
Response to Reviewer #1's comments on the paper entitled “ Atmospheric salt 
deposition in a tropical mountain rain forest at the eastern Andean slopes of South 

Ecuador – Pacific or Atlantic origin?”

Please find below our response to the comments of referee #1. Please note that “C” 
stands for comment and  “A” for  answer.

General comments:

C: The manuscript discusses the possible source regions affecting sea salt deposition in
a tropical mountain rain forest site in Southern Ecuador. The discussion was based on
five years of rain and occult precipitation water ion composition data, sea salt aerosol
concentration data from MACC (Monitoring Atmospheric Composition and Climate) re-
analysis and NOAA/Hysplit backtrajectories. The authors discuss well the contribution
of Pacific and Atlantic source areas of NaCl to the study area, combining MACC and 
backtrajectories datasets. However, both are reanalysis datasets, which are based on
satellite, surface observations (scarce in the Amazonian region) and modelling. The
link to actual measurements (rain and occult precipitation data) is rather weak, and
should be reinforced.

A: Thank you very much for your positive general comment on the manuscript. As the 
reviewer stressed in comment 12, it is likely that the link between the reanalysis data 
and the measurements has not been explained clearly enough in the text. The link of 
both data  sets  was tested by cross  correlation analysis  between the  MACC sea-salt 
concentration at different pressure levels and the sodium and chloride concentration 
measured  on  the  ground.  Only  after  confirming  the  suitability  of  the   MACC 
concentration  data  and  selecting  the  pressure  level  with  the  stronger  and  most 
significant  correlation  coefficients,  we  used  it  as  sea-salt  concentration  proxy  for 
trajectory modeling. As suggested by the reviewer, the table with the cross correlation 
coefficients  that  was  included  in  the  appendices  has  been  moved  to  the  data  and 
methods section, to make the relationship between both data sets more explicit and 
clear. Accordingly, the manuscript has been edited to clarify the connection between 
modeling and measurement data. 

Specific comments:

1) C: The term “salt” is not precise (title and abstract). Better to use “sea salt” instead.
A: We have considered this recommendation.

2) C: Lines 45-49: references are missing. I suggest Talbot et al., 1990.
A: we have added these references.

3) C: Line 135: detection limits of cations and anions analysis should be mentioned.
A: the detection limits have been added to the in the text.



4) C: The rain water data set presented in the manuscript spans from 2004 to 2009. Was 
part  of  this  dataset  published  by  Fabian  et  al.,  2009?  If  so,  that  could  be  
mentioned somewhere.

A: Yes you are right, part of this data set was published in Fabian et. al., 2009. His 
work is cited in page 5, line 137.

5)  C:  Section  3.1:  the  horizontal  resolution  of  MACC  reanalysis  data  should  be  
mentioned: 80 km (Inness et al., 2013).

A: The horizontal resolution of the MACC dataset is now included in the revised 
manuscript.

6) C: Section 3.2: the frequency of calculated trajectories should be mentioned. Based 
on the number of trajectories mentioned in the abstract, one could guess that  
daily trajectories were used. Nevertheless, this should be explicit in the methods 
section.

A: Yes, we used daily trajectories. This information is now included in the text.

7)  C:  Section  3.2:  Which  criteria  did  you  use  to  define  the  number  of  trajectory  
clusters?

A: We used a partitioning algorithm based on k-Means to define the appropriate 
number of  trajectory clusters. In this context we used prior knowledge of the 
main wind systems affecting the receptor site. We tested different k values and 
chose the maximum number of clusters that most successfully reproduced the 
known conditions. These information has also been incorporated in the revised 
manuscript.

8) C: Line 224: The authors shall raise hypothesis to explain why Cl- concentrations  
were usually higher than Na+ in rainwater. Pauliquevis et al., 2012 also reported 
higher Cl- in Amazonian rainwater. On the other hand, in the aerosol phase, the 
literature shows Cl/Na molar ratios smaller than 1 in Amazonia (Martin et al.,  
2010; Junior et al., 2015). Please comment on that.

A: The Cl– concentration was especially higher at the valley meteorological station 
ECSF and not only for rain but also for OP, so we hypothesized that some of the 
deposited Cl- could have its origin in Cl-bearing minerals from the street 
connecting the cities of Loja and Zamora. As we move upslope to the uppermost 
measurement stations the Na/Cl molar ratio gets very close to the sea water ratio 
(0.86), especially in OP samples, thus leading to the conclusion that the aerosols 
at these high altitude sites are predominantly of marine origin. Following the 
findings of Junior et. Al (2015) in the central Amazon, we cannot rule out other 
sources  for the non-sea water salt at the lower altitude sites as emissions from 
fertilizers used in the pasture areas and biomass burning in the southern slopes 
of the valley. However, since in the South Ecuadorian Andes there is no 
intensive and mechanized agricultural exploitation as in central Brazil, we could 
expect significantly weaker emissions from these activities. Biomass burning is 
also a common practice in the region, and Cl- is emitted in relevant quantities in 
smoke from vegetation fires, so biomass burning emissions probably have an 
impact. However, the results from factor analysis of ion concentrations from our 



field measurements do not corroborate this assumption. 

9) C: Lines 240-260 (linked to the previous comment): Figure 3 shows that in some  
cases Cl- is associated with SO42-, NO3- and K+. In addition to sea spray, are  
there other sources that could contribute to Cl- in rainwater and OP?

A: This question has been answered in the previous point.

10) C: Table 1 and lines 299-300: please clarify how the percentage of total 
concentration was calculated.

A: We calculated the sum of the concentration related to the trajectories belonging 
to each cluster, multiplied it by 100 and then divided by the total concentration 
in the observation period.

11) C: Table 2 was not discussed, and there is not even a reference to it in the 
manuscript.

A: Table 2 is referenced  and discussed in lines  470-475 in the submitted 
manuscript. There was a typesetting error in the reference. Table 2 is now table  
4 in the revised manuscript.

12) C: Table A1 should not be in the appendix, because it is the only link between 
actual measurements and MACC reanalysis data. The table caption is not clear. 
Are the numbers reported the linear correlation coefficient in each case? How 
about the “mean” column, what is the meaning, and what are the units?

A: We agree with the reviewer's comment. The table has been moved to the data 
and methods section in the revised manuscript (Table 1). Yes, the numbers are 
linear correlation coefficients and the mean column shows the correlation 
coefficients for Na+ and Cl- mean concentration.

13) C: Lines 274-275: I am not convinced that MACC NaCl aerosol concentrations rep-
resent well the conditions observed at the ground measurement sites. MACC’s  
horizontal resolution is 80 km, while the distance between the Reserva Biologica 
San Francisco and the Pacific Ocean is about 100 km. The topography and its  
significant influence on atmospheric circulation and on the transport of scalars 
cannot  be  correctly  described  within  MACC's  horizontal  resolution.  This  
limitation should be mentioned in the manuscript, as well as the possible bias 
resulting from that.

A: We tested the applicability of MACC sea-salt concentration by a correlation 
analysis summarized in table A1 (table 1 in the revised manuscript). Regarding 
the spatial resolution and its limitations, they have been included  in the revised 
manuscript.

14) C: The results from trajectory cluster analysis, PSCF and CWT are interesting and
consistent  with each other.  However,  they are all  based on MACC’s  sea salt  
particle concentrations, and not on actual measurements. With that, you can  
only demonstrate that the model within MACC predicts that ~80% of sea salt  
particles, in a 80 km square area in Ecuador, comes from the Atlantic, and that 
~20% comes from the Pacific. To provide stronger evidences, you should include 
the five years of rain water and occult precipitation observations in the cluster, 



PSCF and CWT analysis.

A: We agree with the reviewer and we have adjusted our results and conclusions 
accordingly.

15) C: In years of El Niño, the Eastern winds typically weaken. Did you notice any 
trends on sea salt transport in El Niño years between 2004 and 2009?

A: We looked into the relation between the ENSO cycle and the atmospheric 
transport situation. However, in the study period, no significant El Niño event 
occurred. Furthermore, the impact of the ENSO cycle in the study area is weak, 
because it is situated between the both branches of the Walker-cells (Pacific and 
Amazonian) and a reversal of circulation does not cause much change in 
precipitation and general wind direction there.

Technical corrections
All the technical recommendations made by the reviewer have been considered.



Response to Reviewer #2's comments on the paper entitled “ Atmospheric salt 
deposition in a tropical mountain rain forest at the eastern Andean slopes of South 

Ecuador – Pacific or Atlantic origin?”

Please find below our response to the comments of referee #2. Please note that “C” 
stands for comment and  “A” for  answer.

General comments:

C: This paper is on an interesting topic that quite frankly I have not thought of before-
namely the role that sea spray may have in geochemical cycles and how specifically
Na and Cl may be important. In this regard, I think the paper is certainly appropriate
for ACP. This said, while I generally get the general idea of what they were doing the
paper does not follow traditional lines of analysis from an aerosol point of view. This is
not too surprising given the authors background is geography and land surface. But,
I would strongly encourage the authors to reach out some colleagues in Germany for
some help in interpreting MACC and trajectory analyses. For example, the Max Planck
Institute  for  Chemistry,  Mainz  is  world  renowned for  their  aerosol  work in  South 
America and would be worth consulting. I  think the authors have something quite 
interesting right here, but as an aerosol scientist it does not close as neatly as it should 
for ACP. I thus recommend major revisions with the understanding that they will get 
some aerosol help. 

A: Thank you very much for your constructive comments on the manuscript. We have 
included  additional  datasets (ERA-Interim; NOx fluxes caused by biomass burning) 
and adapted the methodology. We have extended the manuscript according to the new 
results. Our approach follows the methodology initiated by the work of the late Peter 
Fabian  from  TUM  Weihenstephan,  an  expert  in  atmospheric  chemistry  who  also 
maintained  intensive  contacts  in  the  aerosol  community  including  the  MPI  for 
chemistry in Mainz. Due to the many papers following traditional approaches we are 
doing the analyses with a slightly different attitude.

Specific comments:

I am not going to go into details, but I do have several important comments that
need to be addressed.

1) C: I am not sure HYSPLIT at 2.5x2.5 degree resolution is a trajectory model of choice
for this kind of mountainous terrain. Now this said, it would probably give you the
prevailing wind direction (coming from the west or east), but as I think there is some
danger of confounders (see next comment) something a bit more sophisticated is in or-
der. Consider, often at altitude you could have easterlies, but coming up the mountains
on the westerly side are upslope anabatic winds. This could be an even bigger part of
the budget. See comment 3.



A: You are right. In the revised manuscript we have generated new back-trajectories 
based  on  wind  fields  from  ERA  interim  reanalysis,  which  have  a  higher  spatial 
resolution. Because of the finer spatial resolution of this data set the topographical 
effect of the Andes was more realistically represented by the new back-trajectories. 
Therefore we have replaced the NCEP/NCAR trajectories by ERA Interim trajectories in 
the revised manuscript. 
Regarding the role of the anabatic winds, a new analysis based on wind direction from 
our ground measurement stations that addresses this question has been added (Fig. 4 
in the revised manuscript).

2) C: The authors already noted that biomass burning tracers appeared seasonally in
their analysis, and suggest that this corroborated colinear transport of sea salt and
biomass burning. Although, they note that Cl is in fact emitted. Actually, Na and Cl are
both strongly emitted by biomass burning, and in the July through October time frame,
copious amounts of smoke are transported directly over the study region. It has even
been noted as a pathway of cloud condensation nuclei in the Central Pacific. In the
winter months, smoke from northern South America is also frequently in the region. 
At the very least biomass burning in MACC should be included in the analysis. Perhaps
seasonal maps of total mass load for sea salt and smoke are in order too?

A: Thank you very much for arising this point. As you suggested, we have included 
new data (MACC NOx fluxes caused by biomass burning) and analysis regarding the 
potential role of biomass-burning emissions on the sodium and chloride transport over 
South America. 
To look for  sea salt  sources and sinks along different transport pathways we have 
extracted the sea salt concentration from the MACC dataset along the cluster mean 
back  trajectories  for  each  season  (Fig.  7).  Seasonal  maps  of  sea  salt  and  biomass-
burning  NOx  fluxes  were  calculated  which  support  the  spatial  interpretation  of 
sodium and chloride sources along the transport pathways (Fig. 8 and 9).

3) C: The authors look at elemental masses, but really they need to look also at molar
stoichiometry in this circumstance. Although the paper says that the mass ratio of
Cl:Na goes down in time, they need to understand that Cl depletion is in some ways
a photochemical clock. If Na:Cl is what it is for fresh sea water, you know it is local-
maybe upslope winds. As it goes up, the sea salt is older (across the continent?). This 
should be included in the analysis

A: We have added new analysis with regard to the Na/Cl molar ratio in rain and 
occult precipitation (OP). As you mentioned this ratio changes as a function of distance 
from  the  coast  and  is  a  good  indicator  of  the  origin  of  sodium  and  chloride 
concentration  in  precipitation.  Time-series  of  this  ratio  were  generated  for  each 
meteorological station along the altitudinal gradient studied. Likewise, we calculated 
the  ratio  at  each  meteorological  station  for  the  total  period  analyzed  (2004-2009). 
Please see Fig. 3 in the revised manuscript.



4) C:The paper gets in the way of itself in its diction and grammar, and thus a good edit
might be in order. Also the way some of the data is presented the data gets to be
difficult to interpret. I would then do a time series plot of the factor loadings. In Figure
3 for example, the PCA analysis would be better interpreted as a table. I also had a
hard time making heads or tails of the lower figures in figures 4 through 6.
Hope this helps, Jeffrey S. Reid, US Naval Research Laboratory.

