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Abstract

Atmospheric  sulfur  deposition  above certain  limits  can  represent  a  threat  to  tropical  forests, 

causing nutrient imbalances and mobilizing toxic elements that impact biodiversity and forest 

productivity.  Atmospheric  sources  of  sulfur  deposited  by  precipitation  have  been  roughly 

identified in only a few lowland tropical forests. Even scarcer are these type of studies in tropical 

mountain  forests,  many  of  them  megadiversity  hotspots  and  especially  vulnerable  to  acidic 

deposition. Here, the topographic complexity and related streamflow conditions affect the origin, 

type,  and  intensity  of  deposition.  Furthermore,  in  regions  with  a  variety  of  natural  and 

anthropogenic  sulfur  sources,  like active  volcanoes  and biomass-burning,  no source-emission 

data has been used for determining the contribution of each of them to the deposition. The main 

goal of the current study is to evaluate sulfate (SO4
-) deposition by rain and occult precipitation at 

two topographic locations in a tropical mountain forest of southern Ecuador, and to trace back the 

deposition  to  possible  emission  sources  applying  back  trajectory  modeling.  To  link  upwind 

natural (volcanic) and anthropogenic (urban/industrial and biomass-burning) sulfur emissions and 

observed sulfate deposition, we employed state of the art inventory and satellite data, including 

volcanic  passive  degassing  as  well.  We  conclude  that  biomass-burning  sources  generally 

dominate  sulfate  deposition  at  the  evaluated  sites.  Minor  sulfate  transport  occurs  during  the 

shifting of the predominant winds to the north and west.  Occult precipitation sulfate deposition 

and  likely  rain  sulfate  deposition  are  mainly  linked  to  biomass-burning  emissions  from the 

Amazon lowlands. Volcanic and anthropogenic emissions from the north and west contribute to 

occult precipitation sulfate deposition at the mountain crest  Cerro del Consuelo meteorological 
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station and to rain-deposited sulfate at the upriver mountain-pass El Tiro meteorological station.

 1 Introduction

Sulfur enters the atmosphere principally as sulfur dioxide (SO2), an air pollutant with a lifetime of 

about  one  to  two  days,  before  it  is  normally  deposited  or  oxidized  to  sulfate  (SO 4
-).  After 

oxidation, lifetime increases to three or more days, depending on the state of the atmosphere and 

the injection height. Because of its longer life time, sulfate can be spread over greater distances.  

In high concentrations, sulfate decreases the pH of precipitation to levels that represent a threat to 

health  and  ecosystems.  This  phenomenon  called  “acid  rain”  was  discussed  in  the  past, 

particularly in the industrialized countries of Europe and North America where adverse effects 

were found to be more serious for health than for ecosystems (Menz and Seip, 2004).

In tropical  ecosystems, only a few studies are available  despite  the fact that  they are mostly 

characterized by an interference-prone biogeochemical cycle and nutrient limitation (Elser et al., 

2007; Wullaert et al., 2010), and hence particularly sensitive to acid deposition (Boy et al., 2008; 

Delmelle et al., 2002). Kuylenstierna et al. (2001), for example, revealed that acidification from 

atmospheric  sulfur  could  represent  a  threat  to  tropical  ecosystems  in  developing  countries. 

Acidification of soils due to persistent increase in sulfate inputs could lead to nutrient imbalances 

and changes in ecosystem diversity and productivity (Greaver et al., 2012; Phoenix et al., 2006). 

It can also mobilize many potentially toxic elements that promote soil degradation and erosion in 

some areas. Acid and toxic elements can leach out of the soil by rain and go into ground waters 

and  nearby  water-bodies  (Ljung  et  al.,  2009).   Considering  these  adverse  effects  of  acidic 

deposition in land ecosystems, serious impacts can be expected, especially in highly biodiverse 

and disturbance-sensitive forest ecosystems. The latter becomes much more likely if we add that 

emissions and related deposition in developing countries are rapidly increasing, and that 50–80% 

of the fraction of deposition on land falls  on natural  vegetation and not close to the sources 

(Dentener et al., 2006).

Regarding the sources of deposition, SO2 is emitted from different natural and anthropogenic 

processes. Volcanoes are considered the most important natural sources representing around 26-

35% of total global emissions (Graf et al., 1997; Stevenson et al.,  2003). The most important 

anthropogenic sources are  fossil  fuel combustion from energy production,  transportation,  and 
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industrial  activity  in big cities and their  hinterlands,  and biomass-burning from deforestation, 

land clearing, and bush fires (Lee et al., 2011; Smith et al., 2011). The contribution of each to the 

total SO2 emissions may vary in accordance to the region and its development state (industrial or 

industrializing countries). However, in some tropical regions (e.g. Ecuador) volcanic emissions 

and biomass-burning might contribute larger amounts in consequence of the density of active 

volcanoes  (Carn  et  al.,  2008)  and  an  accelerated  land  use  change  mostly  characterized  by 

deforestation to gain arable land (Crutzen and Andreae, 1990; Rudel et al., 2005).

On a local to regional scale,  detailed knowledge on pollutant  deposition from rain and cloud 

water  in  specific  regions,  its  sources,  and its  smaller-scale  spatial  variability,  particularly  in 

complex terrain as that of the Andes, is still scarce. To date, only few studies on atmospheric  

acidic deposition exist for tropical ecosystems and those including a characterization of source 

emissions are very rare.

Precipitation chemistry surveys in some montane but mainly lowland tropical forests of Costa 

Rica, Venezuela, Puerto Rico, Cameroon, and Brazil have characterized nutrient and pollutant 

deposition by analyzing ionic concentrations, among others sulfate, and in situ meteorological 

parameters. In Venezuela and Cameroon, Morales et al. (1998) and Sigha-Nkamdjou et al. (2003) 

indicated the relative importance of local sources, such as biogenic sulfur oxidation by swamps 

and  lakes,  to  sulfate  deposition.  However,  industrial  emissions  were  indicated  as  the  most 

important source of sulfate deposition in Venezuela. The opposite was found by Eklund et al. 

(1997) and Gordon et al. (1994) in Costa Rica and Puerto Rico, respectively, where no significant 

pollution footprints where found in the samples of the two studied tropical mountain forests. The 

same was noticed by Pauliquevis et al. (2012) in the central Amazon of Brazil, where high sulfate 

loads in rain water likely stem from the oxidation of sulfur compounds from the Atlantic Ocean. 

