends on humidity. The humidity-dependent emission
function was originally obtained for pollen emissions and determined
for the area of Lübeck by Schueler and Schlünzen (2006) but may be
used for any passive (non–reactive) tracer. Both emission functions
describe an assumed time dependence which even if it may not re-
present the true emission function can be used to study the possible
impact of variable emission functions on concentrations. The magni-
tude of the emissions are scaled to achieve CH3Cl and CH2Cl2 emissions
using observational data.

The concentration increment due to emissions is linearly dependent
on the emissions, if no chemical reactions or deposition takes place. For
passive tracer dispersion this is not the case, therefore, the ratios be-
tween concentrations difference to emissions are constant.

Hence, the whole equation (2) can be normalized with the emis-
sions, resulting in the following relation:

=C E constantΔ /Δ (2)

The relation should not only hold for modelled results but also for
measured data, thus for emissions based on the measured data one
receives:

=C E C EΔ /Δ Δ /ΔObs Obs Model Model (3)

In equation (3) ΔCObs and ΔCModel are the measured and modelled
concentration gradients of CH3Cl, CH2Cl2 during the observational time
interval, respectively. ΔEModel is the model emission of the source region
in the simulation during the observational time interval. Therefore, the
measurement based emission (named ΔEObs here) can be calculated as
follows:

=E C E CΔ Δ . Δ /ΔObs Obs Model Model (4)

The ΔCObs is calculated as the concentration difference between

upwind and downwind at the measurement sites. ΔCModel is the model
simulated concentration difference between upwind and downwind at
the measurement sites. ΔEModel is used for the corresponding measure-
ment time interval for quantifying the CH3Cl, CH2Cl2 emissions. In
order to understand the impact of emission functions on concentration,
the model concentrations were scaled such that the total emission (for
the whole integration) for the time dependent emission function and
constant emission function should be same. Based on this assumption
scaling factors were calculated and these scaling factors (Kolusu, 2013)
were then used to scale the simulated concentrations. Hence, one can
compare, after normalization, the model simulated concentrations with
different emission functions. In order to understand the role of me-
teorology on measured concentrations, two experiments were con-
ducted with the mesoscale atmospheric model. The first experiment is
METRAS, run without forcing, the second experiment is METRAS with
forcing from MBAR data, both runs containing 6 different passive tra-
cers (for different emission functions). Here, we presented the results
for two tracers (T3,T4) for mangrove emissions.

Another uncertainty in the determination of emissions from con-
centrations is the form of the emission function. If emissions were
merely constant with time, the measured concentrations might differ
from those that were measured, such as with a time dependent emission
function. However, the actual behaviour of the plants is more-or-less
unknown. Therefore, both meteorological studies were performed for
two types of emissions a constant one and a time dependent one.

3.2. Impact of meteorology on concentrations of CH3Cl, CH2Cl2 in a coastal
mangroves forest area

This study used the Lagrangian approach for measurement. The
wind direction shows north easterly winds during the observations
time. Fig. 3 gives the measured concentrations and model simulated
meteorological conditions at the sampling time. Model simulated wind
is mostly north easterly (Fig. 3b) before and after the sampling time. A
wind shift could be observed at night-time only. Thus the selected up-
wind and downwind locations were more suitable for the air sample
collections.

In air pollution studies the concentration changes are mainly de-
pendent on the meteorological factors such as dispersion, transport and
winds in the atmospheric boundary layer. The distinction between
meteorological factors and emission functions is still incomplete, i.e. to
which extent meteorlogy and emission functions impact on the

Fig. 3. Measured CH3Cl concentrations(black), stable carbon isotope ratios (black) and CH2Cl2 (blue) concentrations (pptv) (a), meteorological conditions simulated with METRAS (b) for
17.12.2010 in the forest region. Every 3rd vector is shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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concentration distribution. Hence, dispersion of passive tracers is stu-
died using the mesoscale model METRAS with two different experi-
ments. One is METRAS with forcing (nudge meteorology case) and
METRAS without forcing (unnudge meteorology case). Fig. 4 shows the
concentration transport during day (b, d) and night (a, c) time for the
nudge and unnudge meteorology cases. The scaled concentrations of
CH3Cl (pptv) and CH2Cl2 (pptv) are shown in Figs. 4 and 5. Model si-
mulated concentrations of the nudge meteorology case are in the range
of the measurement data. The unnudge meteorology case concentra-
tions are very high in comparison to the measurement due to large
winds. The concentrations are transported with the model simulated
wind flow. Higher concentrations at night can be seen in both the cases.
It is also noted that higher concentrations occur in the unnudge me-
teorology case compared to the nudge meteorology case. This differ-
ence in concentration is due to the change in meteorology in both the
cases.