A:  The  language  has  been  edited  by  a  native  speaker  and  the  figures  changed 
according to your comments. 
Factor analysis plots in the previous version have been replaced by a table showing 
the factor loadings (Table 2). It is true that as a table the results of this analysis can be 
better interpreted. Thank you. 
The figures  in  the  submitted manuscript  have  been all  edited or  replaced by new 
figures in the revised manuscript, except for figure 1. Following the comments of Dr. 
Reid, figures 4 through 6 have been removed from the manuscript.

Once again the authors thank Dr. Reid for his valuable comments on the manuscript.
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Abstract. Salt
:::
Sea

::::
salt

:
(NaCl) is recently

:::
has

::::::::
recently

::::
been

:
proven to be of highest

:::
the

::::::
utmost

:
im-

portance for ecosystem functioning of the
:
in
:

Amazon lowland forests because of its importance

for
::::::
impact

:::
on

:
herbivory, litter decomposition and,

:
thus, carbon cycling. Salt

:::
Sea

::::
salt

:
deposition

should generally decline with
::
as distance from its marine sources. For tropical South America

::::::
source

:::::::::
increases.

:::
For

:::
the

::::::::
Amazon, a negative east-west salt availability gradient is assumed in the Amazon5

:::::::
gradient

:::
of

::::
sea

:::
salt

:::::::::::
availability

::
is
:::::::::

assumed
:
as a consequence of the barrier effect of the Andes

:::::::::
Mountains

:
for Pacific air masses. However, this generalized pattern may not hold for the tropi-

cal mountain rain forest in the Andes of southern Ecuador. To analyze
:::
sea salt availability, we

investigate
:::::::::::
investigated the deposition of

::::::
sodium

::
(Na+and )

::::
and

:::::::::
chloride(Cl−

:
),
:
which are good

proxies of sea spray aerosol. Because of the complexity of the terrain and related cloud and rain10

formation processes,
::
sea

:
salt deposition was analyzed from both, rain and occult precipitation (OP)

water along an altitudinal gradient over a period from
:::::::
between

:
2004 to

::::
and 2009. To assess the

influence of Atlantic and Pacific
::::::
easterly

::::
and

::::::::
westerly

:
air masses on the locally observed deposi-

tion of sodium and chloride , sea-salt
:::
over

:::::::::
southern

::::::::
Ecuador,

::::
sea

::::
salt

:
aerosol concentration data

from the Monitoring Atmospheric Composition and Climate (MACC) reanalysis dataset and back-15

trajectory statistical methods were combined. Our results
:
, based on deposition time seriesand 2192

generated trajectories ,
:

show a clear difference in the temporal variation of sodium and chloride

concentration due
:::
and

:::::::::
Na+/Cl−

:::::
ratio

:::
in

:::::::
relation

:
to height and exposure to winds. The sea-salt

transport was highly seasonal where higher locations revealed a stronger seasonality
::
At

:::::::
higher

:::::::::
elevations,

::::::::
sodium

::::
and

::::::::
chloride

:::::::
present

::
a

::::::
higher

:::::::::::
seasonality

::::
and

:::
the

:::::::::
Na+/Cl−

:::::
ratio

::
is
::::::

closer
:::

to20

:::
that

:::
of

:::
sea

::::
salt.

::::::::
Medium

::
to

::::::::::
long-range

:::
sea

::::
salt

::::::::
transport

:::::::::
exhibited

:
a
:::::::
similar

::::::::::
seasonality,

::::::
which

::::::
shows

:::
the

::::
link

::::::::
between

:::
our

:::::::::::::
measurements

::
at
:::::
high

:::::::::
elevations

::::
and

:::
the

::::
sea

:::
salt

::::::::
synoptic

:::::::::
transport. Although

the influence of the easterlies
:::::::::
Easterlies were predominant regarding

:::
the

:
atmospheric circulation,

the statistical analysis of trajectories and hybrid receptor models revealed a stronger impact of the

1



Pacific sea-salt
::::::::::::::
north-equatorial

::::::::
Atlantic,

::::::::::
Caribbean,

::::
and

:::::::
Pacific

:::
sea

::::
salt sources on the deposition25

at the study area
:::::::::::
atmospheric

:::
sea

::::
salt

:::::::::::::
concentration

:::
in

::::::::
southern

::::::::
Ecuador. The highest concentra-

tion in rain and cloud water was found between September and February originating from both, the

equatorial Pacific and Atlantic. However, the Pacific sources contributed with up to 25to the observed

total concentration of Na+ and Cl- at the receptor site although the frequency of occurrence of the

respective trajectories is below 10
:::::
when

:::
air

:::::::
masses

:::::::::
originated

:::::
from

:::
the

:::::::::::::::
north-equatorial

::::::::
Atlantic,

:::
the30

:::::::::
Caribbean

::::
Sea

:::
and

:::
the

::::::::::
equatorial

:::::::
Pacific.

::::::::
Together,

:::::
these

:::::::
sources

::::::::::
accounted

:::
for

::::::
around

:::::
82.4% . This

highlights the great importance of westerly winds from the Pacific for the sea-salt transport to the

deposition into the tropical mountain forests at the eastern Andean slopes of
::
of

:::
the

::::
sea

:::
salt

:::::::
budget

::::
over southern Ecuador.

1
::::::::::::
Introduction35

Poor substrate and intense leaching by precipitation make tropical forests particularly prone to nu-

trient limitation
:::::::::
deficiency. While phosphorus is mainly claimed to limit

::::::::::
considered

:
a
::::::::::

limitation
::
to

net primary productivity (NPP) in lowland Amazonian tropical forest
::::::
forests, phosphorus and nitro-

gen co-limits
:::::::
co-limit

:
growth in the tropical montain rain forestsas e.g

::::::::
mountain

::::
rain

:::::::
forests,

:::
as in

southern Ecuador (Homeier et al., 2012; Koehler et al., 2009; Tanner et al., 1998; Vitousek, 1984;40

Wolf et al., 2011; Wullaert et al., 2010). Because of a world wide
::::::::::
worldwide increase in nitrogen

and phosphorus emissions and a particularly accelerated enhancement of emissions in
::::::::::
pronounced

:::::::
increase

::
in
::::::::::

emissions
:::::
from developing countries, where most of the

:::
the

::::::::
majority

::
of

:
tropical forests

are located, atmospheric deposition in these countries has gained some attention (Dentener et al.,

2006; Galloway et al., 2008; Phoenix et al., 2006).45

Nitrogen and phosphorus cycling and deposition from atmospheric sources are been investigated in

::
In several tropical and temperate forests, where the changes in

::::::
human

:::::::::::
intervention

::
in

:::
the

:::::::
nitrogen

::::
and

::::::::::
phosphorus

::::::
cycles

:::::
have

:::
has

:::::
been

:::::::::::
documented (Mahowald et al., 2005; Matson et al., 2002; Phoenix

et al., 2006; Tipping et al., 2014; Yu et al., 2015).
::::::::
Because

::::::::
nutrient

::::::::::
availability

::::::::
regulates

::::::::::
ecosystem

::::::::
processes

::::
and

:::::::::
functions,

:::
the

::::::::
changes

::::::::
currently

::::::::
affecting

:
the nitrogen and phosphorus budgets are ex-50

pected to have impacts in
::::::::::::
wide-reaching

::::::::
impacts

::
in

::::::
forest ecosystem structure and functioning and

plant diversity .
::::::::
diversity (Bobbink et al., 2010; Homeier et al., 2012; Matson et al., 2014; Peñuelas

et al., 2013; Pett-Ridge, 2009; Wang et al., 2014; Wilcke et al., 2013).
:
The role of

:::
sea salt availabil-

ity has very recently gained attention as it has been found to condition the behaviour
:::::::
behavior

:
of

herbivores, as well as
:
in
::::::::

addition
:::
to affecting carbon cycling and organic matter decomposition in55

tropical ecosystems (Dudley et al., 2012; Kaspari et al., 2008, 2009; Powell et al., 2009; Voigt et al.,

2008). In spite of
::
At

:::
the

::::::::
western

::::
rim

::
of

:::
the

::::::::
Amazon

::::::
forest,

:::
in

:::::
Peru,

::::::::
Ecuador,

::::
and

::::::::::
Colombia,

:::::
there

:
is
:::::::::

evidence
::::
that

:::::::::::
herbivorous

::::
and

::::::::::
frugivorous

:::::
birds

::::
and

:::::::::
mammals

:::::
visit

:::::::
mineral

:::::
licks

::
to

:::::::::::
compensate

:::
for

::::
low

:::::::
sodium

:::::::::::::
concentration

::
in

:::::
plant

::::
and

:::::
fruit

:::::::
tissues

:
(Lee et al., 2009; Lizcano and Cavelier,

2



2004; Powell et al., 2009; Voigt et al., 2008)
:
.
::::::::::::
Furthermore,

:::::
some

::::
taxa

:::
of

:::::::::
arthropod

::::
have

::::::::::
reportedly60

:::::
begun

::::::::::
practicing

:::::::::
geophagy

:::
to

::::
deal

:::::
with

::::
salt

:::::::
scarcity

:::
in

::::::
plants (Kaspari et al., 2008).

::::
Yet

:::::::
despite

its pantropical importanceit has been hitherto ,
::::
salt

::::::::::
availability

::::
has

:::::::
hitherto

:::::
been overlooked in most

biogeography and biogeochemistry
:::::::::::::
biogeographic

:::
and

:::::::::::::::
biogeochemical studies (Dudley et al., 2012).

By far, the most important source of continental
:::
sea

:
salt depositions are the oceans. In the Amazon,

shielded by the natural orographic barrier of the Andes, to the West,
:::
Sea

:
salt scarcity in rain water65

::::::::::
Amazonian

:::::::::
rainwater increases along a gradient from the Atlantic coast towards the eastern declivity

of the Andes. Both, Na+ and Cl− concentration in rain water diminished significantly with
:::::::
Andean

:::::
range,

:::::::
which

::::
acts

::
as

::
a
:::::::
natural

::::::::::
orographic

:::::::
barrier

::
to
::::

the
::::::
West.

::::
The

::::::::::::
concentration

:::
of

:::::
both

:::::::
sodium

:::
and

::::::::
chloride

::
in

:::::::::
rainwater

::::::::::
diminishes

:::::::::::
significantly

:::::
with

:::::::::
increasing

:
distance from the Atlantic Ocean

(Talbot et al., 1990). Additionally, the ratio between both concentrations inverts from Cl− > Na+70

close
::
to

:
the ocean to Cl− < Na+ far from the ocean (Tardy et al., 2005). Consequently, tropical

mountain forests on the Andes eastern slopes
:::::::
eastern

::::::
slopes

::
of

:::
the

:::::::
Andes and tropical lowland for-

est at the western edge of the Amazon are expected to suffer from
:::
sea

:
salt deprivation, as opposed

to
::::::::
whereas forests closer to the Atlantic coast , where salt deposition is large

:::
are

::::::
subject

:::
to

:::::
large

:::
sea

:::
salt

::::::::::
deposition

:
(Dudley et al., 2012). Particularly in the former, there is evidence that herbivore75

and frugivore birds and mammals visit mineral licks to compensate for low sodium concentration in

plant and fruit tissues in the Amazon of Peru, Ecuador, and Colombia . Some arthropod taxa in the

West Amazon have also been reported to practice geophagy to deal with salt scarcity in plants .

The tropical mountain forests at the eastern Andean slopes in southern Ecuador may likely rep-80

resent an exception of this generalized pattern because of their location in the Huancabamba de-

pression, an area where the Andes rarely exceed altitudes >3600 m , which might represent a better

connection to the Pacific salt sources. In consequence
:
in
::::::::
altitude.

::::
This

:::::::
allows

:::
the

::::::::
transport

:::
of

::::::
Pacific

::
air

:::::::
masses

:::::
rich

::
in

::::
sea

::::
salt.

:::
As

::
a
::::::
result, the mountain forest might benefit not only from

:::
sea

:
salt

transported by easterly air masses from the Atlantic but also by
:::
sea

:
salt originating from Pacific85

air masses. Depending on the strength of the contribution to sodium deposition from
:::
and

::::::::
chloride

:::::::::
deposition

::::::::::
originating

:::::
from

:::
the Pacific, the combined sodium input from Atlantic and Pacific sources

could result in a greater salt
::::::
sodium

::::
and

::::::::
chloride availability than that found for the lowland forests

in
::
on

:
the western rim of the Amazon (Dudley et al., 2012).

However, only few research has been conducted to investigate90

:::::::::
However,

::::
little

::::::::
research

:::
has

:::::::::::
investigated

:
the deposition of atmospheric sodium and chloride in the

tropical forests of the South-Ecuadorian Andesand
::::::::
southern

::::::::::
Ecuadorian

:::::::
Andes.

::::::::::::
Furthermore

::::
any

::::
such

::::::::
research

::::
has

:::
yet

:
to identify their sources.

::
In

::::
this

:::::::
context,

:::
an

::::::::::::
investigation

:::
of

:::
the

::::::::::
deposition

::
by

::::::
occult

::::::::::::
precipitation

:::::
(OP)

:::
is

:::::::::::
particularly

::::::::::
important,

:::::::
because

::::
OP

::::::::::
comprises

:::
an

:::::::::
extremely

:::::
high

:::::::::
proportion

:::
of

:::::
total

:::::::::::
precipitation

:::
in

:::::::
tropical

:::::::::
mountain

::::::::
forests.