In areas with an important number of active volcanoes like Indonesia, Costa Rica, and Nicaragua, 

volcanic emissions were given special attention as contributors of acidic sulfate deposition in the 

surrounding areas and downwind of the emitting craters (Delmelle et al., 2001, 2002; Langmann 

and Graf, 2003; Pfeffer et al., 2006). For Central Africa and tropical South America, however, 

emissions from burning forests, savannas, and agricultural fields were claimed as the principal 

source of atmospheric pollution (Hansen et al., 2013; Rissler et al., 2006; van der Werf et al.,  

2010) and reactive sulfur deposition in the downwind regions (Diehl et al., 2012; Fabian et al., 

2005).
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With regard  to  the  megadiverse  tropical  mountain  rainforest  in  the south-eastern  Ecuadorian 

Andes (Bendix and Beck, 2009), biomass-burning in the Amazon has been hitherto identified as 

the principal  source of atmospheric  sulfate  deposition (Beiderwieden et  al.,  2005; Boy et  al., 

2008;  Fabian  et  al.,  2005,  2009;  Rollenbeck  et  al.,  2011).  However,  volcanic  and  biomass-

burning emissions were included by roughly estimated data. Given the dense concentration of 

active volcanoes in Ecuador, where as much as 95% of emissions can stem from non eruptive 

degassing, and considering the difference in emissions between burned areas depending on land 

use type, it is of utmost importance to include data on source emissions as accurately as possible 

to  characterize  air-mass  pollution  history  leading to  the  deposition.  Furthermore,  preliminary 

work on nitrogen deposition has shown that crest areas considerably differ in their behavior from 

valley sites (Makowski Giannoni et al., 2013). Hence, a comprehensive deposition analysis must 

not  only  investigate  sinks  and source  intensities  but  should  also  study different  topographic 

positions.

Consequently,  the main aim of the current study is (1) to determine sulfate deposition at two 

different topographic positions in the mountain rain forest of southern Ecuador and (2) to trace 

back  the  deposition  to  different  natural  and  anthropogenic  emission  sources  applying  back 

trajectory  modeling.  To  link  the  spatio-temporal  patterns  of  upwind  natural  (volcanoes)  and 

anthropogenic (urban/industrial  and biomass-burning) sulfur emissions to sulfate deposition at 

site, we used the latest state of the art inventories and satellite data, also considering volcanic 

passive degassing. 

 2  Geographical setting

The Reserva Biológica San Francisco (RBSF) (4°00 S and 79°00 W) is located in a remote area 

at the outer edge of the Amazon, on the eastern slopes of the South Ecuadorian Andes, between 

the humid Amazon plains and the dryer interandean valleys. The RBSF lies within the small San 

Francisco River catchment between the capital cities of Loja and Zamora (Fig. 1). The protected 

forest  and  the  pastures  outside  of  the  reserve  have  been  subject  of  investigations  from two 

successive multidisciplinary  research groups funded by the German Research Council  (DFG) 

since 2002 (Beck et  al.,  2008;  Bendix  et  al.,  2013).  The terrain  height  of  the area  is  lower 

compared to the northern and southern Andes and its topography more complex, as the system of 
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few parallel mountain ranges gives way to a net of small valleys and cordilleras (Rollenbeck et 

al., 2011).

There are only a few sources of pollution in the vicinity of the RBSF. The cities of Loja (~214 

855 inhabitants, 10 km to the west; (INEC), 2010) and Zamora (~25 510 inhabitants,  14 km 

south-east; (INEC), 2010) are quite small and without any notable industrial activity. Between 

October  and December,  a  relative  dry season,  slash and burn is  a  common practice  in  local 

pasture  management  which  quite  often  runs  out  of  control,  burning  adjacent  areas  of  forest 

(Bendix et al., 2008b; Curatola Fernández et al., 2013; Hartig and Beck, 2003).

The synoptic winds at the upper levels of the cordillera consist of tropical easterly trades over 

more than 70% of the time. North-easterlies prevail between January and March while south-

easterlies dominate between June and September. The remaining 30% corresponds to westerlies 

and northerlies,  mainly occurring between end October and December (Bendix et  al.,  2008a; 

Emck, 2007). 

Precipitation varies, mainly depending on the migration of the Inter Tropical Convergence Zone 

(ITCZ)  and the  variation  in  the  direction  of  the  tropical  easterlies.  The  associated  humidity 

advection dominates the amount of atmospheric water entering the ecosystem. The total annual 

average of rainfall (rainfall and occult precipitation) range from 1850 to 6300 mm year-1 along 

an altitudinal gradient between 1960 and 3180 m.a.s.l.. Occult precipitation (OP) frequencies of 

up to 85% of the time particularly occur in the more elevated parts of the  research area, when 

warm  and  humid  air  masses  from  the  Amazon  lowlands  hit  the  Andes,  leading  to  intense 

condensation  and  clouds  immersion  (Bendix  et  al.,  2006a,  2006b;  Emck,  2007;  Rollenbeck, 

2010).

 3 Data and methods

In the present study we discuss the variation of sulfate concentration/deposition in precipitation in 

a five year period (2005-2009) at two meteorological Stations (MSs). Higher locations are more 

vulnerable to  higher deposition (Makowski Giannoni et al., 2013), hence the selection of the two 

highest MSs in the RBSF for this study. Because of the strong winds at the locations of sampling, 

we will refer to all type of light precipitation, from wind-driven drizzle down to fog and cloud 

5

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29



droplets as OP. 

For  studying  source-receptor  relationships  we  brought  together  measurements  of  sulfate 

concentrations in rain and OP samples with backtrajectory transport modeling using satellite and 

emission inventories as inputs. The modeling of SO2 transport, hereinafter referred to as “SO2 

transport”, results in SO2 daily concentration values at the target coordinates, which match the 

observation sites. 

The following subsections (3.1-3.2) are devoted to a detailed description of the data and methods 

used. The last subsection (3.2.2) mentions and discusses the techniques employed to unveil the 

relationships between in-situ observations and transport to the observation sites.

 3.1  Data

 3.1.1  Sulfate in rain and OP

We measured rainfall and OP at two MSs: one installed on the highest surrounding peak (Cerro 

del Consuelo, 3180 m.a.s.l.) and the other one on a mountain pass upriver (El Tiro, 2870 m.a.s.l.), 

separating the basin of Loja in the west from the eastern slopes of the Andean mountain range 

(Fig. 1).

