Adv. Geosci., 22, 8584, 2009 4 "* .

www.adv-geosci.net/22/85/2009/ € Advances in
© Author(s) 2009. This work is distributed under Geosciences
the Creative Commons Attribution 3.0 License. -

Sahara dust, ocean spray, volcanoes, biomass burning: pathways of
nutrients into Andean rainforests

P. Fabian', R. Rollenbeck-?, N. Spichtinger?, L. Brothers3, G. DomingueZ, and M. Thiemens’

1Technical University of Munich (TUM), TUM Life Science Center Weihenstephan, Am Hochanger 13,
85354 Freising, Germany

2| aboratory for Climatology and Remote Sensing (LCRS), University of Marburg, Germany
3Department of Chemistry, University of California San Diego (UCSD), USA

Received: 29 April 2009 — Revised: 12 June 2009 — Accepted: 17 June 2009 — Published: 13 October 2009

Abstract. Regular rain and fogwater sampling in the Enhanced N&, K+, and CI~ were found to originate from
Podocarpus National Park, on the humid eastern slopes of thecean spray sources. They were associated with winds pro-
Ecuadorian Andes, along an altitude profile between 196Wviding Atlantic air masses to the receptor site within less than
and 3180 m, has been carried out since 2002. The sample§,days. Episodes of enhanced?Cand Mg were found
accumulated over about 1-week intervals, were analysed foto be associated with air masses from African deserts. Satel-
pH, conductivity and major ions (K Na', NHI, cat lite aerosol data confirm desert sources both on the Northern
Mg?t, CI-, so_/’-lj NO3, P@*)_ (Sahara) as on the Southern Hemisphere (Namib), depending

About 35% of the weekly samples had very low ion onthe season. A few significant %Opeaks are related with
contents, with pH mostly above 5 and conductivity below air masses originating from North African phosphate mining
10uxS/em. 10-days back trajectories (FLEXTRA) showed fields.
that respective air masses originated in pristine continental
areas, with little or no obvious pollution sources.

About 65%, however, were significantly loaded with 1 |ntroduction
cations and anions, with pH as low as 3.5 to 4.0 and conduc-
tivity up to 50uS/cm. The corresponding back trajectories The role of long-range transport of nutrients to remote
clearly showed that air masses had passed over areas of iecosystems has been documented by a variety of scientific
tense biomass burning, active volcanoes, and the ocean, withrticles.
episodic Sahara and/or Namib desert dust interference. Saharan dust is considered to be the main source of min-

Enhanced S§ and NQj were identified, by combining  eral ions that fertilize the Amazon basin (Talbot et al., 1990;
satellite-based fire pixel observations with back trajectories Formenti et al., 2001; Koren et al., 2006).Base metals such
as predominantly resulting from biomass burning. Analysesas Ca and Mg which are important for controlling key plant
of oxygen isotope$®0, 170, and80 in nitrate show that ni-  functions, are particularly low in Amazonian ecosystems due
trate in the samples is indeed a product of atmospheric conto highly weathered soils and the absence of local base metal
version of precursors. Some $Q about 10% of the total  sources (Cuevas and Medina, 1986, 1988). They are carried
input, could be identified to originate from active volcanoes, in by Saharan dust featuring a remarkable arrangement in na-
whose plumes were encountered by about 10% of all trajecture, in which most of the mineral dust arriving in the Ama-
tories. zon basin originates from a single source of only 0.5% the
size of the Amazon, the B&ie depression located northeast
of Lake Chad (Koren et al., 2006). Boy and Wilcke (2008)

Correspondence td?. Fabian have speculated whether Saharan dust can be carried even
BY (peterfabian@web.de) further and traverse the humid Amazon basin towards the
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Andes. They clearly show that Ca and Mg in rainwater fer-
tilizing the mountaineous rain forest on the eastern slopes of
the Ecuadorian Andes (the research site of this study) does
indeed originate from Saharan dust.

Biomass burning is a source of carbon, sulfur and nitrogen
compounds, which, along with their photochemically gen-
erated reaction products, can be transported over very long
distances, even traversing oceans.