Figs. 6 and 7 show the concentration gradient of CH3Cl, CH2Cl2 in
the mangrove forest region calculated from the model simulation. The
gradient is calculated as the concentrations difference between down-
wind and upwind positions in the mangrove forest after scaling model
concentrations, which is denoted as G in the Figures. This gradient gives
the mangrove forest contribution of CH3Cl, CH2Cl2. The diurnal cycle of
CH3Cl, CH2Cl2 gradients calculated from the nudge and unnudge me-
teorology case model simulations were studied to understand the im-
pact of meteorology on the concentrations. The diurnal cycles of CH3Cl,
CH2Cl2 gradient vary similarly for both the tracers but the magnitude
differs. The gradient of CH3Cl, CH2Cl2 are slightly varying during

nighttime in the nudge meteorology case. In the unnudge meteorology
case, higher differences of the gradients are seen between the night and
daytime. Higher difference in the gradient of CH3Cl and CH2Cl2 is no-
ticed on 17th, 18th, 19th, and 21st December 2010 in the unnudge
meteorology case. These higher differences in the two different me-
teorology simulations suggest that meteorology is playing a role in the
concentrations at the coastal mangrove forest on the constant emission
functions. The ratio of gradient of CH3Cl and CH2Cl2 concentration for
unnudge and nudge meteorology suggests that the unnudge meteor-
ology case gradients are about 10 times higher than the nudge me-
teorology case except for the 21st December. On 21st December about
30 times higher concentration gradients are seen in the unnudge me-
teorology case for constant emission functions.

In order to determine the constant emission function from mea-
surements, we need to have observations of CH3Cl, CH2Cl2 con-
tinuously during the night and the daytime. Hence, it has been con-
cluded that it is impossible to determine the constant emission
functions using the limited measured data from the coastal mangroves
forest, Brazil region. Although, our study aims to understand the impact
of meteorology on the concentration distribution. In order to quantify
the role of meteorology in concentrations, the concentrations simulated
by METRAS were normalized using equation (5) for the constant
emission function:

⎜ ⎟=⎛
⎝

− ⎞
⎠

∗Norm con T un z x y t T n z x y t
max T un z x y t T n z x y t

. . ( 3 ( , , , ) 3 ( , , , )
( 3 ( , , , ); 3 ( , , , ))

100
(5)

Fig. 4. CH3Cl scaled concentrations and wind pattern at 20 m above the ground (a), (b) nudge meteorology case at night, day and (c), (d) unnudge meteorology case at night, day for
17.12.2010 with constant emission functions. Every 10th vector is shown.
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Fig. 5. CH2Cl2 scaled concentrations and wind pattern at 20 m above the ground (a), (b) nudge meteorology case at night, day and (c), (d) unnudge meteorology case at night, day for
17.12.2010 with constant emission functions. Every 10th vector is shown.

Fig. 6. Mangrove contribution of CH3Cl constant emission functions for nudge (T3n), unnudge (T3un) meteorology case for different days. Note that 21.12.2010 is not for 24 h.
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Here T3un(z,x,y,t) denotes the scaled concentration simulated by un-
nudge meteorology using constant emission function. Similarly, T3n
(z,x,y,t) is for the nudge meteorology case.

Equation (5) is also used for the CH2Cl2 tracer. Fig. 8 shows the
normalized concentrations of CH3Cl, CH2Cl2 for 17.12.2010 (a, c) at
02:30 and for 19.12.2010 (b, d) at 4:15. The normalized concentration
values are zero along the coast for a few hours about 9:00 to 12:00 and
thereafter increased significantly on 20th December 2010 for CH3Cl
and CH2Cl2. The normalized concentrations of CH3Cl, CH2Cl2 are in the
magnitude of about +50% to −50% seen in the time series over the
coastal mangrove region for most of the simulation. Hence, the quan-
tified role of meteorology in the CH3Cl and CH2Cl2 concentrations for
constant emission function was about± 50% in the mangrove forest

region.