:::
OP

:::
is

:::
the

::::::
water

::::::::
supplied

::
to
::::

soil
:::

or95

:::::::::
vegetation

:::
by

:::::
light

:::::::
drizzle,

:::::::::::
wind-driven

:::::
rain

:::
and

::::
fog

:::::::
and/or

::::::
clouds

::::
that

::::::::::::
conventional

::::
rain

:::::::
gauges
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::::::
cannot

::::::::
measure.

:
An exception is the work of Fabian et al. (2009),

:
who estimated the origin of salt

deposited aerosols
:::
the

:::::
local

:::
sea

::::
salt

::::::::::
deposition by visual interpretation of single back-trajectories.

To our knowledge, no
::::::
neither

:
a
:
comprehensive quantitative investigation on

:::
sea

:
salt sources nor any

estimations
:::::::::
estimates of their contribution to the atmospheric deposition have been conducted yet.100

As a consequence of the knowledge gaps regarding the
:::
sea salt sources of deposition in the Andes of

south-eastern Ecuador, the aims of the present study are
:::
this

:::::
study

::::
are

::
as

::::::::
follows: (1) to characterize

sodium and chloride atmospheric deposition by rain and occult precipitation
:::
OP along an altitudinal

gradient and at different topographical
:::::::::::
topographic locations in a tropical mountain rain forest site,

(2) to allocate potential geographical sources in the Pacificand Atlantic oceans applying potential105

source contribution function (PSCF) and concentration weighted trajectory (CWT) analysis
:::::::
identify

::::::::
potential

:::::::
Pacific,

::::::::
Atlantic

::::
and

:::::::::::
continental

::::::::::
geographic

::::::::
sources

::
of

::::
sea

::::
salt

:::::::::::::
concentration

::::
over

::::
the

::::::
Andes

::
of

::::::::
southern

::::::::
Ecuador

:::
by

::::::::
applying

::::::::::::::
back-trajectory

::::::::
statistical

::::::::::
techniques

::::
and

:::::::::
reanalysis

:::::
data

::
of

:::::::::::
atmospheric

:::::::::::
composition, and (3) to estimate the contribution of each source area to the deposition

of sodium and chloride in our study area
:::::::::::
atmospheric

:::
sea

::::
salt

::::::::::::
concentration

::
in

::::
the

::::::
Andes

::
of

::::::::
southern110

:::::::
Ecuador.

2 Study area

The study area is located at the north-western edge of the Amazon basin (4◦ 00’ S, 79◦ 05’ W),

at the southeastern
:::::::::::
south-eastern

:
Andes of Ecuador, approx. 100 km straight line distance away115

from the Pacific coast and around 2000 km from the closest part of the Atlantic coast . The central

study area comprises theRio San Francisco
::::
(Fig.

:::
1).

::::
The

:::::
study

::::
area

::::::::
contains

::::::::::::::::
theSan Francisco

:
val-

ley, deeply incised into the eastern slope of the main Andes Cordillera
:::::
range. Since 2002, the Reserva

Biologica San Francisco
::::
two

:::::::::
successive

::::::::::::::::
multidisciplinary

::::::::
research

:::::::::
programs

:::::
have

:::::::::::
investigated

:::
the

:::::::::::::::::::::::::::::
Reserva Biológica San Francisco

:
(RBSF), located on the northern slopes of the valley and some ar-120

eas outside of the reserve have been the subject of investigations from two successive multidisciplinary

research programs (Beck et al., 2008; Bendix et al., 2013)

The Andes in this area are characterized by lower elevations and a highly
::::::
higher geomorphological

complexity compared to other parts of the mountain chain in northern Ecuador, Peru, and Colom-

bia. Because it is proven
:::::
Since

:::::::
studies

:::::
have

::::::
shown

:
that exposure and altitude affects deposition125

:::::
affect

::::::::::
deposition

:::::::
patterns

:
(Griffith et al., 2015; Kirchner et al., 2014; Lovett and Kinsman, 1990;

Makowski Giannoni et al., 2013) the current investigation
:
a
::::::::::::
precondition

:::
for

::::
the

:::::
study

:::
of

:::
sea

::::
salt

:::::::::
deposition

::
is
::
to
:::::::

collect
:::::::::::::
measurements

:
along a large altitudinal gradient and at different slope expo-

suresis the precondition to unveil salt deposition. The valley of San Francisco facilitates such a study

design because of its rough terrain.130

The climate of the catchment is mainly determined by the activity of the constant easterly trade winds
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from north and south-east, being those from the north-east dominant
::::::::
constant

:::::::
tropical

:::::::::
Easterlies.

However, because of the low altitude of the mountains when the trade winds weaken at the end

and beginning of each year ,
:::
are

:::::::::
weakened

:::::
each

::::
year

::::::::
between

::::::::::
November

::::
and

::::::
March

::::
and

:
westerly

wind bursts occur , carrying with them
::::::
locally

:::::::
because

:::
of

:::
the

::::
low

:::::::
altitude

::
of
::::

the
::::::::::
mountains.

::::::
Those135

:::::::
westerly

::::::
winds

::::
are

:::::::::::
transporting

:
Pacific air masses

::::
into

:::
the

:::::
study

:::::
area (see Fig. 1)

:
1,
:
Bendix et al.,

2008a; Emck, 2007). Precipitation responds to the migration of
:::::::::::
displacement

:::
of

::::
the intertropical

convergence zone (ITCZ) and the dynamics of the easterly trades. The season of
::::::::
intensity

:::
of

:::
the

:::::::
tropical

:::::::::
Easterlies.

::::
The

:
highest rainfall occurs between June and August, when the easterly winds

predominate, carrying masses of humid air
:::::
humid

:::
air

:::::::
masses from the lowlands of the Amazon. The140

topography forces the humid air to move upwards leading to high rainfall sums
:::::
totals,

:
especially in

the higher parts of the mountainsand facilitates the immersion of peaksinto clouds resulting in occult

precipitation (OP )
:
,
:::
and

:::
the

:::::::
peaks’

::::::::::
immersion

::::
into

:::
the

:::::::
clouds,

::::::::
resulting

::
in

::::
OP (Bendix et al., 2006,

2008b; Richter et al., 2013; Rollenbeck et al., 2011). The average rainfall varies between
:
In
::::

the

::::::
period

:::::
2004

::
to

:::::
2009

:::::::
average

:::::::
rainfall

::::::
varied

:::::
from 1500 and

::
to 6500 mm per year between 1960 and145

3180 mfor the period 2004 to 2009.
:
. In the highest parts OP contributes to

::::::
regions

:::
OP

::::::::::
contributes

:
up

to 35% of total precipitation (Rollenbeck et al., 2011). A short dry season occurs between November

and March where
::::
when

:
Pacific air masses are transported with occasional westerlies to the area with

frequencies
::
by

:::::::::
occasional

::::::::::
Westerlies.

:::::
Such

:::
air

:::::::
masses

:::::
occur less than 20% of the time (Richter et al.,

2013) and accompanied with thunderstorms and
::
are

::::::::::::
accompanied

:::
by

:
convective activity.150

3 Data and methods

The methodology we used is divided into two main parts: The analysis of the concentration of
:
is

:::::::::
comprised

:::
of

::::
two

::::::::::::
components.

:::::
First,

::::
we

:::::::
analyze

:::::
local

::::
salt

::
(sodium and chloridein rain and OP

samples, and the allocation of potential sources of salt by a method that combines air-mass back-trajectories155

and reanalysis data of sea salt concentration in the atmosphere. Because of the complexity of the

terrain, in the first part we assessed the levels of )
::::::::::::::
concentrations

::
by

:::::::::
assessing

:::
the

:
sodium and chlo-

ride concentration
::::::::::::
concentrations

:
in samples of rain and OP from different meteorological stations

(MSs) along an altitudinal gradient, as well as the temporal variation in the concentration at each

elevation. To make a first evaluation of the possible origin of sodium and chloride we have also160

analyzed its relationship to the other ions analyzed using a principal factor analysis
:
.
:::
To

:::
do

:::
so,

:::
we

:::
use

::
a
:::::::::
statistical

:::::::::
approach

::::
due

::
to

::::
the

::::::::::
complexity

:::
of

:::
the

:::::::
terrain.

::::::::
Second,

:::
we

::::::::
attempt

::
to

::::::
derive

::::
the

::::::
source

::
of

:::
the

::::
salt. The second part focuses on the description of

:::::::::
describing

::::
the

::::::::
transport

:::::::::
pathways

:::::::::
associated

:::::
with the general atmospheric circulation patterns , the detection of potential sources of

salt, and their contribution to the transport of salt to our 1000
::
to

::::::
detect

::::::::
potential

::::::
source

:::::
areas

:::
of

:::
sea165

::::
salt.

::::
Our

::::
goal

::
is

::
to

:::::
draw

:::::::::::
connections

::::::::
between

:::
the

::::::::::::
contributions

:::::
each

:::::::::
respective

:::::::::::
atmospheric

:::
sea

::::
salt
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::::::
source

:::
has

:::
on

::::
our study area. As done for the concentration data from MSs, the temporal variation

of air-mass transport and source contribution was accounted for by assessing its seasonal patterns.

The next sections deepen into the materials and methods outlined in this introductory paragraph
:::::
Back

::::::::
trajectory

::::::::
analysis

::::
was

::::
used

:::
to

:::::::
achieve

:::
this

:::::
goal.170

3.1 Sample collectionand
:
, materials

:
,
::::
and

::::
data

Three MSs have been
:::::::::::::
meteorological

::::::::
stations

::::::
(MSs)

::::
were

:
installed on the north-facing slopes of the

Rio San Francisco
::::::::::::
San Francisco

:
valley along an altitudinal transect ranging from 1960 to 3180 m

::
in

::::::::
elevation. A fourth station (El Tiro, 2725 m) was installed about four kilometers up-valley at a

mountain pass
:::::
about

::::
four

::::::::::
kilometers

:::::::::
up-valley on the Cordillera Real (Fig. 1

:
1).175

Regular rain and OP sampling has been carried out at all stations from
::::
Rain

::::
and

:::
OP

::::::::
samples

:::::
were

::::::::
collected

::
at

:::::
each

::::::
station

::::::::
between

:
2004 to

:::
and 2009. While rain water is collected in conventional

totalling
:::
was

:::::::::
collected

:::
in

:::::::
totaling

:
gauges (UMS 200; made of Polyethylen

::::::::::::
polyethylene

:
to war-

rant chemical inertia), occult precipitation is collected by
:::
OP

::::
was

:::::::::
collected

::
in

:
1 m2 mesh grid fog

collectors following the design proposed by
::::::::
designed

::::::::::
according

::
to

:::::::::::::
Schemenauer

::::
and

::::::::::
Cereceda’s180

::::::::
proposal (Schemenauer and Cereceda, 1994). Details about rain and fog measurement techniques,

calibration
:
,
:
and data handling are described in Rollenbeck et al. (2007),

:
Fabian et al. (2009),

:
and

Rollenbeck et al. (2011).

Rain and OP samples were collected in
::
at almost regular weekly intervals. The samples were filtered

and
:::::::::::
immediately stored in frozen stateimmediately, before being sent to the laboratory for ion analy-185

ses. All samples were analysed
::::::::
analyzed at the University of Munich’

:::::::::::
Munich1000s Weihenstephan

center (TUM-WZW) for major ions (K+, Na+, NH4
+,Ca2+,Mg2+, Cl−, SO4

2−, NO3
−, PO4

3−).

Cation analyses were carried out by
::
).

:::::::
Cations

:::::
were

::::::::
analyzed

::::::::::
according

::
to

:
the inductivity-coupled

plasma method (Perkin Elmer Optima 3000), while anions were analyzed by ion chromatography

(Dionex DX-210)
::::
was

::::
used

:::
for

:::::::
anions.

::::
The

:::::::::
detection

:::::
limits

::::
are

:::
0.1

::::
and

:::
0.2

:::::::
mg.l−1

:::
for

:::::::
sodium

::::
and190

::::::::
chloride,

:::::::::::
respectively.

:

:::
The

::::
sea

:::
salt

:::::::
mixing

::::
ratio

::
of

:::
the

:::::::::::
Monitoring

:::::::::::
Atmospheric

::::::::::::
Composition

::::
and

:::::::
Climate

::::::::
(MACC)

:::::::::
reanalysis

::::::
dataset

::::
was

:::::
used

:::
as

::
a
::::::
proxy

:::
for

::::
the

:::
sea

::::
salt

:::::::::::::
concentration

:::
in

:::
the

::::::::::::
atmosphere,

::::
with

::
a
::::::::::

horizontal

:::::::::
resolution

::
of
::::::

0.75◦
:::

by
::::::

0.75◦
:
(Inness et al., 2013)

:
.
:::
In

::::
this

:::::::
dataset,

::::
the

:::::::::::::
concentration

::
of

::::
sea

::::
salt

::::::::
generated

:::
by

:::::
wind

:::::
stress

:::
on

:::
the

::::::
ocean

:::::::
surface

::::
was

::::::::::
determined

:::::
based

:::
on

::
a

::::::
source

::::::::
function

:::::::::
developed195

::
by

:
Guelle et al. (2001)

:::
and

:
Schulz et al. (2004)

:::::::::
accounting

:::
for

:::::::::::::
sedimentation

::
as

:::::
well

::
as

::::
wet

::::
and

:::
dry

:::::::::
deposition

::::::::::
processes.