The collection of samples was conducted on a weekly basis between 2005 and 2009. Rain was 

sampled  using  UMS-RS  200  polyethylene  rain  samplers  of  20  cm  diameter.  Standard  fog 

collectors (Schemenauer and Cereceda, 1994) were used to sample OP. With a size of 1 x 1 m 

and composed of polypropylene nets with a 2 x 1 mm mesh width, they were set up at 90° with 

respect to the main wind direction and collect all type of deposition, as particles, aerosols, and 

gases (Fabian et al., 2005). 

We did not use wet-only collectors, so dry deposition is likely adding to the total deposition. For 

the fog collectors, Schemenauer et al. (1995) estimated the contribution of dry deposition to the 

total deposition to be less than 5 % for temperate mountain forests of North America. Because of 

the very humid conditions in our study site (high frequency of cloud immersion, around 85 % of 

the time, Bendix et al.  2008a), and the dense vegetation cover, which implies no sources for 

turbulent generation of local aerosol, dry deposition's contribution is most probably irrelevant for 

fog collectors (very probably less than that found by Schemenauer et al., 1995) and rain gauges. 

Considering that one of our goals is to evaluate sulfate inputs into the ecosystem, the catching 
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efficiency  from  collectors  in  relation  to  trees  is  also  an  important  parameter.  For  this 

Schemenauer and Cerceda (1994) found good agreements between collection rates of different 

tree species and the standard fog collectors that we used in this study. For further details on field 

measurement techniques, calibration, and handling of the data the reader is referred to Fabian et 

al. (2005) and Rollenbeck et al. (2007, 2011). On the day of collection, electrical conductivity 

(WTW-LF 90) and pH (Methron 73065/682) of the samples were measured on site. Then, the 

samples were stored deep frozen until chemical analyses were carried out.

Ion chromatography (Dionex DX-210) was used to measure concentrations of sulfate ions in rain 

and OP water. The sulfate ions were taken as proxies of sulfur inputs into the ecosystem. Finally, 

time  series  of  sulfate  volume  weighted  monthly  mean  (VWMM)  concentrations  and  total 

deposition rates in rain and OP water were created for the period 2005-2009.

 3.1.2  SO2 source data

We used three recent emission inventories and one satellite dataset as emission inputs to simulate 

the SO2 transport to our study area: (a) one for anthropogenic emissions  (EDGARv4, Janssens-

Maenhout et al., 2012), (b) one for biomass-burning (GFEDv3, Mu et al., 2011) and (c) one for 

emissions from volcanic degassing and explosive eruptions (Aerocom, Diehl et al., 2012). The 

ozone monitoring instrument (OMI) SO2 data accounts mostly for SO2 emissions from volcanoes, 

including passive degassing, but very strong anthropogenic pollution events are also detected by 

the sensor (Carn et al., 2007, 2008). 

(a)  The  emissions  in  EDGARv4  are  calculated  using  a  technology  based  emission  factor 

approach  which  includes  country-specific  emissions  when these  are  available.  Emissions  are 

allocated spatially on a 0.1 x 0.1 degree grid cells for point, line, and area sources built upon 

geographic datasets such as the location of energy and manufacturing facilities, road networks, 

and population density. In version 4 EDGAR delivers now annual emission estimates from 1970 

to  2008,  which  represents  an  advantage  compared  to  former  static  inventories.  For  more 

information readers may visit the EDGAR website (http://edgar.jrc.ec.europa.eu/index.php).

(b) For biomass-burning SO2 estimates, we used the GFEDv3 inventory. The compilation of this 

inventory was based on a biogeochemical model (CASA-GFED) that approximates fuel loads 

and combustion completeness for each time-step, and burned area data from satellite observations 

(van der Werf et al., 2010). Considering that fires and volcanic eruptions are very often sporadic 
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and transient, the high temporal and spatial resolution appear very advantageous when dealing 

with the variation of emissions in space and time. Some issues which might reduce the regional 

quality are the underestimation of emissions in the tropics because of cloud cover and canopy 

closeness, and gaps in the satellite coverage.

 (c) As part of the Aerocom global emission inventories, a daily-resoluted volcanic SO2 emission 

dataset  was  generated  for  the  time  period  1979-2009  including  all  volcanoes  with  historic 

eruptions listed in the Global Volcanism Program (http://www.volcano.si.edu/). Since volcanic 

emissions  are  in  some  cases  occasional,  the  high  temporal  resolution  of  the  inventory  is 

indispensable for capturing the variability in the emission rates. Emissions for 1167 volcanoes 

considered to be active were compiled. The emissions originating from passive and quiescent 

degassing are also taken into account. The default SO2 estimates are based on the Volcanic Sulfur 

Index (VSI). In cases where data from the total ozone mapping spectrometer (TOMS), OMI or 

the correlation spectrometer (COSPEC) were available the respective values were replaced by 

emissions calculated from these observations. In other cases the default values were replaced by 

more precise estimations from the literature. For more information on the Aerocom volcanic SO2 

inventory  readers  are  referred  to  Diehl  et  al.  (2012)  and  the  Aerocom  website 

(http://aerocom.met.no/emissions.html).

The OMI on board the polar-orbiting AURA satellite is a nadir solar backscatter spectrometer 

with a spatial footprint of 13 x 24 km that spans the earth surface in one day. The instrument's 

UV-2 channel, which is used for the SO2 retrievals, has a mean spectral resolution of 0.45 nm. 

Both, its spatial  and spectral resolution, as well as its daily global coverage allows for a SO2 

retrieval based monitoring of low emission sources like volcanic passive degassing and smelter 

plumes which was not possible with former instruments like TOMS or GOME. OMI SO2 data 

was already successfully applied for daily monitoring of volcanic degassing in Ecuador (Carn et 

al., 2008) and the detection of SO2 emissions from Peruvian copper smelters (Carn et al., 2007). 

Although the OMI instrument cannot distinguish between anthropogenic and volcanic SO2 when 

co-occurring in close vicinity,  Carn et al.  (2007) concluded that anthropogenic sources in the 

coastal plains of Ecuador would only contribute to less than 1% to the total amount measured by 

OMI. In the current study, we used subsets of the OMI data replicating the same geographical  

domain defined by Carn et al. (2008) for Ecuadorian volcanic emissions. The region selected is 

not affected by the South-Atlantic anomaly, an artifact impacting on the retrievals of a big area in 
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central and southern South America (Lee et al., 2011),  which means that OMI retrievals are 

reliable in the selected domain. The concentration retrieved by OMI was assumed to represent 

mainly the Ecuadorian volcanic emission's contribution to the atmospheric SO2 concentrations. 