Besides CQ, a large array of chemical species is emitted
from burning forests, such as carbon monoxide, hydrocar-
bons, halocarbons, SOCOS, NQ, HCN, and aerosols (see ) ]
Crutzen and Andreae, 1990; Andreae and Merlet, 2001 an§'9- 1- Map showing the research area in Ecuador.
the references given therein). In the plume, secondary sub-
stances such as ozone are produced photochemically (Fujj- .
wara et al., 1999; Marufu et al., 2000). Likewise, the reac-2 Data collection and analyses
tive sulphur and nitrogen compounds are converted to sul-

phate and nitrate, respectively, which are soluble in cIoudRegular rain and fogwater sampling in the Podocarpus Na-

droplets (Chang et al., 1987).Although scavenging by rain iSt|onal Park, along an altitude profile between 1960 and

considered fast, with atmospheric residence times cﬁSO 3180 m, has been carried out since 2002. The research area
' . — . .. is located in southern Ecuador, on the humid eastern slopes

and NG; of about 2 days only, recent investigations in Brazil of the Andes, bordered by the Rio San Francisco and domi-

(Andreae et 3'-' 2004 and Koren etal., .2004) show tha_t heav¥1ated by winds from easterly directions. The research site is

smoke from fires reduces cloud drop sizes, thus causing SUpdepicted in Fig. 1

pression of low-level rainout, allowing transport to higher Precipitation. ra.tes vary with the annual variation of the

levels and thus over larger distances. In an earlier stud ) . . . : .

Fqb?an et al. (20Q5) demonstrateq that sulphate.and r_1?tratar?]geavl'ggrtsﬁf;egl’riggr}nhggfoséer?_'pl?\llleﬂ:ggg '-Arﬁgl_filrj(i)é q

originating from biomass burning in the Amazon is fertiliz- orographic ascent of warm and moist air mass.es originating

ing the Andean rain forest of Ecuador. ) :
Products of tropical biomass burning have been found ovel” the Amazon lowlands leads to regular and intense cloud

the Atlantic and Pacific oceans (Roelofs et al., 1997; An_format|on resulting in considerable fog water input into the

dreae et al., 2001), forest fire emissions from Siberia anquQSyStem' The fog water fraction of the total water input,
Canada have been identified in Japan (Tanimoto et al., 200 hich varies between about 2500 and 7000 mm/year over the

i i 0,
and Europe (Spichtinger et al., 2001), respectively, and for- bserved altitude range, increases from about 5% at 1960 m

0 . s :
est fire smoke from Russia has even made it around the Worlé% ri?n/;ri?a?lrganlbllce)?og g:]ed Sfim?:lgl]lgcstgfs ;I(E:Eosrd':i)nw"tg
(Damoah et al., 2003). 9 9

High sulphate deposition rates have also been observed i chgmenauer a_md Cereceda (1994) is shown_ in Fig. 2_(f0r
etails about rain and fog measurement techniques, calibra-

montane tropical rain forests of Costa Rica, Colombia and.. . .
. . . tion and data handling see Rollenbeck et al., 2007; Fabian et
Puerto Rico (Clark et al., 1998; Veneklaas, 1990; Ashburyal., 2005: Rollenbeck and Bendix, 2006).

et al., 1994), respectively, but these were largely due to mar- ) .
Rain and fogwater samples were collected in almost regu-

itime air masses and volcanic activity in the vicinity. | Ky int Is. but th  of wat itored
Tracers of sea salt emissions are, besides sulfur com@' Weekly intervals, but the amount of water was monitore

pounds, N&, K+, and CF, which have been widely ob- with daily resolution, which allows to determine the daily
served in the Amazon (Anéreae ot al. 1990 Formenti et al cONtributions to the total sample. The stations which have

2001). K" and CI- have also been found in biogenic aerosol beﬁ_? oEer?tingr(]:ontin;Johusly since 205)2_ ar:e "Stf_ld i_n Tﬁble 1
(Artaxo et al., 1990). While the first three of these span a height profile in the re-