::::
The

:::
sea

::::
salt

::::::::::::
concentration

::::
was

::::::::::
integrated

:::
for

:::::
three

::::
size

::::
bins

:::::
(0.03

:::
to

::::
0.5,

:::
0.5

::
to

::::
5.0,

::::
and

:::
5.0

::
to
:::::

20.0
::::::::
microns)

::::
and

::::::::::
calculated

:::
for

:::
60

:::::::
vertical

::::::
model

::::::
levels

:::::
with

:::
the

::::::
upper

::::::
model

::::
limit

::
at
::::

0.1
::::
hPa (Benedetti et al., 2009; Morcrette et al., 2009)

:
.
:::
To

:::
our

:::::::::::
knowledge,

::::
this

::
is

:::
the

:::::
only

::::::::
available

::::::
global

:::
sea

::::
salt

::::::::::::
concentration

::::
data

::::
that

::::::
spans

:::
the

::::::
period

:::::::
covered

:::
in

:::
this

::::::
study.

::::::::::::
Furthermore,200

:::
this

::::::::::
reanalysis

::::::
dataset

::::
has

::::::::::
performed

::::
well

:::::
when

::::::::::
compared

::
to

:::::::::
measured

::::::::
satellite

:::
and

:::::::::::::
ground-based

::::
data (Benedetti et al., 2009).
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3.2
:::::::::
Statistical

::::::::::
evaluation

:::
of

:::::::
sodium

::::
and

::::::::
chloride

::::
ion

:::::::::::::
concentration

:::
in

::::
rain

::::
and

::::
OP

Since sea spray aerosol consists mainly of chloride and sodium (Millero, 2014), we found adequate

to use the concentration of Na+ and Cl−
::::
used

::::
the

:::
ion

:::::::::::::
concentration

::
of
:::::

both
:::::::::
elements in rain and205

OP as proxies of sea-salt
:::
sea

:::
salt

:
atmospheric inputs into the ecosystem. Being

:::::::
Because

:::::::
sodium

::
is
:
a

conservative ion in sea-salt aerosol, Na+ has been
:::
sea

:::
salt

::::::::
aerosol,

::
it

::
is often used as reference for

sea-salt
:
a
:::::::::
reference

:::
for

:::
sea

::::
salt

:
concentration in precipitation chemistry and atmospheric chemistry

modeling studies (Jaeglé et al., 2011; Keene et al., 1986; Pozzer et al., 2012; Tardy et al., 2005; Vet

et al., 2014).
::::::::
Chloride

::
is

:::::
more

::::::::
unstable

::
as

::
it

:::::::::::::::
photochemically

:::::
reacts

::::
with

:::::
other

::::::::::::
atmospheric

::::
ions

::::
(e.g.210

:::::
sulfur

::::
and

::::::::
nitrogen

:::::::
species)

::::
and

::
it
::
is

::::::::
depleted

::
as

::
a
::::::::
function

::
of

:::::
time

:::::
spent

::
in

:::
the

:::::::::::
atmosphere

:
(Keene

et al., 1986)
:
.

Weekly Na+ and Cl− concentration

:::::::
Weekly

:::::::
sodium

:::
and

::::::::
chloride

:::::::::::::
concentrations in water samples from rain and OP was

:::::
were weighted

with the total weekly precipitation volume , averaged to monthly means of volume weighted concentration215

::
to

::::::::
calculate

:::::::
volume

::::::::
weighted

::::::::
monthly

:::::
mean

::::::::::::::
concentrations (VWMM). With the calculated VWMM

we compiled monthly time-series of
:::
sea salt concentration for a 6

::
six

:
year time series from 2006

to 2009. Additionally
::::
2004

:::
to

:::::
2009,

:::::::
which

::::::::::
represented

::::
the

::::::::
temporal

:::::::::
variation

::
in

:::
the

:::::::::::::
concentration

::
at

::::
each

::::::::::
altitudinal

:::::
level

:::
of

::::
the

:::::
study

:::::
area.

::::
To

:::::::
identify

:::::::::::
differences

::
in
::::

the
:::::::::::
distribution

:::
of

:::::::
sodium

:::
and

::::::::
chloride

:::::::::::::
concentrations

::::::::
between

::::
the

::::
sites

::::
we

:::::::
created

::::
box

::::
plots

:::
of

:::::
total

::::::::::::
concentration

:::::
over

:::
the220

:::::::
six-year

:::::::::
evaluated

::::::
period

::
at

::::
each

::::::::::
altitudinal

:::::
level.

::::::::::::
Additionally, we computed total volume weighted

means (VWM) to compare our observations with those from other studies.To check for differences

in salt concentration between the sites located at different altitudes we computed box plots of total

concentration at each altitudinal level.

Finally, factor analysis was applied to all measured ion species to look for225

:::
We

::::::::
analyzed

::::
the

::::::::::
relationship

:::
to

:::::
other

::::
ions

:::::
(K+, +,Ca2+,Mg2+, SO4

2−, NO3
−) using a principal

factor analysis (PFA) to locate common transport histories . Before factor analysis was conducted

and the likely origin of sodium and chloride. Before conducting the PFA , the data was normalized

and scaled to gain achieve comparable distributions.

For sea-salt concentration in the atmosphere we used the sea-salt mixing ratio of230

In coastal continental areas the Na+/Cl− molar ratio is typically that of sea salt (Keene et al.,

1986). This ratio was calculated using the measurements from each altitude and serves as an indica-

tor of the Monitoring Atmospheric Composition and Climate (MACC) reanalysis data set as proxy.

The concentration of sea-salt generated by wind stress on the ocean surface are diagnosed based on

a source function by and accounting for sedimentation, and wet and dry deposition processes. In235

this function wet sea-salt mass fluxes at 80 relative humidity are integrated for the three size bins

(0.03 to 0.5, 0.5 origin of both sodium and chloride concentration in precipitation. The ratio changes

as a function of distance from the ocean, as chloride is photochemically depleted in the atmosphere.
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Finally, to 5.0, and 5.0 to 20.0 microns) and sea-salt concentration is calculated for 60 model240

levels with the model top at 0.1 hPa . asses a likely impact of anabatic flows on the sodium and

chloride budget, we calculated wind direction relative frequency plots.

3.3 Back-trajectory Back trajectory and source-receptor analysis

Ten days long back-trajectories The HYSPLIT model was used to generate back trajectories of245

air masses were generated with the HYSPLIT model encompassing ten days with a resolution of

one day (Draxler and Hess, 1998). Modeling was done using the openair R package (Carslaw

and Ropkins, 2012) for R statistical language . The wind fields are represented by NCEP/NCAR

reanalysis were derived from the ERA-Interim reanalysis (Dee et al., 2011) with a grid resolution

of 2.5 0.75 ◦ by 2.5 0.75 ◦. All trajectories had their origins at the ground measurement sites from250

El Tiro San Francisco and Cerro del Consuelo in South-Ecuador river catchment in southern

Ecuador . The MACC sea-salt concentration data set reanalysis sea salt concentration data was

set as proxy of sea-salt sea salt concentration in the atmosphere for air-mass transport analysis by

back-trajectory modeling. Cluster analysis was applied to the back-trajectories to group similar air

mass histories and to post process concentration data in relation to cluster origin. Euclidean distance255

was used as measure of similarity between different trajectories. In a next step we calculated back

trajectory techniques. To test the link between the MACC sea salt concentration and the sodium and

chloride concentrations actually measured in rain and OP, both were linearly correlated. Pearson’s

product-moment correlation coefficients were calculated between the concentration at the two up-

permost MSs (El Tiro and Cerro del Consuelo) and the MACC sea salt concentration (see Table1).260

Based on the correlation coefficients, the frequency of trajectories represented by each cluster to

analyze the sea-salt concentration in relation to each of them. Furthermore, we compared the contri-

bution of each cluster to the concentration in the monthly MACC reanalysis sea-salt concentration

time-series. The choice of monthly time-series is justified because it permits the post-comparison

with the Na+ and Cl− measured concentrations MACC dataset at 700 hPa and the medium parti-265

cle size (0.5-5.0 µm) was chosen as the input parameter for further examination by back trajectory

analysis, because it yielded the highest correlation coefficient and significance level .

Given the spatial resolution of the dataset (0.75◦ by 0.75◦), the outcome of this analysis can only

provide evidence of synoptic transport pathways and source-receptor relationships for medium to

long-distance sources for an area of approximately 80 by 80 km2 in the southern Ecuadorian Andes.270

Local-scale transport is not represented by the used trajectory models.

As stated in the objectives, our main goal is We first aimed to identify the potential geographical

origin of high sea-salt concentration at the geographic origin of the sea salt concentration over this

wider area covering our receptor site in the RBSF southern Ecuador . For this particular purpose we275
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used source-receptor modeling as it has been successfully applied to determine likely geographical

geographic origins of pollutants and aerosols (e.g., Fleming et al., 2012; Hsu et al., 2003; Powell

et al., 2009; Riuttanen et al., 2013; Robinson et al., 2011). Here, two different hybrid receptor models

for comparison were used : the PSCF were used for comparison: the potential source contribution

function (PSCF) and the adjusted CWT concentration weighted trajectory (CWT) running on280

a grid that covers the domain of the 2192 generated trajectories between 2004 and 2009. Given

the high seasonality of synoptic air mass transport, we calculated the models on a seasonal basis

(Bendix et al., 2008a; Emck, 2007).

The PSCF (Malm et al., 1986; Pekney et al., 2006; Zeng and Hopke, 1989) calculates the probability

that a source of aerosol or pollutant observed at the ground measurement site is located at a specific285

cell in the geographical geographic space and is defined by:

PSCFij =
mij

nij
(1)

where nij is the number of trajectory points that passed through cell (i,j) and mij is the number

of times that trajectory points passing through the cell (i,j)correspond to high concentration values

, correspond to a high seas salt concentration (above an arbitrary threshold) at the time of arrival of290

the trajectory to the trajectory’s arrival at the receptor site. The function is based on the premise

that, if a source is located at that specific location, the air masses represented by the trajectory pass-

ing through the collocated cell are likely to collect and transport the material along the trajectory

until the receptor site. In this study, we defined two concentration thresholds: the 75th 75th per-

centile for moderate-to-high concentration and the 90th percentile for only 90th percentile for high295

concentration.

The adjusted CWT function uses a grid domain to calculate a grid-wise logarithmic mean concen-

tration of an aerosol or pollutant (Seibert et al., 1994) and is defined by:

ln
(
Cij

)
=

1
N∑

k=1

tij

N∑
k=1

ln
(
Ck

)
tijk (2)300

where i and j are the grid indices, k the trajectory index, N the total number of trajectories, Ck

the pollutant concentration measured upon arrival of trajectory k, and tijk the residence time of tra-

jectory k in grid cell (i, j). In this method, a weighted concentration is assigned to each pixel in the

domain. This concentration is the average of the sample concentration at concentrations at a given

receptor that have associated trajectories crossing the respective cell.305

In a second step, we assessed the contribution of the main transport pathways of sea salt to the

observed concentration over southern Ecuador. For this purpose we integrated the MACC sea salt
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data to the back trajectory cluster analysis. As for the source-receptor modeling approach, cluster

analysis was applied on a seasonal basis to group similar air mass histories. This revealed general310

circulation patterns and, subsequently, post-process concentration data in relation to cluster origin

and pathways. A partitioning algorithm based on spherical k-means was used to define the appro-

priate number of trajectory clusters, as well as prior knowledge of the main wind systems affecting

the receptor site. We tested different k-values and chose the maximum number of cluster objects

(i.e. back trajectories) that most closely reproduced the known conditions. The cosine distance was315

used as measure of similarity/dissimilarity between different trajectories. Afterwards, the frequency

of trajectories represented by each cluster was determined.

To estimate the contribution of the different seasonal transport pathways to the observed sea salt

concentration, the single trajectories belonging to each cluster object (cluster mean trajectory) were

related to the sea salt concentration in the nearest neighboring pixel within the study area. In this320

way, the contribution of each cluster object to the sea salt concentration above the study site could

be statistically evaluated. Likewise, to analyze sources and sinks of sea salt along the cluster mean

trajectories, we extracted the mean seasonal concentration values from the MACC data pixels (from

2004 to 2009) that matched the cluster mean trajectories in location, time, and height. Seasonal

sea salt concentrations maps were calculated to further interpret the concentration along the cluster325

mean trajectories. For this, the MACC sea salt data was vertically integrated between 875 hPa (the

minimum height of the trajectory clusters) and 500 hPa (maximum height). Additionally, based on

findings by Akagi et al. (2011) showing that burning biomass is a contributor to chloride emissions,

the Copernicus atmosphere monitoring system’s (CAMS) global fire assimilation system (GFAS)

(Kaiser et al., 2012) was used to create seasonal maps of NOx biomass burning fluxes over South330

America.

4 Results

4.1 Sodium and chloride concentration

Since our Our study area is characterized by the intricated complex topography of the Andes335

(see Fig. 1), we first examined the 1). Hence, temporal variation and distribution of the is of

interest in our study of sodium and chloride concentrations in rain and OP from MSs at different

altitudes and topographical locations.