Given its small geographic domain, the OMI data is set to account for regional emissions from 

Ecuador and southern Colombia.

 3.2  Methods

 3.2.1  Trajectory modeling 

To link potential SO2 source regions with the sulfate concentration measurements in our study 

site, a tool was developed which models the transport of SO2 from upwind sources (biomass-

burning, anthropogenic, and volcanic emissions) to our receptor area. The tool follows the path of 

the trajectories and adds the emission amounts from the pixels that prove spatial and temporal 

coincidence until a target point which corresponds to the coordinates of the RBSF. No chemical 

or  physical  transformations  are  included  in  the  modeling  scheme.  Scavenging  and  rain-out 

processes are accounted for by a decay function integrated into the algorithm. For more details on 

the tool refer to Rollenbeck (2010) and Makowski Giannoni et al. (2013).

 3.2.2  Observation and model data processing and evaluation

To calculate best estimates of precipitation (rain and OP), we used a method similar to the one 

used  in  the  Goddard  Institute  for  Space  Studies  Surface  Temperature  Analysis  (GISTEMP, 

Hansen et al., 2010). Nearby MSs were used to evaluate unrealistic values and to fill-in data gaps 

of the MSs that we used in this study.

Time  series  of  volume-weighted  Conductivity  and  pH  monthly  means  were  compiled  and 

summary statistics as median, median absolute deviation (MAD), and minimum and maximum 

values calculated. For sulfate concentrations in both types of precipitation VWMM were also 

calculated and time-series covering the whole observation period were built. Here we identified 

the time span in which peak values or regular phenomena took place, as well as long term trends.  

All time-series were then compared to check for acidification of the samples when highly loaded 

with sulfate ions.

Additionally, we calculated and analyzed annual mean deposition rates for El Tiro and Cerro del  
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Consuelo MSs to have a measure of sulfate input variability per unit area, which is of importance 

for assessing potential impacts on ecosystems by a Nutrient Manipulation Experiment (NUMEX, 

Homeier et al. 2012).

For source-receptor analysis the daily transport model outputs were first aggregated according to 

the dates of sample collection in the field, in order to achieve comparable values for time-series 

compilation and correlation analysis. We calculated the mean weekly values to compensate for 

irregular  time  intervals  between  collection  of  samples.  We  then  used  these  new  values  to 

calculate SO2 transport monthly averages and to compile transport time-series from the different 

emission sources represented by the emission inventories and satellite data. Before proceeding 

with  statistical  analysis,  all  the  data  was  transformed  to  a  logarithmic  scale  to  approach 

normality. We then carried out a Pearson correlation analysis to test for correlations between field 

observations  (VWMM  sulfate  concentrations)  and  model  outputs  (SO2 transport);  we  used 

VWMM and not deposition values to avoid extra uncertainty added by new variables present in 

the  deposition  calculations.  Finally,  visual  analysis  of  coincidences  between  transport  and 

VWMM  concentration  time-series  was  performed,  taking  into  account  events  which  could 

influence the transport of sulfate and its deposition into our study area.

In addition to the bivariate correlation analysis, we applied a factor analysis with varimax rotation 

to test for variance explanation from groups of variables. 

 4 Results

 4.1  Emission sources and annual deposition

The  highest  precipitation  and  OP   inputs  were  registered  from  April  to  July  at  Cerro  del  

Consuelo MS (Fig.2a), and in February and from April to June, at El Tiro MS (Fig.2b). A short 

dry season took place  between September  and November.  Rain  quantity  varied  significantly 

between dry and wet periods while OP inputs remained quite constant at around 100 mm for both 

MSs over the whole observation period.

The calculated volume-weighted monthly pH values in samples from  Cerro del Consuelo MS 

yielded median values of 5.3 and 5 with a median absolute deviation (MAD) of 0.36 and 0.29 in 

rain and OP, respectively (Tab. 1). The water samples in both types of precipitation input tended 
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to be acidic with some extreme values going as low as 1.86 in OP samples and 3 in rain samples.  

OP sulfate concentration presented a negative, weak but significant correlation with pH values 

(Pearson, r = -0.34, p < 0.05). Conductivity values ranged between 1.4 and 72 S/m, with median 

values of 2.6 and 8.1 S/m in OP and rain, respectively. The bulk of the data ranged, nevertheless, 

between 1.4 and 14.3 S/m. Conductivity is a proxy of ion concentrations in water and thus, high 

conductivity values coincide with episodes of highly ion-loaded rain and OP water droplets.

In samples from El Tiro MS, pH volume-weighted values were in the acidic area of the spectrum 

too, with median values of 5.4 and 4.8 and MAD of 0.51 and 0.37 in rain and OP, respectively  

(Tab. 1). There was a strong negative correlation between sulfate concentration in OP and pH 

(Pearson, r= -0.64, p<0.001), and a weaker one for sulfate concentration in rain (Pearson, r= 

-0.34, p<0.05). Median conductivity values were generally higher when compared to those at 

Cerro del Consuelo MS. They yielded a median of 10.9 and 3.7 S/m in OP and rain, respectively. 

Opposed to what we observed at Cerro del Consuelo MS, conductivity was much higher in OP 

than in rain at El Tiro MS, meaning a strong ion load; values ranged between 1.4 and 110.3 S/m. 

Figure 3 shows the annual sulfate deposition by rain and OP at (a) Cerro del Consuelo and (b) El 

Tiro MSs. The deposition was generally higher for  Cerro del Consuelo MS for both types of 

precipitation.  The only exception was the year 2009 where the OP deposition at  El Tiro MS 

increased significantly in comparison to a decrease at Cerro del Consuelo. The highest amount of 

sulfate  was  deposited  by  rain  in  2007  at  the  Cerro  del  Consuelo MS.  Lowest  burden  was 

observed in  rain samples  from  El Tiro MS in 2009. The figure shows that  El Tiro MS was 

experiencing higher  annual  deposition rates  by OP nearly over all  years,  pointing to  a  more 

advective  environment.  In  contrary,  Cerro  del  Consuelo MS was  characterized  by  changing 

deposition maxima between rain and OP over time.  

A tendency towards lower OP sulfate deposition (light grey bars) was observed in Fig. 3, with an 

upturn  in  2009  for  El  Tiro MS.  Deposition  by  rain  (dark  grey  bars)  was  more  oscillating, 

especially in the quantities deposited at  Cerro del Consuelo MS. A negative tendency in rain 

deposition was clearer since 2008.