In this paper we report on ions analysed in rain and fngt,i_search area, El Tiro lies about 5 km downwind on a mountain

ter samples collected on the eastern slopes of the EcuadoridfSS-
Andes, which show the importance of long-range transport Al samples were analysed at TUM-WZW for pH
and the impact of desert dust, ocean spray, biomass burning)1éthron 73065/682), +conduct|V|ty2(WTW-LF 90) and ma-
and volcanism on the nutrient supply of the mountain forestO" 10NS (K", Na, NH;, C&*, Mg 2", CI-, SO;~, NO3,
ecosystem. If sustained for longer periods, these additions t§0; ). Cation analyses were carried out by the inductivity-
the nutrient balance may have the potential to alter the natucoupled plasma method (Perkin Elmer Optima 3000), while
ral composition of the ecosystem. anions were analysed by ion chromatography (Dionex DX-
210).
Every sample was analysed only once. Repeated anal-
ysis was performed only with samples whose ion contents
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Fig. 3. lon concentration plots for N§) NH4, and SQ analysed

Fig. 2. ECSF climate station with rain and fogwater samplers. from weekly fogwater samples collected at E| Tiro.

. _ . Table 1. Stations for rain and fogwater collection.
appeared suspicious. Thus no statistical errors can be given.

We assume that the uncertainty of the results is of the order
of the respective detection limit. The detection limits for the

Station  Altitude (ma.s.l.)

ions of interest here are compiled in Table 2. 1 ECSF 1960
2 TSI 2660
3 Antenas 3180

3 Results and discussion 4 ElTiro 2825

For all components strong variations are observed. pH and
conductivity vary between lowest (highest) values of 4.0 and
40.S/1, predominantly during November to April and high- deposition of this area best. In the following study we there-
est (lowest) values of 5.8 and abouu 3/, respectively, fore confine ourselves to data measured at El Tiro. In order
mostly found during April to July. to get continuous deposition data throughout the entire year
From all samples collected between 2002 and 2006 we calincluding the dry period when rain is low or even absent, we
culated annual averages (precipitation, pH and conductivity)lconcentrate on fog water data which are available during the
and annual average deposition rates, respectively, for bothry period as well.
rain and fog, as compiled in Table 3. Time series of ions analysed from weekly fogwater sam-
The fog contribution increases from low values at the low- ples at El Tiro are shown in Figs. 3-5 covering about 3 years,
ermost station ECSF to 1600 mm/year at the top (Antenas)from October 2004 to September 2007. Two data gaps are
which is about 30% of the total precipitation there. Fogwaternoticeable, April/May of 2005 and February of 2007, due
generally was found to show lower pH and higher conductiv-to logistic problems. Otherwise the data series represents a
ity than rainwater. Average annual ion deposition rates ob-fairly complete set of almost regular weekly samples. The
tained by simply averaging over deposition rates of the 4 staions are grouped into N§) NH4 and SQ (Fig. 3), Na, ClI
tions are shown in Sect. A of Table 3. and K (Fig. 4) and Ca, Mg, and RQFig. 5) as discussed
To obtain the total areal deposition, the observed values fobelow.
the three stations were assigned to the altitude range they rep-
resent. The fractions of the respective altitude ranges werg8.1 NOsz, NH4 and SOy (Fig. 3)
used as weighting factors for summing up total deposition.
The altitude ranges of ECSF, TS1 and Antenas represemibout 35% of the samples show very low ion values, of all
0.42, 0.46, and 0.12, respectively, of the total research are@ species, at or close to the detection limits. Correspond-
Respective deposition rates are shown in Sect. B of Table 3ing pH values were above 5.0, conductivity below.dSYcm.
Station 4 (El Tiro) is special in being located about 5km Back trajectory analyses using the FLEXTRA model (Stohl
apart on a mountain pass downwind of the research area, suand Wotawa, 1995) showed that these samples were domi-
rounded by higher elevations leading to a funnel effect. Innated by air masses which mostly originated from pristine
fact ion concentrations and deposition rates are very similacontinental areas with little or no obvious pollution sources.
to the corresponding averages of stations 1-3. We conclud@bout 65% of the weekly samples show distinct ion peaks,
that El Tiro is the station which represents the average iorgenerally seen in all 3 species. For these samples the pH
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Table 2. Detection limits of the different ions in mgl/l.