Figure 2 (left column) depicts the time-series of Na+ and Cl− concentration from MSs time340

series of sodium and chloride concentrations at different altitudes. Cerro del Consuelo meteorolog-

ical station (MS) MS , situated at 3180 maltitude, presents , demonstrated the clearest temporal

pattern in the concentrationof salts concentration , where the highest peaks take place occurred

10



almost regularly between September and February (Fig. 2a).For Na+ the highest peaks are found in

the MSs of The highest concentrations of sodium were recorded at Cerro del Consuelo and El Tiro345

(2825 m) and Cerro del Consuelo (Fig. 2 a and d). Opposed to this, Cl− b). Contrarily, chloride

concentration peaks in OP are were highest at the lowermost lowest MS, ECSF (Fig. 2, c d ).

To compare the respective distributions, the boxplots in Fig. 2 (right column) show the concentra-

tion of sodium and chloride for both , rain and OP for each considered at every MS. Overall, no350

essential variations between the concentration at each MS can could be observed except for Cl−

in OP water at ECSF MS chloride in OP and rainwater at ECSF (Fig. 2 d), that presented values

where reported values were much higher than those measured at other elevations. Regarding ion

concentration in sodium and chloride species a clear difference can could be observed with Cl−

chloride concentration in the interquartile range extending between 0.22 and 0.51 mg· l-1, and Na+355

sodium concentration extending between 0.06 and 0.20 mg· l-1.

In the rain samples, Cl− concentration is

In rainwater samples, the concentrations of chloride were considerably higher than the Na+

concentration at all MSs those of sodium at each MS . A larger spread range and higher extreme

values are observed in Cl− concentration. Na+ concentration do not present a relevant difference360

were observed in the chloride concentration. Differences in sodium concentrations between MSs

at different altitudes . The concentration show a little were negligible. The concentrations showed

a slight increase at TS1 MS (median of 0.14 mg· l-1) and El Tiro (median of 0.13 mg· l-1) and

decreases decreased again at the highest station, Cerro del Consuelo (median of 0.07 mg· l-1).

Compared to the rain samples, OP contains contained a higher mean Na+ and Cl− concentration365

concentration of sodium and chloride but also a larger spread greater range in its distribution

(Fig. 2, left column). The concentration of Cl− is also significantly chloride was also considerably

higher than that of Na+, with sodium, with the highest mean concentration (median of 0.62 mg·
l-1) at the lowest MSof ECSF. The concentration of Na+ peaks at El Tiro MS , ECSF. Sodium

concentration peaked at El Tiro (0.17 mg· l-1). At TS1MS , the mean concentration is was370

lowest (median of Na+ 0.09 mgl-1 for Na+ and ·l-1 and Cl− 0.3 mgl-1 for Cl−) , increasing

·l-1) increased once again at the highest elevations, El Tiro and Cerro del Consuelo (median El

Tiro and Cerro del Consuelo (median Na+ between 0.11 and 0.17 mgl-1 for Na+ and ·l-1 and Cl−

between 0.33 and 0.35 mgl-1 for Cl− ·l-1 ).

To gain some insights on375

A PFA of every major ion concentration was conducted to gain insights into the origin of salt

inputs, a factor analysis of all analyzed major ion concentration from the MSs was conducted. The

analysis indicates four components which explain most sea salt inputs for each MS (Table2). This

analysis indicated four components that explain the majority of the variability in the dataset. Na+

and Cl− have large loadings on factors The load of sodium and chloride had a considerable bearing380
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on either factor 1 or 2, depending on the MS’s altitude and location of the MS , and the precipi-

tation type. This two factors explain These two factors explained at least 29% of the variability in

the system (Fig.3 Table2 ).

With the exception of the lowermost station (ECSF, 1960 m), Na+ and Cl− explain

Sodium and chloride explained the greatest variability in the system, in the rain samples. The385

ECSF station, as shown in Fig.2, presents a different distribution in the chloride concentration than

that from MSs at higher elevations system’s rain samples, except for TS1 (2660 m) .

At Cerro del ConsueloMS, compounds from biomass burning co-dominate , sodium, chloride,

and potassium dominated the variability in rain, given that SO4
−, NO3

−, Na+, and Cl− load to390

factor 1 (Fig.3a). This means that Na+ and Cl− share a common air mass history with NO3
− and

SO4
− and thus, the salt concentration has most likely an Atlantic origin. they loaded to factor 1.

In OP samples, the biomass-burning compounds have such as nitrate, sulfate, and ammonium had

a stronger signal, loading to factor 1. Factor 2 represents sea-salt sources only, since solely Na+ and

Cl− load to factor 2. The origin is most probably the sporadic intrusion from was loaded by sodium395

and chloride only. No other compounds loaded to this factor, meaning that sodium and chloride most

likely originated in sea salt from Atlantic and Pacific air masses.At El Tiro MS,

At El Tiro, sea salt sources were exclusively present in factor 1 in for rain and factor 2 in OPrep-

resent sea-salt sources only (Fig.3b). Sea-salt represents the most important factor in rain and the

second most important in OP, behind biomass burning sources from the Amazon. for OP, similar400

to Cerro del Consuelo. As for Cerro del Consuelo, sea salt explained most of the variance in rain,

followed by biomass-burning compounds. The opposite was true for OP, where biomass-burning

compounds dominated, followed by sea salt.

The situation at TS1 is not so clear compared to was more complex than at Cerro del Consuelo405

and El TiroMSs , given the combined influence of the local valley-mountain wind mountain-valley

breeze system and the synoptic system. In rain, Na+ and Cl− are dominating biomass-burning

compounds dominated the variability, as they present high with significant loadings on factor 1

(Fig.3c) 1. Factor 2 was only loaded with sodium and chloride . In OP, they continue to show high

loadings on factor 1 , but this time they share a transport history with NO3
− and SO4

− represented410

sea salt and crustal material, as sodium, chloride, calcium, and magnesium loaded to this factor . In

the OP rain samples at ECSFMS, Na+ and Cl− load , sodium and chloride loaded to factor

1 together with Ca+ and Mg K +(Fig.3d) . In the rain samples Ca+ and Mg OP samples nitrate,

SO4
−, and K + dominate dominated the variability loading to factor 1, while Na+ and K+ load

sodium and chloride loaded to factor 2.Cl− does not play any role in this type of precipitation.415
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4.2 General transport pathways and spatial allocation of sources

In the last section we analysed the temporal and altitudinal concentration of Figure 3a shows the

Na+and / Cl− concentrations in the deposition through rain and OP , and related them to the

other ions measured in deposited rain and OP water . The remaining question of where the Na+ and420

Cl− source areas are located geographically is elaborated in this subsection. To spatially locate the

sources we used HYSPLIT back-trajectories and MACC sea-salt concentration. Based on a corre-

lation analysis between molar ratio calculated in data from OP and rain water samples collected

at each MS along the altitudinal gradient studied. The typical molar Na+and / Cl− concentra-

tions in rain and OP measured at the two uppermost MSs (El Tiro and Cerro del Consuelo) and the425

reanalysis sea-salt concentrations for three size bins at six common pressure levels (see Table??)

three different target altitudes were selected: 3180 m which is the altitude of the highest MS Cerro

del Consuelo and already infringes the lower tropospheric layer, as well as two other target altitudes

that penetrate deeper into the synoptic layer (4200 and 6000 m). We chose the MACC dataset at 700

hPa pressure level and the medium particle size ( ratio in precipitation for areas close to the sea is430

0.86 (dotted line in the figure), according to Keene et al. (1986). The International Co-operative

Programme on Assessment and Monitoring of Air Pollution Effects on Forests (ICP) recommends

an acceptable range of values between 0.5 -5.0 micrometers)as input parameter for the backward

trajectory analysis because it yielded the highest correlation coefficient and significance level. That

being so, it demonstrated to best represent the conditions observed at the ground measurement site.435

Trajectory cluster analysis was applied to identify the main representative air mass transport pat-

terns, and so the transport pathways of sea-salt (Fig.4, Fig.5 and Fig.6). As shown in panel (a) of

Fig.4 - Fig.6 the easterly winds are dominant at all tested target altitudes. For the lower height levels

(panel a and 1.5 molar units (Clarke et al., 2010) (dashed line in Fig. 5 and Fig.6)the cluster-440

ing results were very similar, where predominantly fast flowing east trajectories characterize the air

mass transport (from approximately 87 to 90 of the trajectories), and less frequent slower moving

trajectories from the west (between approximately 9 and 10 ) appear rather sporadically. At 6000

meter height level the air flow speed increases in both, easterly (approximately 92 ) and westerly (

approximately 8 ) trajectories (Fig. 4a).The latter lose its vortex-like sweep as in Fig.5a and Fig.6a,445

as a result of a decreasing influenceof the transport of air masses along the Peruvian coast. In Fig.4a,

only cluster six (C6) originates in the Equatorial Pacific, while cluster four (C4) moves to the north.

Cluster three (C3) originates east of the RBSF, flows across the Andes and over the Pacific and turns

back towards the east to finally reach the receptor site. This type of bow-shaped trajectories is com-

mon to all three target altitudes (Fig.4a, C3; Fig. 5a, C4 and C6; and Fig. 6a, C3, C4, and C5) and450

characterizes the coastal wind system associated with the Humboldt current . 3). Outliers were

likely due to samples with concentrations too close to the detection limits. When approaching the

lower limits of the concentration, the ratio becomes more unstable and tends towards more extreme
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values.

455

The mean sea-salt concentration for the trajectory clusters arriving at the RBSF is presented in

Table2. The Pacific clusters (Table2 C3, C4

The highest stations show a stronger marine influence , C5 for 3180 m, C4, C5, C6 for 4200 m,

and C3, C4, C6 for 6000 m) reveal a higher concentration of sea-salt, whereas easterly air passing

over the Atlantic and the South American continent before arriving at the RBSF show intermediate460

to lower concentrations. North-easterly trajectories for example were associated with an interme-

diate concentration, while easterlies and south-easterlies had only small concentrations related to

them. In addition to the cluster-associated mean NaCl sea-salt concentration it is also valuable to

know in which proportion each cluster adds to particularly in OP. The ratio fluctuates within the

acceptable range and is mostly close to the total concentration in the analyzed study period. The465

values in parenthesis in Table2 summarize the contribution in percentage of each cluster. For the

trajectories arriving at 3180 and 4200 m height level (Table2) cluster C1, representing the north-

easterlies, had the highest contributions. Furthermore, once added the contribution from the other

two easterly clusters (Table2 C2 and C6 for 3180 m, C2 and C3 for 4200 m, and C2 and C5 for 6000

m), approximately 74 to 80 of the total concentration is associated with an easterly transport of air470

masses coming from the Atlantic. The remaining 20 to 25 are attributed to air flows passing over the

Pacific before reaching the RBSF. These highly loaded seasonal Pacific flow incursions take place in

the southern hemisphere’s late-spring and summer as easterlies weaken due to the south-ward shift

of the ITCZ. This pattern is clearly shown in panel b) of Fig.4 - Fig. 6, where sea-salt time-series

describe the proportion of concentration contributed by each cluster. Atlantic air masses add to the475

concentration constantly along the year, also in winter, when the Pacific flows does not play any role.

However, the high peaks at the end and the beginning of each year are clearly dominated by stan-

dard value of sea salt in precipitation from coastal areas. This influence diminishes as the altitude

decreases, especially for OP. Median ratios of 0.7, 0.8, 0.5, and 0.3 for Cerro del Consuelo, El Tiro,

TS1, and ECSF, respectively, also reflect a greater influence of sea salt at higher altitudes.480

A somewhat stronger seasonal behavior was identified at the two highest stations (gray columns

show the transport from the Pacific.The same seasonal patterns were also identified in the measure-

ments in Fig. 2, being clearest at the highest station period from September to February, with the

highest frequency of intrusion by the Easterlies). Figure 3b depicts the frequency of trajectories on485

a yearly basis. In the first three years (2004-2006) the occurrence of Westerlies was more frequent

and at the same time the Na+/Cl− ratio was close to that of fresh sea water (local Pacific influence).

During 2007-2009, when Easterlies were more frequent, the Na+/Cl− ratio increased due to the in-

creasing influence of distant Atlantic sources (chloride is depleted during transport) and the likely
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contribution of forest and agricultural fires (Reid et al., 2004; Akagi et al., 2011).490

Locally driven winds, such as thermally-induced anabatic winds, can contribute to the transport

of local sodium and chloride from the valley to the upper parts of the catchment. In a previous

study, however, Makowski Giannoni et al. (2013) showed that anabatic winds do not impact MSs

located on mountain tops, where synoptic winds predominate. Figure 4a and b show relative fre-495

quencies of the wind direction at ECSF and Cerro del Consuelo, respectively. At the lower altitudes

(ECSF) a typical mountain-valley breeze circulation system exists, while at the crest ( Cerro del

Consuelo(Fig.2a), which means that it is possible to explain the observed patterns in the measure-

ments by ) northeasterly wind directions predominated.

4.2 Spatial allocation of sources and general transport pathways500

In the previous section we analyzed the temporal and altitudinal variation of sodium and chloride

concentrations in deposition driven by rain and OP. This section addresses the remaining question of

where the sodium and chloride source areas are located geographically.

The synoptic wind system over South America is driven by strong seasonal circulation patterns.505

Because the air mass transport to the receptor site is directly linked to the seasonal cycle of the

large-scale atmospheric circulation patterns. circulation system (Bendix et al., 2008a; Emck,

2007) and thus, sources of sea salt concentration and their intensity may vary with the seasons, we

examined seasonal patterns present in the sources and dominant air mass trajectory clusters.