Concerning the emisssions, Fig. 4 depicts five year average maps of emissions for every dataset  

used  for  simulating  transport.  From  a  rather  local  perspective,  emissions  from  volcanoes 
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appeared  to  be  intense  mainly  close  to  the  most  active  volcanoes:  Sangay,  Tungurahua and 

Reventador (Fig. 4a). Emissions from big cities only seemed to be evident for the metropolitan 

region  of  Guayaquil  and  Quito,  but  much  seems  contaminated  with  SO2 emissions  from 

volcanoes, which plumes were transported principally to the west and south west and cover part 

of the ocean next to the southern coast of the country. The strong emissions east of Reventador 

most probably have its origin in deforestation activity.  The high emission pixels at the same 

location in the biomass-burning dataset (Fig. 4c) support this argument. 

Figure 4b show volcanic emissions from eruptions and passive degassing. Once again,  Sangay, 

Tungurahua, and Reventador belong to the volcanoes that contribute the most to the emissions in 

Ecuador.  In  Colombia,  Nevado  del  Huila and  Galeras are  the  strongest  SO2 emitters.  For 

biomass-burning, the main region is located in the Brazilian and Bolivian Amazon (Fig. 4c). The 

Venezuelan savanna in the north-east is another important biomass-burning region. The majority 

of potential anthropogenic sources (industrial, urban, and transportation) are located in the north 

of our study area (Fig. 4d). This occurs owing to the extremely scarce significant sources in the 

east and because no air masses arriving to our study area originate and pass over the sources in 

the south.

 4.2  Linking emissions to deposition

 4.2.1  Correlation analyses

A first  test,  using a  cross-correlation  technique,  is  required  to  unveil  the  dependence  of  the 

transport data sets. This is shown in Tab. 2. Only moderate relations for El Tiro and somewhat 

higher correlations for Cerro del Consuelo were revealed by this analysis. As expected, volcanic 

and  anthropogenic  source  concentrations  correlate  well  while  only  low  (partly  negative) 

correlations  between  biomass-burning  and  anthropogenic  and  volcanic  pollutant  transport  is 

visible.  This  means  that  there  is  some  overlap  in  the  data  sets  related  to  volcanic  and 

anthropogenic emissions. The negative correlation between anthropogenic and biomass-burning 

could indicate that their transport depends on changing wind direction (east for biomass-burning, 

north and west for anthropogenic) which means that the anthropogenic sources affecting the area 

are located more in the western and northern sectors.

To connect sinks with sources, correlation analysis between atmospheric SO2 concentration in the 
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pixel representing the location of the observation site, derived by back-trajectory modeling, and 

the measured sulfate concentrations was conducted. Pearson's correlation coefficients calculated 

for sulfate concentration and SO2 transport are presented in Tab. 3. It is observed that, even if 

significant, the correlations between source and sink data are generally low. 

For  Cerro del Consuelo crest site it  is interesting to see that more evident correlations occur 

between OP and volcanic emissions. Because OMI includes volcanic emissions, it  shows the 

second highest correlation coefficient for OP. The link to biomass-burning seems to be generally 

weak at this altitude and topographical location in the cordillera. 

The situation changes for the El Tiro up-valley MS, where the highest correlations occur between 

rain  concentrations  and anthropogenic  sources  and between  OP concentrations  and biomass-

burning sources. 

Even if the correlation coefficients are low, they show interesting tendencies. For  El Tiro  site, 

volcanic and anthropogenic emissions are more clearly related to rain concentrations while the 

opposite is true for biomass-burning, which is more strongly related to OP concentrations. OMI 

shows a mixed behavior because it includes volcanic as well as regional anthropogenic emissions 

as shown in Tab. 2 and Fig. 4. 

Rather low correlation coefficients mean that no unique source can totally explain the oscillations 

in the concentrations. Furthermore, correlation coefficients are blurred because peaks are extreme 

values, which represent scatter. The concentration time-series are a sum curve of all transport 

values. By exploring time-series of sink and transport from sources, the next subsection (4.2.2) 

sheds some light on what groups of transport variables explain the most of the variability in the 

concentration variables.

 4.2.2  Analysis of monthly time-series

Figure 5 shows the time series of SO2 transport (concentrations at the pixels above the study site) 

and  the  respective  sulfate  concentrations  observed  at  the  sites.  We  observed  that  mainly 

depending on emission state and airmass history, emission peaks resulted in concentration peaks 

of different intensity.  One general  finding is that the peak concentrations  in biomass-burning 

transport were ~56 times higher than those of the other sources. Besides this there was a slight  

tendency for increasing emissions from anthropogenic, regional and even volcanic sources in the 
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observation period. At the same time, emissions due to biomass-burning decreased, particularly 

in the last years of the study period (2008, 2009) which is consistent with deforestation statistics 

in Brazil (Hansen et al., 2013; Rodrigues-Ramos et al., 2011; Torres et al., 2010).

Regarding relations between wind direction and the link between sources and sinks it is obvious 

that during easterly airstreams coinciding with the Amazon biomass-burning season from August 

to October (dark grey bars) (Andreae et al., 2004), biomass emission peaks caused concentration 

peaks. Contrary to this, during wind conditions from the northern and western sector (light grey), 

peaks  in  volcanic  activity  and anthropogenic  emissions  in  central/northern  Ecuador  could  be 

clearly related to concentration peaks.

El Tiro MS had higher sulfate loads in fog than in rain. A decrease following the reduction in 

biomass-burning was observed in the OP sulfate concentration time-series from 2007 to 2008 

with a violent upturn  at the end of the biomass-burning season of 2009 (Fig. 5a) for which we 

have not found any explanation yet; this last peak is responsible for the light positive tendency of 

the  curve.  Rain  sulfate  time-series  (Fig.  5b)  presented  a  small  negative  tendency  over  the 

observed period (2005-2009).

In OP, only one peak in the biomass-burning time-series (July 2008) seemed to dominate the 

resulting  concentrations.  Volcanic transport  did not play a role.  In rain,  biomass-burning and 

volcanic transport peaks were both reflected in the  concentration time series,  with a stronger 

coincidence  with  volcanic  emissions.  Anthropogenic  sources  and  rain  water  sulfate 

concentrations showed the same peak coincidences at El Tiro during northerly winds (particularly 

in  2005  and  2008).  However,  volcanic  transport  was  quantitatively  higher  than  that  from 

anthropogenic sources, which means that it likely contributes more to the deposition.