3.3. Impact of time dependent emission functions on concentrations

The scaled CH3Cl and CH2Cl2 concentrations are shown in Figs. 9
and 10 for the nighttime and daytime. Like the concentrations emitted
from the constant emission functions, concentrations simulated by the
time dependent emission functions also show similar patterns in the
nudge and unnudge meteorology case. Higher concentrations are seen
for both tracers during the night due to stable stratification in the at-
mosphere. The stable stratification discourages vertical transport of the
tracers in the atmosphere leading to an accumulation of emitted com-
pounds. This stability impact is larger than the impacts of the increased

Fig. 7. Mangrove contribution of CH2Cl2 constant emission functions for nudge (T3n), unnudge (T3un) meteorology case for different days. Note that 21.12.2010 is not for 24 h.

Fig. 8. Normalized concentrations difference of nudge and
unnudge meteorology case for day 2 and day 4 for CH3Cl (a,
b) and for CH2Cl2 (c, d).
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emissions during the daytime.
The magnitude of CH3Cl and CH2Cl2 concentrations in the nudge

meteorology case is within the observed data range. However, the
magnitudes in the nudge meteorology case also vary substantially
during the night with a magnitude about 3000 pptv due to meteorology
changes. In the unnudge meteorology case the concentrations of CH3Cl
and CH2Cl2 are mostly trapped in the coastal mangrove region due to
lower wind speeds simulated in the model. Unlike the unnudge me-
teorology case, the concentrations are more dispersed in the nudge
meteorology case due to higher wind speed in the coastal mangrove
region.

The diurnal cycle of concentration gradients of CH3Cl is shown in
Fig. 11. The concentration gradients of CH3Cl are in the nudge me-
teorology case mostly constant during the day but slightly vary in the
night. Unlike the nudge meteorology case the gradient of CH3Cl diurnal
cycle differ between night and day highly on 17th, 18th, 20th and 21st
December in the unnudge meteorology case. There is a higher magni-
tude of gradient on 21st noted in the unnudge meteorology case, due to
changes of the meteorology after 5 days simulations.

A similar pattern of diurnal variation of CH3Cl (CH2Cl2 not shown)
concentration gradients are found for the time dependent emission
function and constant emission function in the nudge and unnudge
meteorology cases. The only difference is the magnitude for both types
of emission functions. This suggests that the type of emission functions
likely does not have the largest impact on concentration. The ratios of
CH3Cl and CH2Cl2 concentration gradients from the unnudge meteor-
ology case to the nudge meteorology case are: about 20 times on the

16th December; −10 to 10 times on the 17th.December; and slight
variations are found on the 18th and 20th December 2010.

Equation (5) is also applied for the concentration simulated using
time dependent emission functions also. Fig. 12 shows the normalized
CH3Cl (a, b) and CH2Cl2 concentration (c, d) for different days. The
normalized model simulated concentrations of CH3Cl, CH2Cl2 using
time dependent emission functions are in the range of about± 50
percent. Mostly, the normalized concentration calculated is +50 per-
cent in the model whole simulations for CH3Cl and CH2Cl2 in the
coastal mangrove region. Hence, meteorology plays the same role on
the concentrations given different types of emission functions.

3.4. Role of meteorlogy on constant and time dependency emission functions

To understand the role of both meteorology and time dependent
emission functions, different combinations of frequency distributions
were calculated. Such as one frequency distribution with different
meteorology and constant emission functions. Another one with con-
stant emission functions with different meteorology. Fig. 13 shows the
differences in distribution of CH3Cl (a, c) and CH2Cl2 (b, d). The x-axis
denotes the concentration difference between unnudge and nudge
meteorology case in pptv. The y-axes represent the number of grid
points in percent. The total number of grid points was calculated as the
product of total number of grid points in the south-north-direction
(176), in the west-east-direction (159) and time (526 output intervals)
at the 10 m model level.

Frequency distributions of CH3Cl and CH2Cl2 show the distribution

Fig. 9. CH3Cl scaled concentrations and wind pattern at 20 m above the ground (a), (b) nudge meteorology case at night, day and (b), (d) unnudge meteorology case at night and day for
17.12.2010 with time dependent emission functions. Every 10th vector is shown.
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Fig. 10. CH2Cl2 scaled concentrations and wind pattern at 20 m above the ground (a), (b) nudge meteorology case at night, day and (b), (d) unnudge meteorology case at night, day for
17.1210 with time dependent emission functions. Every 10th vector is shown.