510

After characterizing the main pathways of air masses on the basis of back-trajectories and cluster

analysis, we take a look at potential sources which might contribute to the sea-salt We first evaluated

potential contributory sources to sea salt concentration at the receptor site for each season . For this

reason purpose, the two hybrid receptor models were used as shown in Fig. 7. In order to capture

source areas responsible of moderate and high concentration contributions at the receptor site we515

applied the PSCF with two distinct predefined concentration thresholds, the 75th and the 90th per-

centiles, 5. In accordance with a sensitivity analysis done with back trajectories starting at different

altitudes, these functions were applied to 3180 m, the altitude of the MS Cerro del Consuelo, on top

of the highest peak in the catchment. Trajectories starting at lower altitudes have greater uncertainty

because local flows are driven by the complex topography and cannot be reproduced. Those starting520

at higher altitudes provided no further information as they have coincidental source areas.

Figure 5 shows the spatial distribution of potential sources calculated by the PSCF (a, b) and the

CWT function, which inherently discriminates between sources of moderate and high intensity. In
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accordance with the back-trajectories these functions were applied for three selected height levels of525

6000, 4200, and (c), for DJF, MAM, JJA, and SON at 3180 m (Fig.7).

starting height at the receptor. When we compare the spatial distribution of potential sea-salt

sources between the two models (PSCF and CWT), similar locations in the Atlantic and Pacific

Oceans can be observed are indicated . The highest probabilities/concentration (above 0.5 likeli-

hood (concentrations above 5e−9 for Fig. 7a-f 5a and b and above 5e−9 for Fig. 7g-h) occur in530

the equatorial Pacific 5c) is an equatorial Pacific location , which points to stronger sources of sea-

salt sea salt in that region contributing to the high concentration at the receptor siteand confirms

the results of the trajectory cluster analysis in Table2. The target altitudes of the back-trajectories

(left, middle and right columns in Fig.7) show a generally coinciding location of source transport

pathways. However, at the lowest target altitude (Fig.7, right column) the transport along the coast of535

Peru becomes more important due to the increasing influence of the lower tropospheric wind system

.

High sea-salt emission sources are expected to be found whether in Strong sources of sea salt are ex-

pected from either the Pacific or in the Atlantic. To judge from the high probabilities/concentration

over probability that the concentration stems from the oceans, the PSCF with 90th percentile540

threshold (Fig. 7d, e, f results of the PSCF (90th percentile concentration threshold, Fig. 5b ) and

the CWT (Fig. 7g, h, i 5c ) performed best in discriminating between potential geographical sources

that contribute geographic sources that contributed to moderate and high sea-salt concentration

at RBSF in South sea salt concentrations over southern Ecuador. In contrast, the PSCF with 75th

percentile when using the 75th percentile as the concentration threshold (Fig. 7a,b,c) 5a) the545

PSCF only detected the transport pathways for sea-salt sea salt irrespective of the intensity of the

source contribution to the concentration.

4.3 Seasonal patterns in sea-salt transport and source contribution

The synoptic wind system over South America is driven by strong seasonal circulation patterns. Be-550

cause the air mass transport until Seasonal source contributions that had the greatest impact, i.e.

responsible for high sea salt concentrations at the receptor siteis directly linked to the seasonal cycle

of the large-scale circulation system and thus, sources of sea-salt concentration and their intensity

may vary with seasons we examined if seasonal patterns are present in the dominant clusters for

each height level. For this reason the sea-salt concentrations related to each clusters were separated555

by months and years to get an overview on its temporal variations. , occurred between September

and February (September, October and November [SON ] and December, January and February

[DJF ]). During SON, the equatorial Pacific was the dominant source, while in DJF both the Pacific

and Atlantic sources contributed to the concentration. Yet, the Pacific sources still appeared stronger,

as indicated by the large number of high values in that area. Furthermore, chlorine-containing com-560
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pounds related to sea salt and biomass-burning were likely co-linearly transported during that season,

as shown by the high concentration over the northern portion of South America during DJF, and the

coincidence of the biomass-burning season in that area (Fig. 9). On the other hand, during austral

autumn (MAM) and winter (JJA) the models identified no relevant potential sources of high sea salt

concentration.565

Figure 8 illustrates the mean sea-salt concentration for each cluster and the three distinct height

levels analyzed. Based on the highest values in austral late spring (SON) and summer (DJF) , when

mean concentration are frequently above 8e-9 kg kg−1, it is evident that the highest mean sea-salt

concentrationis related to the westerly and north-easterly air masses.During this time the western570

and north-eastern clusters also present a more or less strong seasonality ( clusters C3, C4, C5 and C6

in Fig. 8a; clusters C1, C4, C5 After locating the potential geographic sources of sea salt, trajectory

cluster analysis was applied to identify the main representative air mass transport patterns, and C6

in Fig. 8b, thus the transport pathways of sea salt (Fig. 6). Here, the Easterlies were dominant. In

the air mass transport, fast flowing east trajectories dominated (from approximately 83 % to 97 %575

of the trajectories, in DJF and JJA, respectively), and clusters C1, C3, C4 and C5 in Fig. 8c) owing

to the fact that westerlies are only present slower-moving trajectories from the west appeared rather

sporadically (between approximately 2.8 % and 17 %). The occurrence of bow-shaped trajectories

was common (Fig. 6, MAM and DJF) and characterized the coastal wind system associated with the

Humboldt current (Bendix et al., 2008a; Emck, 2007).580

Westerlies mostly evolved during SON and DJF, while north-easterlies are and to a lesser extent

during MAM. Meanwhile, North-Easterlies were absent during the austral winter (JJA) following

the migration displacement of the ITCZ to the north. The eastern and south-eastern clusters exhibit

clusters exhibited no seasonal pattern, because they are represent the prevailing wind directions

throughout the year.The sea-salt concentration associated with these clusters is much weaker, but585

Table3 summarizes the mean sea salt concentration over southern Ecuador related to each cluster

object reaching the receptor site for each season. High concentrations of sea salt are associated with

westerly and north-easterly trajectories mainly occurring between September and May (Table3),

whereas easterly air masses that passed over the Atlantic and continental South America before590

arriving at the receptor site showed intermediate to lower concentrations. In addition to the cluster-

associated mean sea salt concentration, values in parenthesis in Table3 describe the proportion (in

percentage) that each cluster contributes to the total concentration during the study period. Clus-

ter C2, representing the North-Easterlies, was associated with the highest contributions in DJF and

MAM. In SON, cluster C2 represented the Easterlies and was likewise associated with the high-595

est contributions. SON is the main biomass-burning season in the Brazilian Amazon, which likely

contributed to the overall budget. Furthermore, Easterlies transport from September to May was as-
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sociated with approximately 75 % to 80 % of the total concentration. The remaining 15 % to

20 % were attributed to air flows passing over the Pacific before reaching the receptor site. These

highly loaded seasonal Pacific flows took place in the southern hemisphere’s late-spring and sum-600

mer as Easterlies weaken due to the southward shift of the ITCZ. Atlantic air masses contributed to

the concentration constantly over the year, also in austral winter (JJA), when the Pacific flows were

negligible. However, transport from the Pacific clearly dominated the high peaks at the end and the

beginning of each year. The sea salt concentrations associated with the easterly clusters was much

weaker. However, due to its high frequencyit contributes more continuously , it persistently con-605

tributed to the transport of background concentration from the Atlantic . with likely additions

from Amazon fires. Similar seasonal patterns were also identified in the measurements as illustrated

in Fig. 2, the most clearest of which occurred at the highest station Cerro del Consuelo (Fig. 2a).

That means that the observed patterns in the measurements can be explained by the large-scale at-

mospheric circulation patterns.610

Again, to look for seasonality in the location of potential sources we calculated seasonal PSCF

and CWT maps. Figure 9 and Fig. ?? show the spatial distribution of potential sources for the PSCF

(90th percentile)and the CWT for DJF, MAM, JJA, and SON at the 3180 m receptor height level

only. The two remaining height levels at receptor site are not shown because they give no further615

information. The sources that have the greatest impact, i.e. responsible for Figure 7 depicts the sea

salt concentration along the cluster mean trajectories and the trajectory height for each season. The

north equatorial Atlantic was a great source of sea salt during DJF (Fig. 7, column 1), according to

the sea salt concentration along the trajectory clusters. Nonetheless, the high sea-salt concentrations

at receptor site , occur between September and February (DJF and SON). During SON the source on620

the equatorial Pacific is dominant, while in DJF both Pacific and Atlantic sources contribute to the

concentration. Yet, the Pacific sources still appear stronger, as indicated by the high concentration

of pixel with high probability values in that area. On the other hand, during austral autumn (MAM)

concentration rapidly decreased as the air masses traveled over the continent. Compared to westerly

air masses, easterly air masses were lower in elevation, which increased the probability that they625

were loaded with aerosols from surface emissions. Those air masses then ascended abruptly as they

approached the Andean range. In comparison, the equatorial Pacific is a less significant source for

sea salt. Because of its vicinity to the receptor site and winter (JJA) no relevant potential sources

of high sea-salt concentration were identified by the models. because the air masses spent most

of the time over the ocean, the concentration did not sink significantly over time (Fig. 7, C4-C6).630

The concentration peaks in C1 and C2 were due to sea salt intrusions from the Caribbean Sea and

canalized by the Andean cordillera, as depicted in Fig. 8. The season DJF was also characterized by

frequent forest and agricultural fires in northern South America, which likely contributed chlorinated
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compounds from biomass burning to the budget as well (Fig. 9).

635

A similar situation also occurred in MAM (Fig. 7, column 2), where C1-C3 are north-easterly air

masses and C4-C6 represent westerly pathways. In C2 the intrusion of sea salt from the Caribbean

was also present, but less pronounced than in DJF (Fig. 8).

For SON (Fig. 7, column 3) most of the budget was transported from the Atlantic and the con-640

tinent: clusters C1, C2, and C3. Because this period coincided with the Brazilian biomass-burning

season (see Fig. 9), a considerable quantity of sodium and chloride from the Atlantic (Fig. 8) and

from fire emissions were probably transported to the receptor site.

5 Discussion645

In this study we examined potential sources of Na+ and Cl− observed in rain and OP along an al-

titudinal gradient in the south-eastern sodium and chloride for the southern escarpment of the

Ecuadorian Andes. The analyses were carried out by back-trajectory investigation analyzed chem-

ical ion concentrations in rain and OP samples along an altitudinal gradient, using back trajectory

statistical analysis and two source-receptor models modeling .650

Owing to the rough terrain, we

We first explored the distribution of sodium and chloride inputs by rain and OP measured in

the study area in dependence of the altitudeand thus, its wind exposure in relation to altitude .

Overall, comparisons between the MSs revealed reveal a difference in the temporal variation of

the concentration of Na+ and Cl− sodium and chloride in rain and OP depending on the elevation655

and exposure. Moreover, the highest MS The highest MS, Cerro del Consuelodescribed , displays

a distinct seasonal pattern, which is otherwise lacking or less accentuated for pronounced at

the remaining MSs. The largest concentration in deposited water of water deposition occurred

between September and February, concomitantly with the southward migration of the ITCZ and the

more frequently occurring north-easterly winds frequent North-Easterlies (see Fig. 2). Regarding660

the total concentration , Cl− was always considerably higher than Na+

Chloride was consistently a larger portion of the concentration than sodium , which agrees with

findings by Tardy et al. (2005). In their study , they Their study investigated the chemical com-

position of rain water rainwater in the Amazon and found Cl− concentrations being higher than

Na+ in places close that in places closer to the Atlantic ocean, while the places located Ocean665

chloride concentrations were higher than sodium, whereas this ratio inverted for locations further

away from the Atlantic coastpresented a higher Na+ than Cl− concentration . The observed excess

in Cl− concentration chloride concentration compared to sodium at our study site compared to
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Na+ means that there is a relevant influence from the Pacific ocean, indeed, despite the barrier effect

of the Andes for the transport of air masses. means that marine sources have a significant impact670

on the overall sea salt presence. This influence is also demonstrated by the Na+/Cl− molar ratios in

samples from the MSs along the altitudinal gradient. Higher altitudes are exposed to synoptic circu-

lation and stations there register Na+/Cl− ratios closer to that in marine air masses. This indicates a

gradient of sea salt inputs with relation to terrain height.

Through factor analysis it was possible to describe how sodium and chloride are related to the other675

elements measured and thus, to identify if common pathways are present that could give us hints on

the possible origin of sodium and chloride. To conclude from contributions to

Common transport histories were identified on the basis of the PFA. As evinced by their preva-

lence in the first two components, sea-salt represented by sodium and chloride had a strong

relevance in both , concentration are very relevant in both rain and OP. Two likely origins could680

be approximated depending on the location of sodium and chloride in the multidimensional space:

east (presumably the Atlantic), when the The fact that they exclusively load to factor 1 or 2, based

on their location in multidimensional space, suggests the likely origin of sodium and chloride air

mass history was shared with elements of Amazon biomass-burning emissions (nitrate and sulfate,

as revealed by ) and west (probably the Pacific Ocean), when sodium and chloride presented an685

individual and unique air mass history. The latter means that solely is sea salt from either the Pa-

cific or the Atlantic Ocean. Biomass-burning seems to play a minor role in the transport of sodium

and chlorideload to a factoras depicted in Fig. 3. Considerng that, at Cerro del Consuelo MS rain

was more associated with an Atlantic origin of sodium and chloride , and OP with a Pacific origin

(Fig.3a) . At El Tiro MS it is the other way around, with sea-salt from rain having more a westward690

origin and that from OP more a eastward origin (Fig.3b) . Source partitioning by factor analysis also

allowed to identify the effects of local winds and pollution in the , since nitrate and sulfate did

not load to the same factor. Although emissions of chloride from fires may be recognizable (Akagi

et al., 2011), they are likely irrelevant compared to sea salt (Fabian et al., 2009). Calcium and mag-

nesium (crustal material) loading to factor 2 in OP at TS1 (Table 2) reveals the effect local winds695

have on emissions at lower elevations. The influence of chloride-containing dust blown from the

Loja-Zamora road and biomass-burning (Fig. 1) and plumes from local biomass-burning fires are

the most likely cause causes of the high chloride concentration at the ECSFMS concentrations

at ECSF . Findings by Yokouchi et al. (2002), Spanos (2002), Hildemann et al. (1991), Akagi et al.