At the uppermost and more exposed  Cerro del Consuelo MS we observe a different situation, 

namely a very small negative tendency in the sulfate concentrations in both OP (Fig. 5a) and rain 

(Fig. 5b). OP sulfate concentrations are also higher than in rain here. In this case, the negative 

trend of the biomass-burning SO2 transport with the highest transport (Fig. 5e) seems to dominate 

the  concentration's  temporal  development  irrespective  of  the  type  of  precipitation.  Biomass-

burning peaks are affecting only rain  concentrations, except for one emission peak in August 

2005, which is affecting both OP and rain  concentrations (this is more or less the same for  El 

Tiro MS).  Interestingly,  volcanic  transport  peaks  (Fig.  5d)  are  mostly  affecting  OP 

concentrations.   This  is  definitely  different  from  El  Tiro MS,  where  no  influence  in  OP 

14

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31



concentrations  was  noticed.  EDGAR  anthropogenic  transport  (Fig.  5f)  is  nonetheless  also 

reflected in OP concentrations, but again here the transport was quantitatively lower.   

Between March and May 2005-2007 a small peak in the biomass-burning SO2 transport time-

series can be seen, which very likely corresponds to the emissions of the Venezuelan savanna's 

biomass-burning  season  as  observed  by  Hamburger  et  al.  (2013).  Apparently,  this  biomass-

burning emission source has no significant resonance in the deposition at our study site. In 2008 

and 2009 the  peaks  almost  disappear,  again  coinciding  with  the  anomalous  biomass-burning 

season these two years (Torres et al., 2010).

 4.2.3  Factor analysis

Table 4 presents the results from factor analysis applied to observational and modeled data. A 

main outcome is that the three first factors explain more than 80% of the variance for both  El 

Tiro and Cerro del Consuelo MSs.

For Cerro del Consuelo MS, the eigenvectors show that biomass-burning SO2 transport (GFED) 

was related to the sulfate concentrations in rain, since both loaded to the factors 2 and 3. The rest 

was more closely related to sulfate concentrations in OP, with loadings to factors 1, 4 and 5. The 

communalities also show that factor 2 was dominated by biomass-burning SO2 (GFED) and rain 

sulfate concentrations. Factor 1 shows important loadings of OP sulfate concentrations and SO2 

transport from all other source datasets (OMI, Aerocom, and EDGAR).

At El Tiro MS, the relationship was inverse; biomass-burning SO2 modeled transport and OP SO2 

concentrations were more closely related, both of them contributing to factor 2. Loadings from 

rain sulfate concentrations and all other source dataset contributed to factor 1, and therefore they 

lied close in the multidimensional space. This is stressed by the communalities, where both the 

variance of OP sulfate  concentrations and biomass-burning SO2 transport contributed mainly to 

factor 2, and rain sulfate concentrations and the SO2 transport from the rest of emission sources to 

factor 1.

 5 Discussion

In  this  study,  we  concerned  ourselves  with  the  identification  of  important  natural  and 
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anthropogenic sources contributing to atmospheric  sulfate  deposition in the tropical  mountain 

forests  of  south-eastern  Ecuador.  Special  attention  was  given  to  the  contribution  of  natural 

volcanic emissions, given that the study site is located in a region with a very high density of 

active volcanoes (Carn et al., 2008). 

Based on fire pixels, emission inventories, and back-trajectories several previous studies (Fabian 

et al., 2005, 2009; Rollenbeck, 2010; Rollenbeck et al., 2006) pin pointed biomass-burning as the 

principal source of atmospheric sulfate. These did not use, however, neither data on explosive 

emissions  nor  passive  degassing,  which  represents  a  considerable  part  of  the  total  volcanic 

emissions  (Carn et  al.,  2008).  Because  of  the latter  argument,  we came to  the  idea  that  the 

contribution of volcanoes to the sulfate deposition in the area could have being underestimated. 

Contrary to what we expected, we found that, quantitatively, volcanic emission sources did not 

play a substantial role, even if they were more important than anthropogenic emissions. Biomass-

burning sources were indeed dominant substantially for two reasons: first, because easterlies are 

strong and constant, which is translated in preponderant airmass-transport from the east (Bendix 

et  al.,  2008b),  where  the  main  biomass-burning region is  located;  second,  because  biomass-

burning emissions in the Brazilian Amazon are strong and the area burned covers a very large 

surface (Giglio et al., 2010; Prins and Menzel, 1992), making it more likely for the emissions to  

be advected. Transport from the north and west occured only for short periods and the sources of  

SO2 did not cover such a big surface as biomass-burning in the Brazilian Amazon did (Fig. 4c). 

However,  no single emission sources explained the variability in the deposition but a sum of 

single contributions, always depending on the type of precipitation and the topographic features 

of the site where samples where gathered.

The  correlation  analysis  between  SO2 transport  and  sulfate  concentrations  resulted  in  some 

significant but not so strong correlations. Furthermore, the comparison of time-series revealed 

that  no  single  transport  curve  completely  matches  neither  OP  nor  rain  concentrations.  The 

different  source-related  transport  curves  coincided  only  in  specific  time-periods  with  the 

concentration curves, producing OP and/or rain deposition depending on the location of the MS. 

This is clarified in the following subsections and a graphical interpretation is given in Fig. 6.

 5.1  Easterly transport

The correlation between  El Tiro MS and biomass-burning transport  was significant  but weak 
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only for OP samples. This relationship was supported by factor analysis.

In the period from August to October, the tropical easterlies still blow strongly and persistently 

and overlap with the occurrence of the biomass-burning season in the Amazon basin.  Sulfur 

emissions,  basically  from the  Brazilian  Amazon,  are  transported towards  the  west  until  they 

encounter  the  first  foothills  and  cordilleras  of  the  Andean  mountain  range,  where  intense 

scavenging of pollutants takes place. The connection to the emissions in the Amazon basin is 

mainly noticed in OP sulfate concentrations from El Tiro MS (dark grey bars in Fig. 5a, e). Here 

concentration  peaks  coincide  with  SO2 transport.  Biomass-burning has  a  mean low injection 

height into the atmosphere (max. 3 km, but only a very thin haze, while the main heating at 850 

hPa represents a mean injection height of 1.5 km, Davidi et  al.,  2009) which means that the 

pollution is  transported in the lower valley upwards with the upvalley winds and hit  the fog 

collectors at El Tiro (2660 m.a.s.l.). 