Fig. 11. Concentration gradients of CH3Cl for time dependent emission function for different days. Note that 21.12.2010 is not for 24 h.
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is mostly positively skewed. More grid points show higher values in the
unnudge meteorology case, so the concentrations are higher. The ma-
jority of grid points yield CH3Cl concentration difference estimates
within±2000 pptv for constant and time dependent emission

functions. In the case of CH2Cl2 the concentration difference is
about± 1000 pptv. Thus, the frequency distribution plot suggests that
the impact of meteorology on concentrations is high.

Similarly, the frequency distributions of the differences between

Fig. 12. Normalized concentrations difference of
nudge and unnudge meteorology case for day 2
and day 4 for CH3Cl (a, b) and for CH2Cl2 (c, d)
for time dependent emission function concentra-
tions.

Fig. 13. Frequency distribution of CH3Cl, CH2Cl2
for constant emission functions (a, b) and for time
dependent emission functions (c, d).
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concentration gradients of the nudge and unnudge meteorology cases
were studied for the different emission functions. The frequency dis-
tribution of the differences in concentration gradients also reveals large
differences due to meteorology changes (Figures not shown). The CH3Cl
concentration gradient difference extends from about −4500 pptv to
5000 pptv for constant and time dependent emission functions at the
coastal mangrove region. In the case of CH2Cl2, the differences in
concentration gradients are smaller, varying between −500 pptv to
1000 pptv for both types of emission functions. The wide distributions
in the concentration gradient difference also support that meteorology
has a large impact on the concentrations measureable over the coastal
mangrove region.

Table 1 shows that the 1st, 5th, 50th, 95th, 99th percentiles of
concentration differences (unnudge and nudge meteorology cases) of
CH3Cl, CH2Cl2 for the constant emission function (T3CH3Cl, T3CH2Cl2)
and for time dependent emission functions (T4CH3Cl, T4CH2Cl2).
Higher values of the 99th percentile of the data suggests that large
differences in the concentrations are due to meteorology changes.

The analyses performed before by comparing results with the same
emissions but different meteorology is now repeated for the same me-
teorology but different emission functions. Fig. 14 shows the frequency
distribution of CH3Cl, CH2Cl2 concentration difference of different
emission function but same meteorology case. The frequency distribu-
tion shows that most of the grid points are in the 0 pptv concentration
bin. Unlike in the different meteorology but same emission functions

case, only few grid points show the concentration difference about less
than 400 pptv in the constant meteorology but different emission
function case. This suggests that the type of emission functions with
same meteorology does not have more influence in the concentrations
in the coastal mangrove region.

The same frequency distribution is also calculated for the gradient
concentration differences. The gradient figures are not shown but re-
veal the same results for the mangrove emission of CH3Cl, CH2Cl2.

The percentiles of concentration difference for constant meteor-
ology but different emission functions is shown in Table 2. Table 2
supports the results of less difference in concentrations with the same
meteorology. The 99th percentiles data of Table 1 is higher compared
with data in Table 2. Hence, it has been concluded that, meteorology
has shown more influence on the concentration than the little influence
of different emission functions in the coastal mangrove region.

3.5. Determination of CH3Cl and CH2Cl2 emissions from mangroves

Field measurements were conducted in the coastal mangrove forest
in order contribute to the estimate of CH3Cl and CH2Cl2 emissions from
coastal mangrove forests. We employ a bottom-up approach in which
detailed information about the small scale is aggregated and up-scaled
to the larger scale. Therefore by determining the emission from a
coastal mangrove forest we can extrapolate the local measurements to
the global scale by multiplying the unit area flux with an estimated

Table 1
Percentiles of concentration difference of unnudge and nudge meteorology case for CH3Cl
and CH2Cl2 in pptv.

Percentiles 1 5 50 95 99

T3CH3Cl −1748 −598 204 3236 7528
T4CH3Cl −1165 −413 179 2830 6423
T3CH2Cl2 −418 −143 48 774 1801
T4CH2Cl2 −278 −98 42 677 1536

Fig. 14. Frequency distribution of
Chloromethane, CH2Cl2 concentration difference
of different emission function with constant me-
teorology.

Table 2
Percentiles of concentration difference between different emission functions for CH3Cl
and CH2Cl2 in pptv.