-+ + 2+ + - = — - +
lon c&t Kt Mg* Nat NO; SO PO;- ClIm NHj
Detection limit ~ 0.05 0.05 005 01 0.2 0.2 05 02 0.1

Table 3. Average annual precipitation (mm), pH, conductivii§/cm), and ion deposition rates (kg/ha) 2002—2006.

water
Station (mm) pH Conductiv. NH Ca Cl PQ Mg NO3 K Na SO

Rain input

1. ECSF 1784 5.3 3.8 12 30 79 11 06 12 21 43 46
2. TSI 3861 5.3 2.8 27 36 133 22 09 20 35 73 90
3. Anten. 4353 5.2 3.1 30 41 136 18 13 31 31 78 89
4. ElTiro 1802 55 3.9 14 25 55 11 0.6 18 21 30 438
Fog input

1. ECSF 131 5.0 6.2 02 03 07 01 01 02 02 03 06
2. TSI 495 5.1 6.1 07 07 19 06 02 07 05 10 22
3. Anten. 1604 4.9 12.0 77 24 62 20 07 110 19 37 145
4. El Tiro 941 4.8 21.6 41 12 38 11 05 78 16 24 119

A Average ion deposition stations 1-4

Rain only 21 33 101 16 0.9 20 27 56 6.8
Fog only 32 12 3.2 1.0 04 49 11 19 7.3
TOTAL 53 45 133 26 13 69 38 75 141

B Average ion deposition stations 1-3 with area weighted factors

Rain only 21 34 111 1.7 038 1.8 29 6.1 7.1
Fog only 1.3 0.7 1.9 0.6 0.2 1.7 05 1.0 3.0
TOTAL 34 41 13.0 23 1.0 35 34 71 101

C Average ion deposition station 4 (El Tiro)

Rain only 14 25 55 11 06 1.8 21 30 4.8
Fog only 41 1.2 3.8 11 05 78 16 24 119
TOTAL 55 37 9.3 22 11 96 37 54 16.7

values were found as low as 3.5-4.0, and conductivity as In an earlier paper (Fabian et al., 2005) we had shown that
high as 5QuS/cm. Five of the major ion peaks are marked the common source of N{and SQ ions in precipitation is
by numbers. These will be discussed separately, with backargely biomass burning, with some contributions of volca-
trajectories showing the origin of the respective air masses. noes to SQ.This conclusion was based on back trajectories
NOs, NHs and SQ ion concentrations are highly corre- combined with fire pixels detected by NOAA satellites.
lated indicating that all three are Ilkely to originate fromcom- 14 of the earlier fogwater Samp|es collected at El Tiro (OC-
mon sources. Figure 6 shows correlation plots of normalizedober 2004 until August 2005), with significant NOwere
NOs3/SOs and NQ/NHj (left part), with Pearson correlation  analysed for oxygen isotope fractionation in \lQnterest-
coefficients as high as 0.93 and 0.96, respectively. The reghgly, 10 of these show a mass independent fractionation and
data point in the SYNO;z plot marks the weekly sample col- jie in the region of “Atmospheric nitrate” shown in the triple-
lected on 12 November, 2002, whose highsS@ntent was  jsotope plot in Fig. 7. This characteristic deviation from
found to be due to the plume of the newly erupted Reventathe terrestrial mass dependent fractionation line is due to the
dor volcanoe. fact that the formation of nitrate in the atmosphere requires
ozone which has a mass independent fractionation of about
25 permille (Thiemens, 2006). From the fact that nitrate in
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Fig. 4. Same as in Fig. 3, but for Na, Cl, and K.