The same easterly air-masses hit the mountain on which top Cerro del Consuelo MS is located, 

and are adiabatically uplifted producing intense rainfall and OP mainly windward but also on the 

summit. The fog collector is not located directly on the windward hillside, exposed to ascending 

airmasses, so the ion loaded water is apparently mostly collected by the rain gauges, as shown by 

time-series  and factor  analysis.  However,  measurements  from fog collectors  and rain  gauges 

overlap here more frequently than at  El Tiro, making the separation between rain and OP more 

difficult. The result is that rain and OP differentiation is fuzzy, which is blurring the correlations  

between concentrations and transport. Hence, the biomass-burning signal is relatively low here. 

 5.2  Northerly and westerly transport

Volcanic and anthropogenic transport were significantly correlated to sulfate concentrations from 

El Tiro MS rain samples and OP samples from  Cerro del Consuelo MS. The same was also 

reflected in the results of the factor analysis.

Between  October  and  January,  as  northerlies  set  in,   the  volcanic  SO2 transport  time-series 

coincide with those of sulfate concentrations from the MSs, especially regarding sulfate in rain, 

from  El  Tiro MS,  and  in  OP  from  Cerro  del  Consuelo MS.  The  greater  recurrence  of 

coincidences with the rain time-series at  El Tiro MS is explained by its location at a mountain 

pass which links the eastern slopes and the interandean valley of Loja. The two parallel east-to-

west mountain ranges mark the boundaries of the San Francisco Valley. As already mentioned 
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(section 5.1), they shape the wind field, favoring the advected polluted air-masses coming from 

the  east  or  west,  like  biomass-burning  transport,  to  impact  the  vegetation  and  the  east-west 

oriented fog collectors on the mountain pass. Clouds advected from the north and north-west 

(likely charged with SO2 ions) are partially  blocked by the delimiting  mountain range at  the 

north. Hence, only rain gauges can collect sulfate scavenged from these clouds as rain drops 

traverse the atmosphere on their way to the ground. 

Between 20% and 50% of wind trajectories reach the RBSF from the north, overpassing areas of 

active volcanoes. Volcanoes in the Andes lie at altitudes that in most of the cases exceed the 4000 

m.a.s.l., so even emissions from degassing can contaminate high clouds in the lower troposphere 

(Diehl et al., 2012; Stuefer et al., 2012). These months there is also an increment in the transport 

of anthropogenic SO2, most likely in response to the air masses passing over emission sources 

from Ecuadorian and maybe Colombian cities. Anthropogenic sources in the Andes north of the 

RBSF also lie at high altitudes and, as recent studies reported for Europe, this type of emissions 

can also reach higher atmospheric levels as previously assumed (Bieser et al., 2011). The latter 

would make anthropogenic plumes from Ecuadorian big cities in the Andes prone to reach higher 

clouds in the atmosphere as well. Therefore, northerly air-masses charged with volcanic sulfate 

particles, and to a lesser extent anthropogenic, directly impinges the mountain where Cerro del  

Consuelo fog collector is located on the windward (north facing slopes) side. OP water is here a 

major part of precipitation (41% of rainfall; Bendix et al., 2008). In addition, it is located at 3200 

m.a.s.l., probably more exposed to pollutants transported through higher atmospheric levels than 

at  El  Tiro MS.   Multicollinearity  found  between  volcanic,  anthropogenic,  and  regional 

(Ecuadorian) transport datasets reinforces this hypothesis (Tab. 2).

 6 Conclusions

We conclude that biomass-burning sources are dominating the sulfate deposition as a result of 

strong and persistent easterly sulfate transport of emissions from wide burned areas of Amazon 

forests and its anthropogenic replacement systems. These take place during the main Amazon 

biomass-burning season between August and October. Between October and December, the main 

wind direction shifts to the north and west, transporting volcanic and anthropogenic sulfate to our 

study site. The transport from these sources is, nonetheless, much inferior compared to biomass-
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burning.

We found two different  deposition regimes at  the evaluated topographic sites.  The up-valley 

mountain pass El Tiro, is located on the eastern side of the ridge and is characterized by a more 

advective environment with dominating OP deposition from low tropospheric fire-polluted air-

masses  from the  Amazon  lowlands.  Sulfate  from volcanic  and  anthropogenic  emissions  are 

episodically transported through a higher atmospheric level from the north and, as there is no 

cloud immersion during this wind directions, sulfate can be only deposited by rain. 

At  the  highest  mountain  crest  of  the  study  area,  Cerro  del  Consuelo,  the  situation  is  less 

homogeneous and less clear. Deposition was dominated by OP until 2007, when it started to be 

dominated  by  rain.  Sulfate  deposition  by  OP is  likely  linked  to  volcanic  and anthropogenic 

sources  in  the  north,  as  a  consequence  of  its  higher  location  and its  orientation.  The higher 

atmospheric  transport  reaches  Cerro  del  Consuelo MS  from  all  wind  directions  and  thus 

contaminate the cloud fog resulting in OP deposition. According to the cross-correlation results, 

biomass-burning has no significant relation to this site's deposition. Overlapping of rain gauge 

and fog collector measurements made the differentiation of deposition types difficult. However, 

time-series and factor analyses show a likely contribution of human induced fires in the lowlands 

to sulfate  deposition by rain at  Cerro del Consuelo MS. The higher conductivity  of the rain 

samples point to the likely higher contamination of the rain samples as well.

In general, this study revealed that even if volcanic emission are proximate and numerous, they 

do not dominate the sulfate deposition at the RBSF. The shape and size of the sources, as well as 

the consistency of the winds are important parameters that determined the dominance of biomass-

burning in the deposition at the study site. However, the importance of topography has also been 

stressed as important parameter conditioning the type and quantity of deposition in areas with 

complex terrain. 
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Table 1: pH and conductivity summary statistics in Occult Precipitation (OP) and rain samples 

from El Tiro and Cerro del Consuelo Meteorological Stations (MSs).

El Tiro Cerro del Consuelo

OP Rain OP Rain

Median pH 4.8
MAD= 0.37

5.4
MAD= 0.51

5
MAD=0.29

5.3
Mad=0.36

Min-max pH 2.4-5.8 3.7-6.7 1.8-6.2 3-6.1

Median conductivity
(S/m)

10.9
MAD=6.4

3.7
MAD=1.6

2.6
MAD=1

8.1
MAD=6.8

Min-max conductivity
(S/m)

2.3-110.3 1.4-45.4 1.4-12.4 1.7-72
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Table 2: Cross-correlation of calculated SO2 concentration time-series over El Tiro and Cerro del  

Consuelo SO2 transport pixels using the different emission data sets.