Percentiles 1 5 50 95 99

T4n-T3nCH3Cl −2005 −788 −0.8 102 357
T4un-T3unCH3Cl −4000 −1300 0 303 112
T4n-T3nCH2Cl2 −479 −188 0 24 85
T4un-T3unCH2Cl2 −957 −311 0 72 266
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global mangrove area. This bottom-up approach is also commonly used
in emission inventories for anthropogenic emissions. We present the up-
scaled emission of CH3Cl, CH2Cl2 using the model results and ob-
servations in the mangrove forest region. From equation (4) one can
calculate the measured emission using the ratio of concentartion dif-
ferences between upwind and downwind from the model to the ob-
served values. The local emissions are represented as gram per square
meter per second for different passive tracers. These scaled local
emissions were then used to upscale to global emissions of mangroves.

The global mangrove area is slightly reduced at present (Giri et al.,
2011) compared to the previous study by Duarte et al. (2005). Manley
et al. (2007) used laboratory measurements of a single grown mangrove
in a green house experiment data to up-scale the CH3Cl contribution.
Using a global area of 2 × 105 km2, they estimated a CH3Cl emission of
12 Gg yr−1. In the present study the average CH3Cl global mangrove
emission using different emission functions and with different meteor-
ology yielded 4–7 Gg yr−1 and 6–10 Gg yr−1 for the updated mangrove
area and the previously quantified area, respectively (Table 3).

Our estimated values are thus lower to slightly lower than the la-
boratory measurements by Manley et al. (2007). This suggests that we
estimate a little less emission than the laboratory study. Using the
CH3Cl global sink strength of 4106 Gg yr−1 (WMO, 2010), the esti-
mated range of mangrove production in the present study is 0.2 percent
to 0.3 percent (global mangrove area of 2 × 105 km2). The estimated
range of mangrove production is 0.1 percent to 0.2 percent assuming a
newly available global mangrove area of 1.3776 × 105 km2. The ob-
servational error in the concentration is about± 9 percent. The max-
imum observational error in the mangrove emission is about± 18
percent using the gradient method.

The estimated CH2Cl2 global mangrove contribution is in the range
of 1–2 Gg yr−1 using the updated mangrove area 2–3 Gg yr−1 for the
older estimate for mangrove areas. We do not have any other observed
values of CH2Cl2 emission from mangroves from the literature. It has
been concluded that mangroves emit CH2Cl2 as well. Since the value for
CH3Cl is a reasonable range one might assume that this new value for
CH2Cl2 might also be reliable. The estimated annual emission of CH2Cl2
from the industrial sources, biomass burning and oceans is
604 ± 251 Gg yr−1 (Keene, 1999). Similarly Xiao (2008) estimated
annual emission of CH2Cl2 at 629 ± 44 Gg yr−1. Based on the present
study the mangroves contribute 0.03 percent of CH2Cl2 in the global
emission budget.

4. Conclusion

This study presents the first field measurements from the tropical
Braganca mangrove ecosystem. We also study the transport of con-
centrations of CH3Cl, CH2Cl2 across the mangrove source region. A
simple Lagrangian approach has been used in this study. This approach
may since be recommended for field studies in the forest region if the
observations are intended to collect continuously.

We also present the impact of meteorology on the dispersion of

halocarbons represented as passive tracers. In order to understand the
impact of meteorology on concentrations, we conducted two experi-
ments with the METRAS mesoscale model. One experiment is METRAS
driven by the large-scale forcing of the MBAR model (nudge meteor-
ology case). Another simulation is without any large-scale forcing
(unnudge meteorology case) of meteorology in METRAS. The model
simulated concentrations are then normalized using the observed CH3Cl
and CH2Cl2 concentration in the mangrove forest region.

The concentration difference between upwind and downwind is 744
pptv for CH3Cl. In the case of CH2Cl2 the difference is 178 pptv. The
calculated concentration gradient is 93 pptv per km for CH3Cl. In the
case of CH2Cl2 the concentration gradient is 22 pptv per km from the
mangrove forest. The calculated gradient and concentration difference
may suggest that mangroves emit CH3Cl as well as CH2Cl2.

In the case of the mangrove source region, meteorology has shown a
larger impact on concentrations than the different emission functions
used in METRAS. Emission functions do show a little influence in the
concentrations.

The combination of measured air concentrations and simulated
tracer transport with different types of emission functions allows the
calculation of CH3Cl and CH2Cl2 emissions and, thus, an estimation of
the source strength from mangrove forests.

The mean annual emission of CH3Cl, CH2Cl2 using different emis-
sion functions with different meteorology are 6–10 Gg yr−1 for CH3Cl
and 2–3 Gg yr−1 for CH2Cl2 using the larger mangrove area as used in
previous estimates.
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