(2011), and Harrison and Pio (1983) substantiates substantiate this assumption. According to700

these studieschloride does , chloride not only stems from sea-spray sea spray but is also emitted

from natural and anthropogenic terrestrial sources, namely dust, biomass-burnig i.e. dust, biomass-

burning and biogenic forest emissions.This can be inferred from the time-series and factor analysis
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Concluding from the ion concentration time series (Fig. 2and 3)too. The ) and PFA (Table 2), the705

distribution of chloride and its relation to other ions are distinct between valley and the mountain

tops, where the concentration in the former sources can differ between valleys and mountain tops.

In the former, the concentration is influenced by local winds and emissions, while that in the latter

depends most likely only from the the concentration most likely depends on synoptic air-mass

transport and emissions from distant sources. Being a conservative ion, sodium has very few sources710

others than ocean spray. This property of sodium is reflected in the time series (Fig. 2), in that

no influence of local sources could be noticed This difference in atmospheric circulation between

valleys and mountain tops is clearly depicted in Fig. 4, in which only the mountain tops are strongly

influenced by the synoptic circulation .

To determine the relevance of Pacific sources to the sea-salt transport into the study area, back-715

trajectories statistical analysis and

The potential sources defined by PSCF and CWT were used. Three different height levels were

considered for analyzing the pathways of air mass transport (see Fig. 4 - 7) . On the basis of a

cluster analysis, the trajectories could be grouped together and 6 dominant pathways were identified

(C1 - C6) : 3 eastern pathways, coming from the Atlantic Ocean, and 3 with a western or north-720

western origin, originating from or passing over the Pacific. In general, at all evaluated height levels

the eastern clusters predominate in the frequency of occurrence (approx. 90 ), which indicates that

most of the air masses arriving (Fig. 5) as well as the cluster-concentration statistics (Table3)

concur with the occurrence of the highest sodium and chloride concentration between September

and February at the most elevated MSs – El Tiro and Cerro del Consuelo 1000 in the study area725

originates over the Atlantic. However, even though easterlies prevail, when linking the main transport

pathways to the observed concentration at the study site (see Table2)we notice that the easterly

trajectories are dominant in terms of frequency of occurrence, but they do not have the greatest

impact, considering that they only contribute to small sea-salt concentration. The reason is that the

highest concentration is contributed by the Pacific sources in the west and partially by the north-730

easterlies. Consequently, though the Pacific transport is very sporadic in nature, it contributes to up

to 25 of the total concentration at the study area with respect to the analyzed time span between

2004 and 2009. (Fig. 2a, b and Table3). This corroborates the conclusions reached in previous

paragraphs that the transport at higher elevations is more synoptically driven. Thus, medium to long-

range transport (reproduced by back trajectory modeling) has more of an effect in areas of high735

elevation than at lower slopes and valleys, which are more affected by local transport.

In order to relate the air mass transportto potential spatial sources of sea-salt

The results of the PSCF and CWT were examined. The results showed that both hypothesized

source areas source-receptor models (Fig. 5a, b, c) indicate the areas that contribute to the highest

concentration at the receptor site: these areas are , i.e. the equatorial Pacific in the vicinity of the740

coast of Ecuador and northern Peru as well as the equatorial north-equatorial Atlantic and the
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Caribbean sea. Because of the vicinity of the Pacific Ocean Sea. Nonetheless, according to the spa-

tial distribution of the sea salt concentration illustrated in Fig. 8, the PSCF and CWT models seem

to overestimate the contribution of the equatorial Pacific, which exhibits a lower sea salt concen-

tration than the Atlantic Ocean. Analysis of the sea salt concentration along the trajectory clusters745

reveal a comparable behavior, wherein the clusters passing over the Pacific contain a lower sea salt

concentration. However, the concentration remains quite stable, contrary to the easterly trajectories

passing over the continent, where wet scavenging is much more pronounced. Those drier conditions

over the equatorial Pacific were clearly seen in DJF, where the concentration among clusters C4 ,

the transported aerosols have a lower probability to be scavenged as compared to the long-range750

transport from the Atlantic over the Amazon. This is most likely the reason why the sources in the

Pacific appear stronger and contribute to the highest concentration at C5, and C6 even increase as

the air masses approach the receptor site . Comparisons between the selected height levels revealed

similar results which point to comparable atmospheric circulation patterns at these altitudes.The best

results were gained by the CWT model (Fig. 7).755

The CWT (Fig. 7g, h and i) , in successfully allocating 5c) model delivered the best results in

that it successfully differentiates the source hot spots over the oceans , distinguishing the hot spots

from moderately contribution areas which are sometimes terrestrial. On the contrary from those

areas of moderate contribution over the continent. In contrast , the PSCF was (Fig. 5a, b) is less760

successful in identifying the areas that contributed to the highest concentration making this distinc-

tion . As already pointed out reported by Hsu et al. (2003) and Stohl (1996) a drawback of the

PSCF method is that the values slightly higher and much higher than high and extreme values above

a defined threshold get similar probabilitieswhich complicates , which hamper their distinction.

Thus, the results of the PSCF were PSCF results are heavily influenced by the arbitrary choice of765

the choice of an arbitrary threshold concentration. Pekney et al. (2006) reported that the election

selection of the threshold value relies on the evaluated concentration time-series time series .

The authors stated found that for low background values and high concentration peaks, the 90th

90th percentile threshold performs better, while for concentration time-series with less variability,

the 75th the 75th percentile is more appropriate for concentration time series with less variability770

. In our case, the quite strong seasonal variations in the sea-salt concentration with season explained

sea salt concentration explain why the PSCF with 90th percentile threshold performed better than

the 75th percentile performed better with the 90th percentile threshold (Fig. 5b) rather than the

75th percentile (Fig. 5a) .

Finally, because the general atmospheric circulation and thus, the air mass transport over South775

America is characterized by a seasonal behaviour which is well documented by in several studies ,

its effects on the source areas identified by the hybrid receptor models and the clusters associated to

these areas was tested (Fig.8 - ??). Furthermore, seasonal patterns could be observed in the measured
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concentration, particularly at the most exposed Cerro del Consuelo MS, which highlights its consid-

eration. The quite regular occurrence of the highest concentration between September and February780

(Fig.3), is in good agreement to the cluster-concentration statistics and the potential sources defined

by PSCF and CWT. The highest

To perform a cluster analysis, the trajectories were grouped together and six dominant pathways

were identified (C1-C6 in Fig. 6). In general, over the entire observation period, the eastern clusters

originating on the equatorial and south-equatorial Atlantic predominate (> 51 % of the trajectories).785

However, when seasonally linking the main transport pathways (C1-C6) to the sea salt concentra-

tion at the receptor site were contributed during SON and DJF (see Fig.??). This means that (see

Table3), we notice that those pathways do not have the highest impact on the sea salt concentra-

tion in southern Ecuador. Even if easterly and south-easterly transport prevail, larger sea salt loads

are transported from the largest quantities of sea-salt were transported within this period mainly790

occurring from the equatorial Pacific and Atlantic. The westerlies are most successful in this pe-

riod because the ITCZ is located further South north-equatorial Atlantic, the Caribbean Sea, and

the equatorial Pacific . The analysis of seasonal patterns in the sea-salt transport strengthen the

predominance of air mass transport by eastern trajectories. Moreover, it confirmed that the western

trajectories had the strongest impact contributing to the highest sea-salt concentration , because the795

large quantities were added in a short period of time (only approx 10 The North-Easterlies origi-

nating from the north-equatorial Atlantic and Caribbean Sea occurred approximately 29.5 % of the

time and accounted for around 56.5 % of the concentration over southern Ecuador. The Westerlies

from the equatorial Pacific were much less frequent (≈ 9.3 %of trajectories) , but contributed up

to 25 ) and accounted for 26 % of the total concentration(see Table2) during the analyzed period800

concentration . That means, despite the barrier effect of the Andes and the low frequency of oc-

currence occurrences of western pathways, the Pacific sea-salt sources Pacific sea salt sources

still play a relevant role in contributing to sea-salt transport to our study site. The comparison of

the sodium and chloride concentrationmeasured at our area of investigation with that in other sites

located further east substantiates the important role of the Pacific sources at our study area (Table3)805

. Even if the concentration transporting sea salt to the receptor site. Together, equatorial Pacific and

north-equatorial Atlantic sources accounted for around 82.4 % of the total sea salt concentration.

Furthermore, large quantities were added solely from the equatorial Pacific and the Caribbean Sea

in a short period of time (≈ 16 % of trajectories), contributing up to 46.7 % of the total concentra-

tion, which stress the importance of these sources to the atmospheric sea salt budget over southern810

Ecuador.

Nevertheless, in light of the sea salt concentration along the seasonal trajectory clusters (Fig. 7)

and sea salt’s spatial distribution (Fig. 8), the significance of Pacific sea salt remains questionable.

The concentration of sea salt in the equatorial Pacific is less than that in South Ecuador was not815
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that high as observed in forests close to the Atlantic, despite the larger distance from the Atlantic

coast it clearly exceeded the concentrations measured in the central Brazilian Amazon thousands of

kilometers to the east. the Atlantic. Therefore, the former’s influence may be overestimated, even if

the concentration-decay over the Pacific is much less pronounced as over continental South America.

On the one hand, the greater frequency of the North-Easterlies, and on the other hand, the higher sea820

salt concentration in the Atlantic are good reasons that justify a greater influence of the Caribbean

Sea and the north-equatorial Atlantic with respect to the atmospheric sea salt budget over southern

Ecuador.

We have used back-trajectory statistical analysis and source-receptor models to assess the alloca-825

tion and contribution of Pacific and Atlantic Ocean sources to sea-salt ( Regarding the addition of

salt from biomass-burning to the chloride budget at the study area, based on the co-occurrence of

high NOx concentration from biomass-burning and high sea salt concentration during the main sea

salt transport season (SON and DJF, in Figs. 8 and 9), it is very likely that sea salt is indeed enriched

by biomass-burning chloride. However, this assumption is not corroborated by our field samples830

from southern Ecuador. In the concentration of sodium and chloride from rain and OP samples we

did not find any correlation between nitrate and sulfate, the products of biomass-burning (Fabian

et al., 2009; Makowski Giannoni et al., 2013, 2014)), and sodium and chloride ) concentration to

our study areain the Andes of South-East Ecuador. As input parameter to the back-trajectory analysis

we integrated MACC reanalysis sea-salt concentration (Table2) . As hypothesized, both Atlantic835

and Pacific sources

Regarding the addition of salt from biomass-burning to the chloride budget at the study area, based

on the co-occurrence of high NOx concentration from biomass-burning and high sea salt concentra-

tion during the main sea salt transport season (SON and DJF, in Figs.8 and 9), the enrichment of sea

salt with biomass-burning chloride is very likely. However, this assumption is not corroborated by840

our field samples from South Ecuador. In the concentration of sodium and chloride from rain and OP

samples we did not find any correlation between nitrate and sulphate (products of biomass-burning,

Fabian et al. (2009); Makowski Giannoni et al. (2013, 2014)), and sodium and chloride (Table2).

6 Conclusions845

Sodium and chloride ions exhibited different concentrations in rain and OP along the altitudinal gra-

dient of interest to this study. Their concentration levels and temporal variability in the highest and

more exposed MSs presented a stronger seasonality linked to global circulation patterns, and thus

a greater influence from sea salt, confirmed by Na+/Cl− molar ratios similar to those from marine

air masses. Similar seasonal patterns were observed by modeling at a larger scale, using MACC850
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sea salt concentration data and ERA Interim air mass back-trajectories, confirming the influence of

the medium to long-range transport at higher elevations. In contrast, MSs situated at lower altitudes

were influenced by the mountain-valley wind systems and local aerosols.

According the sea salt transport analysis by back trajectory modeling for medium to long-range855

sources, the Caribbean Sea, the north-equatorial Atlantic and equatorial Pacific play an important

role to in the transport of sea-salt to the study area in south-eastern Ecuadorat the eastern Andean

slopes. The greatest impact was produced by the equatorial Pacific and Atlantic sources and was

sea salt to southern Ecuador. Here, the Caribbean and north-equatorial Atlantic sources have the

greatest impact. Equatorial Pacific sources, on the other hand, are less significant: It is seasonally860

driven with the greatest contributions taking place occurring when the ITCZ migrates further south

in austral late spring (SON) and summer (DJF)when the ITCZ migrates further South . In total,

the Pacific sources only, contributed to up to 25 north-equatorial Atlantic and equatorial Pacific

contribute to 56.5 % and 26 % of the total concentration at the study site in southern Ecuador,

respectively , which represents an important addition to the total atmospheric sea-salt transport into865

our study site.Along the examined altitudinal gradient, a difference was observed in terms of the

temporal variability of the concentration and its level where the highest and more exposed evaluated

station presented a stronger seasonality linked to the large scale circulation. These seasonal patterns

were observed in the MACC concentration data as well. The lowermost station was influenced by

the mountain-valley winds and the local aerosols transported. Additionally, the higher chloride than870

sodium concentration and the higher concentration observed at our site in comparison to areas in the

central Brazilian Amazon stresses the important role played by the Pacific sources regarding sea-salt

transport. sea salt budget.