Fig. 5. Same as in Fig. 3, but for Ca, Mg, and RO
10 out of 14 fogwater samples shows the typical fractiona-
tion of “atmospheric nitrate” we can conclude that this nitrate

was indeed formed photochemically in the atmosphere from For 2005 and 2006 we determined those daily back tra-

precursor substances. It cannot be distinguished, howevel’?cmr'e\jVWhLCh ht?d passsd a:jleaft %VEI opehof th‘?se vqlca—
between precursors due to biomass burning or other precurqoes' e thereby considered a “width™ of the trajectories

sor sources such as air pollution, but the study by Boy etcé];j;ﬂsv?llém’ Wg'(l:h IIES the resolgtlon offthel\;lj_rc;derlymg\;/vglobhal
al. (2007) underlines the significance of this type of humanF mg ez(()otéropeanl fe:;er or VI ranged f eazto(e;r6
activity to the emissions from Amazonia. orecast). For atotal 0 trajectories, and tor

Four of the fogwater samples show different isotope be-33 trajectories were thus detected to pass the afor‘? mentioned
haviour, however. They lie close to the mass independenYOICanoes' This is about 10% of all daily trajectories on av-
’ j » erage. We therefore conclude that about 10% of thg SO

fractionation line and are marked “unknown nitrate source d ited at h site originat f
At present we cannot offer a plausible interpretation for this €posited at our research site onginates, on average, irom
active volcanoes.

effect.
In addition to the fogwater samples, 5 water samples from NHa is not an obvious product of biomass burning, al-
the river which is fed from the catchments of the researchthough Graham et al. (2003) point out the biogenic origin of

area, were analysed for isotope fractionation of their nitratethiS species. The close correlation of Niith NO3 (Fig. 6)
contents. As can be seen in Fig. 7, four of these lie correctlyS: hpwever, a strong argument for Heing mainly related

in the area marked “microbial nitrate” showing low values t0 biomass burning.

determined by OH in the biological system. One river sam-

ple, however, deviates and shows high isotope values close t8.2 Na, Cl, and K (Fig. 4)

the region of the “unknown nitrate source”. We cannot offer

a plausible interpretation of this deviation either. More sys-In Fig. 4 ion concentrations of Na, Cl, and K as analysed
tematic isotope analyses are under way to shed more light ofrom El Tiro weekly fogwater samples, for the same 3-years
these findings. sampling time as in Fig. 3 are shown. A similar behaviour

Some of the back trajectories were found to encounteras discussed before for the ions shown in Fig. 3 is noticeable.
plumes of active volcanoes. These are Tungurahua (1867 The five characteristic ion peaks are marked by numbers. The
78.442 W), Sangay (2.002S, 78.342 W), and Reventador extreme Na peak occuring in 2007 is most likely an artefact
(0.077 S, 77.656 W), all of them located in Ecuador. They due to contamination of the sample.
have mostly been active throughout the time span discussed The obvious correlation of these ions which is quantified
here. Figure 8 shows two 10-days back trajectories related t@y Pearson correlation coefficients of 0.90 and 0.93 for Na/Cl
sample # 15 collected 20-26 December, 2004. Back trajecand K/ClI, respectively (see Fig. 6) points to common sources
tories are shown for 23 and 26 December only, which are thef these species. As was evaluated by Andreae et al. (1990)
days which contribute more than 50% of the entire weeklyand Formenti et al. (2001) already, ocean spray, i.e. sea salt
fog sample. aerosol is this common source.

Peak #15 shows the signatures of biomass burning, as indi- 10-days back trajectories related to samples # 42, 46, 62,
cated by the red fire pixels encountered by the 10-days backng 73 as plotted in the Figs. 9-12 show the oceanic ori-
trajectories (Fig. 8). The high Sreak points to significant  gin of air masses contributing to the high values of Na, Cl,
additional sulfur from volcanic sources. and K found in these samples. As in Fig. 8, we plotted the

www.adv-geosci.net/22/85/2009/ Adv. Geosci., 22,85-2009
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trajectories of those two days only which contributed mostrig g 10-days back trajectories for sample #15 (see text for further
fog water to the weekly samples. information).