B. burning 

(GFED SO2)

Regional volcanic and 
strong anthropogenic

(OMI SO2)

Volcanic

(Aerocom SO2)

Anthropogenic

(EDGAR SO2)

a) Pixel El Tiro

B. burning 
(GFED SO2)

1

Regional volcanic and 
strong anthropogenic

(OMI SO2)

0.01 1

Volcanic
(Aerocom SO2)

0.14 0.42*** 1

Anthropogenic
(EDGAR SO2)

-0.29* 0.52*** 0.66*** 1

b) Pixel Cerro del C.

B. burning 
(GFED SO2)

1

Regional volcanic and 
strong anthropogenic

(OMI SO2)

-0.13 1

Volcanic
(Aerocom SO2)

0.13 0.60*** 1

Anthropogenic
(EDGAR SO2)

-0.35** 0.69*** 0.76*** 1

Note. ***p<0.001, **p<0.01, *p<0.05.
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Table 3: Cross-correlation matrix for SO2 transport concentrations above El Tiro and Cerro del 
Consuelo pixels and sulfate concentrations from MSs of these two sites, located on a mountain 
pass upriver and on the highest catchment peak, respectively. Variables in bold represent 
measured sulfate (SO4

-) concentrations and non-bold variables SO2 transport. OP stands for 
occult precipitation.

B. burning 
(GFED SO2)

Regional volcanic 
and strong anthropogenic 

(OMI SO2)

Volcanic
(Aerocom SO2)

Anthropogenic
(EDGAR SO2)

OP SO4
-  (El Tiro) 0.43***  0.40** 0.18 0.19

Rain SO4
- (El Tiro) 0.08   0.33*  0.39** 0.46***

OP SO4
- (C. del Consuelo)  0.27 0.43** 0.52*** 0.37**

Rain SO4
- (C. del Consuelo) 0.21 0.09 0.12 0.14

Note. ***p<0.001, **p<0.01, *p<0.05.
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Table 4: Eigenvectors and communalities from factor analysis with varimax rotation, where a) 

shows the results of the data aggregated according to Cerro del Consuelo MS sample collection 

dates and b) those for El Tiro MS.

a)

Eigenvectors

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6

GFED SO2

0.14 0.61 0.69 0.12 0.28 0.12

OMI SO2

-0.48 -0.08 0.27 0.65 -0.40 -0.31

Aerocom SO2

-0.51 -0.07 0.16 -0.44 0.46 -0.55

EDGAR SO2

-0.53 -0.21 -0.02 0.17 0.39 0.70

Cerro del C. OP 
SO4

- -0.42 0.41 -0.005 -0.5 -0.58 0.25

Cerro del C. rain 
SO4

- -0.16 0.63 -0.64 0.30 0.23 -0.16

Communalities

GFED SO2

6% 55% 35% 1% 3% 0%

OMI SO2

66% 1% 5% 19% 6% 1%

Aerocom SO2

76% 1% 2% 9% 8% 5%

EDGAR SO2

79% 6% 0% 1% 6% 8%
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Cerro del C. OP 
SO4

- 50% 25% 0% 11% 13% 1%

Cerro del C. rain 
SO4

- 7% 56% 30% 4% 2% 0%

b)

Eigenvectors

GFED SO2

0.04 0.69 0.24 0.51 0.45 0.01

OMI SO2

-0.47 0.1 -0.68 0 0.24 0.50

Aerocom SO2

-0.47 -0.25 0.25 0.64 -0.46 0.17

EDGAR SO2

-0.5 -0.33 0.02 0.03 0.52 0.60

El Tiro OP SO4
-

-0.34 0.56 -0.22 -0.18 -0.5 -0.48

El Tiro OP SO4
-

-0.44 0.16 0.61 0.08 -0.53 0.34

Communalities

GFED SO2

0% 75% 4% 14% 7% 0%

OMI SO2

56% 1% 34% 0% 2% 7%

Aerocom SO2

56% 10% 5% 22% 7% 1%

EDGAR SO2

64% 17% 0% 0% 9% 10%

El Tiro OP SO4
-

30% 50% 4% 2% 8% 6%

El Tiro rain SO4
-

50% 4% 28% 15% 0% 3%
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Figure 1: Study area. The left map shows possible anthropogenic and biomass-burning SO2 

sources in tropical South America and the location of active volcanoes in Ecuador and Colombia. 

The right map depicts the study area in the River San Francisco catchment and the location of the 

meteorological stations (MSs) involved in the study.
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Figure 2: Rain (dark grey) and Occult Precipitation (OP) (light grey) monthly means for a) Cerro 

del Consuelo and b) El Tiro Meteorological Stations (MSs).
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Figure 3: Total yearly sulfate (SO4
-) deposition at a) Cerro del Consuelo and b) El Tiro MSs. 

Dark grey bars represent deposition by rain and light grey bars deposition by occult precipitation 

(OP).
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Figure 4: Average 2005-2009 source-dependent emission maps for (a) volcanic and strong 

anthropogenic regional emissions, (b) volcanic eruptive and passive degassing, (c) biomass-

burning, and (d) anthropogenic emissions.
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Figure 5: Time series comparing SO2 transport from (c) volcanic and strong anthropogenic 

regional emissions (OMI), (d) volcanic emissions (Aerocom), (e) biomass-burning (GFED), and 

(f) anthropogenic emissions (EDGAR), to measured sulfate concentrations in (a) occult 

precipitation (OP) and (b) rain water from Cerro del Consuelo (right panel) and El Tiro (left 

panel) Meteorological Stations (Mss). The black straight line represents the tendency. Dark grey 

bars depict the Amazonian biomass-burning season (easterly wind direction) and light grey bars 

the shift of the incoming air masses to a northerly-northwesterly-westerly direction. Note the 

different scaling of the y-axes.
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Figure 6: Conceptual sketch of the deposition regimes observed in the study area. The blue 

arrows represent volcanic and anthropogenic transport from the north and north-west creating 

rain deposition at El Tiro Meteorological Station (MS)  and Occult Precipitation (OP) deposition 

at Cerro del Consuelo MS. The black arrows represent biomass-burning transport from the east 

creating OP deposition at El Tiro MS and mainly rain deposition at Cerro del Consuelo MS.
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