A comparison of the sodium and chloride concentrations at our area of investigation with those at875

other sites further east substantiates the important role played by the identified sources (Caribbean

Sea, north-equatorial Atlantic, and equatorial Pacific oceans) on the sea salt transport to our study

area (Table4). Even if concentrations in southern Ecuador are lower than in forests close to the At-

lantic, they clearly exceed those concentrations measured in the central Brazilian Amazon thousands

of kilometers to the east, despite being located further from the Atlantic coast. However, whether the880

higher sodium and chloride availability observed in southern Ecuador makes this tropical ecosystem

less salt deprived than other similar ecosystems in the western Amazon is still an open question de-

serving of investigation.
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Table 1. Results from the correlation analysis between sea-salt sea salt monthly mean concentration from

Monitoring Atmospheric Composition and Climate ( MACC) reanalysis data and Na+ and Cl- monthly mean

concentration samples from El Tiro and Cerro del Consuelo meteorological station (MS) samples stations .

Correlation was Correlations were tested for the different height levels of various elevations within the

MACC data set dataset .

MACC1 (0.03-0.5 µm) MACC2 (0.5-5 µm) MACC3 (5-20 µm)

Cl- Na+ mean Cl- Na+ mean Cl- Na+ mean

Cerro del Consuelo

700 hPa 0-.36** 0.35** 0.18 0.52*** 0.52*** 0.40*** 0.48*** 0.47*** 0.52***

600 hPa 0.31** 0.26* 0.1 0.50*** 0.47*** 0.39** 0.36** 0.30* 0.40***

500 hPa 0.27* 0.19 0.03 0.47*** 0.36** 0.30* 0.22 0.13 0.28*

400 hPa 0.24* 0.19 0.03 0.37** 0.27* 0.23 0.08 0.02 0.17

300 hPa 0.11 0.02 -0.05 0.25* 0.16 0.23 0.01 -0.05 0.14

200 hPa 0.22 0.09 0.03 0.30* 0.18 0.25* -0.02 -0.04 0.08

El Tiro

700 hPa 0.34** 0.18 0.18 0.41*** 0.17 0.2 0.32** 0.05 0.16

600 hPa 0.37** 0.22 0.2 0.40*** 0.14 0.18 0.19 -0.08 0.07

500 hPa 0.33** 0.18 0.16 0.31** 0.05 0.09 0.02 -0.15 -0.04

400 hPa 0.24* 0.14 0.12 0.14 -0.02 0 -0.14 -0.16 -0.12

300 hPa 0.14 0.15 0.1 -0.01 -0.08 -0.05 -0.21 -0.15 -0.13

200 hPa 0.15 0.15 0.19 -0.01 -0.12 0.01 -0.17 0.01 -0.04

note:* p<0.05, ** p<0.01, *** p<0.001
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Table 2. Loadings from principal factor analysis (PFA) with varimax rotation of major ions in rain and occult

precipitation (OP) samples from Cerro del Consuelo, El Tiro, TS1, and ECSF meteorological stations.

Rain Occult precipitation (OP)

Factor1 Factor2 Factor3 Factor4 Factor1 Factor2 Factor3 Factor4

Cerro del Consuelo

NH4
+ 0.05 0.14 0.81 0.00 0.88 0.09 0.15 0.08

Ca2+ 0.05 0.08 -0.04 0.73 0.17 0.30 0.60 0.60

Cl− 0.88 0.44 0.06 -0.15 0.23 0.81 0.13 0.35

Mg2+ 0.04 -0.21 0.70 -0.06 0.17 0.20 0.86 0.14

NO3
− 0.27 0.91 0.00 0.19 0.87 0.27 -0.02 0.42

K+ 0.85 0.06 -0.02 0.28 0.84 0.24 0.25 0.09

Na+ 0.88 0.37 0.19 -0.00 0.19 0.83 0.24 0.05

SO4
2− 0.49 0.64 -0.15 -0.03 0.54 0.30 0.34 0.64

El Tiro

NH4
+ -0.07 -0.06 0.64 0.03 0.82 0.34 0.28 0.22

Ca2+ -0.02 0.11 0.03 0.40 0.34 0.29 0.68 0.09

Cl− 0.98 0.09 -0.11 -0.11 0.31 0.90 0.25 0.01

Mg2+ 0.05 -0.04 0.87 -0.03 0.48 0.38 0.52 0.38

NO3
− -0.06 0.80 -0.18 0.20 0.81 0.38 0.38 0.08

K+ 0.15 0.42 0.35 -0.38 0.85 0.30 0.39 0.02

Na+ 0.97 0.04 0.08 0.01 0.33 0.87 0.31 0.16

SO4
2− 0.13 0.84 -0.00 0.08 0.61 0.32 0.63 -0.02

TS1

NH4
+ -0.04 0.05 0.59 0.27 0.03 0.12 0.09 0.68

Ca2+ -0.06 -0.16 -0.02 0.04 0.67 0.23 0.37 0.21

Cl− 0.36 0.89 -0.15 0.04 0.89 0.37 0.16 -0.00

Mg2+ -0.22 -0.09 0.78 0.04 0.45 -0.15 0.55 0.46

NO3
− 0.91 0.14 -0.20 0.27 0.22 0.89 0.00 0.18

K+ 0.15 0.08 0.34 0.67 0.57 0.42 0.58 0.18

Na+ -0.04 0.89 -0.00 0.33 0.91 0.35 0.19 0.07

SO4
2− 0.83 0.29 -0.11 -0.06 0.41 0.80 0.13 0.00

ECSF

NH4
+ 0.01 0.78 0.11 -0.10 0.34 0.42 0.39 0.43

Ca2+ 0.23 0.01 0.02 0.03 -0.04 0.03 0.07 0.50

Cl− 0.49 -0.23 0.04 0.30 0.31 0.77 0.34 0.32

Mg2+ -0.10 0.54 -0.59 0.09 0.05 0.33 0.73 0.23

NO3
− -0.00 0.22 0.75 0.31 0.80 0.07 0.01 0.01

K+ 0.65 -0.02 -0.10 0.03 0.52 0.37 0.64 0.04

Na+ 0.80 0.02 0.15 0.22 0.13 0.79 0.25 -0.02

SO4
2− 0.24 -0.07 0.17 0.73 0.77 0.29 0.27 -0.03
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Table 3. Mean sea-salt sea salt concentration and percentage of total concentration for each season at the

receptor site in the Andes of south-eastern Ecuador associated to each the mean trajectory cluster clusters

(C1-C6) for in the considered height levels Andes of southern Ecuador . The percentage contribution of the

mean clusters to the total concentration is shown in parenthesis.

Mean sea-salt sea salt concentration (kg kg −1) and relative total concentration (%)

3180 m C1 4200 m C2 6000 m C3 C4 C5 C6

C1 Summer (DJF) 1.33 5.12 E-09(30.32 14.42 ) 1.41 5.18 E-09(28.39 43.76 ) 7.53E-10 (30.93) C2 3.81E-09(22.99) 6.68E-10 (22.83 5.86E-09(6.84 ) 7.57E-10 (24.81 4.57E-09(5.7 ) 8.36E-10 (23.76 5.78E-09(6.28 )

C3 Autumn (MAM) 1.93 1.90 E-09(8.53 30.34 ) 6.46E-10 (24.48 3.80E-09(36.42 ) 1.49 1.35 E-09(7.44) C4 17.6) 2.40 2.83 E-09(7.97 4.04 ) 2.07 3.85 E-09(8.08 5.18 ) 2.16 3.82 E-09(11.86 6.43 )

C5 Winter (JJA) 2.01 1.72 E-09(9.17 21.28 ) 2.37 1.83 E-09(6.60 24.33 ) 1.17 1.64 E-09(26.02 3.2) 1.53E-09(20.83) 1.81E-09(20.77) 1.52E-09(9.6 )

C6 Spring (SON) 6.67E-10 (21.18 2.16E-09(23.63 ) 1.96 2.33 E-09(7.65 28.36 ) 1.79 2.70 E-09(5.68 17.77) 6.53E-09(19.56) 4.18E-09(7.07) 3.47E-09(3.61 )

Table 4. Comparison of the mean concentration of Na+ and Cl- mean concentration in precipitation in this

study with data from other sites in the Amazon basin. The values represent Volume Weighted Means expressed

in µeq l−1.

Na+ Cl- Reference

South Ecuador (RBSF) 7.80 9.60 This study

Central Amazon (Manaus) 7.78 7.70 Central Amazon ( Lake Calado) 2.40 4.60 Williams et al. (1997)

Central Amazon (Balbina) 3.80 5.20 Pauliquevis et al. (2012)

Northeast Amazon 16.60 16.90 Forti et al. (2000)

Eastern Amazon (Belem) 18.90 19.50 Mortatti (1995)
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Figure 2. Time-series Time series of Na+ and Cl− volume weighted monthly mean (VWMM) concentration

in rain and occult precipitation (OP). These samples come from meteorological stations (MSs) at different

altitudes and topographical locations: a) Cerro del Consuelo (3180 m), b) El Tiro (2825 m), c) TS1 (2660 m),

and d) ECSF (1960 m). The shaded areas cover 6 months six-month periods from September to February.

The box plots on in the right column show the distribution of each time-series. The boxes time series:

Boxes symbolize the lower and upper quartile of the data. Vertical , vertical lines show ranges of observed

concentration and points are outliers.
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Figure 3. Factor analysis with varimax rotation of major ions in rain (in blue) and occult precipitation (OP, in

red) samples from a) Cerro del Consuelo, b) El Tiro, c) TS1, and d) ECSF Time series of monthly Na+/Cl−

molar ratios for the four meteorological stations (MSs) . The bottom x axis represents the resulting factors;

the upper x axis shows along the explained variability; altitudinal gradient. Smooth lines are fitted as solid

lines and the y axis represents 95 % confidence interval is shown by the loadings shaded area. b) Yearly

concentration weighted trajectory (CWT) sea salt source maps for southern Ecuador .
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a)

b)

Figure 4. a Monthly wind sector relative frequency ( %) Mean back-trajectories at 6000 m height level

for the calculated clusters with origin at the San Francisco catchment in the Andes of south-eastern Ecuador

meteorological stations a) ECSF and b) monthly time-series of sea-salt concentration from MACC reanalysis

shown by the contribution of each cluster to the concentration Cerro del Consuelo .

42



As Fig.4 but for height level at 4200 m.

As Fig.4 but for height level at 3180 m.
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Figure 5. Potential Seasonal sea salt source maps according to a) potential source contribution function

(PSCF) for (a with concentration threshold at 75th percentile , b,c) 75th and (d,e,f ) PSCF with concentration

threshold at 90th percentiles and (g,h percentile , i and c ) concentration weighted trajectory (CWT)maps

for ; the 2004-2009 period and three different back trajectory arrival starting height levels: 6000 m (left

column), 4200 m (middle column), and is 3180 m at the receptor.
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Figure 6. Seasonal mean back trajectory clusters (right column C1-C6 ).

44



DJ F MAM SONJ J A

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C6

12

8

4

0

16

0 56 112 168 224

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C6

12

8

4

0

16

0 56 112 168 224

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C6

12

8

4

0

16

0 56 112 168 224

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C6

12

8

4

0

16

0 56 112 168 224

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C5

12

8

4

0

16

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C5

12

8

4

0

16

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C5

12

8

4

0

16

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C5

12

8

4

0

16

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C3

12

8

4

0

16

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C3

12

8

4

0

16

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C3

12

8

4

0

16

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C3

12

8

4

0

16

12

8

4

0

16

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C4

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C4

12

8

4

0

16

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C4

12

8

4

0

16

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C4

12

8

4

0

16

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C2

12

8

4

0

16
hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C2

12

8

4

0

16

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C2

12

8

4

0

16

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C2

12

8

4

0

16

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C1

12

8

4

0

16

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C1

12

8

4

0

16

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C1

12

8

4

0

16

hP
a

795

725

661

603

550

850

kg
*
kg

-1
(E
-9
)

pressure
C1

12

8

4

0

16

timestep timestep timesteptimestep

Figure 7. Seasonal plots of sea salt concentration and pressure level along mean back trajectory clusters. The

colors of the sea salt concentration lines match those in the trajectory clusters in Fig. 6
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Figure 8. Sea Seasonal maps of sea salt concentration plotted by month (x axis) and year (y axis), and by

cluster number for (A) 6000 m, (B) 4200 m, calculated from the Monitoring Atmospheric Composition and

Climate (C MACC ) 3180 m height level reanalysis model .
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Figure 9. Maps Seasonal maps of seasonal potential source contribution function NOx fluxes caused by

biomass burning. Values were calculated from the Monitoring Atmospheric Composition and Climate (PSCF

MACC ) , 90th percentile concentration; trajectory arrival height level is 3180 m reanalysis model .

As Fig.9 but for concentration weighted trajectory (CWT).
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