3.3 Ca, Mg, and PQ (Fig. 5)
2.0 found by Boy and Wilcke (2008) at the same research

Figure 5 shows analoguous ion plots for Ca, Mg, and, PO sijte. The back trajectories shown in Figs. 9—12 related to the
as analysed from the El Tiro weekly fog samples. Like in peaks #42, 46, 62, and 73 all point to dust sources in North
the Figs. 3 and 4, the five characteristic peaks are marked bgfrica. In fact, aerosol index images from the Ozone Mon-
numbers. itoring Instrument (OMI) aboard a NASA satellite clearly

Ca and Mg are thought to originate from dust sources (Forshow outbursts of Sahara dust during these periods which are
menti et al., 2001; Roberts et al., 2001), and the significantransported rapidly over the Atlantic Ocean right into South
Pearson correlation coefficient of 0.86 (Fig. 6) we find for America. According to Koren et al. (2006) the Sahara is the
normalized Ca/Mg ion concentrations confirms the commonmain supplier of mineral dust to the Amazon. OMI aerosol
source. With 2.76 the Ca/Mg ratio is slightly higher than index images show that around the equinoxes mineral dust

Adv. Geosci., 22, 8534, 2009 www.adv-geosci.net/22/85/2009/
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Sample #62, Jan. 10.-16.2006
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Fig. 13. 3-day averaged OMI aerosol index (Al) map showing dis-
tinct regions of aerosol outflow from Africa towards South Amer-
ica. The data were obtained from NASA/GSFC TOMS server
(ftp:/toms.gsfc.nasa.gov/pub/omi/data/aerggmibcessed in Mat-
lab. Averaging of data was done to smoothen image quality.

Fig. 14. 10-days back trajectories for dominant P@eaks which
are also shown.
from both the NH deserts (Sahara) as well as from SH deserts

(Namib) can be identified to reach into the South American NOs, NH,, and most of S@ (about 90%) are almost

tropics. An example is given in Fig. 13. entirely due to anthropogenic sources, most likely biomass

Itis interesting to note that the correlation between Cl and . . : T
. > . . burning. Industrial and transportation emissions and other
Ca normalized ion concentrations yields a Pearson correla-

tion coefficient as high as 0.74 (Fig. 6). If it is accepted pollutants may act in a similar way as the precursors pro-

- . fduced by biomass burning. Their contribution is unknown at
that Ca originates from African dust sources the uptake o resent. We hope to clarify this aspect by an ongoing stud
oceanic compounds over the Atlantic is plausible. P ) P P y going y

PO, shows only 5 significant peaks for the 3 years period using new emission inventaries for South America.

. y >S9 P y P About 10% of the observed SQleposition is likely to

discussed here. The most prominent ones are peaks #62 and. . . .
. : . - originate from active volcanoes in Ecuador.

#73. For both samples respective back trajectories point to

. S The mountaineous rain forest in Ecuador has developed
North African sources. Indeed, phosphate mining is under- - L . o .
. - . on poor acidic soil, with a low rate of mineralization. It is
taken in Marocco, Tunisia and in the Western Sahara. AI_virtuall fertilized by nutrients carried in by rain and fo
though Mahowald et al. (2005) argue that biomass burnin y y y 9.

o Yrhe significant input of sulfate, ammonia and nitrate, at a
may be a significant source of phosphorus, phosphate min-

ing in North Africa appears to be the main source of thg PO rate common in polluted central Europe, from anthropogenic

found in our Ecuadorian fog samples. Figure 14 shows charSOUrces, isa disturbance which might have an impact on this

acteristic back trajectories for all R@eaks of our data se- ecosystem and its biodiversity. Ongoing controlled fertiliz-

ries. With 2 exceptions related to peaks #53 and 57, with airmg experiments in parts of this Ecuadorian research site aim

from the Pacific coast off Peru (Guano?), all other trajecto-at investigating the likely effect of this anthropogenic distur-
. - . . bance.
ries originate in or near North Africa.
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