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Abstract 
 
Atmospheric deposition has been recognized as a serious environmental problem in many parts 
of the world. Countries are striving for corrective measures based on research outputs to 
minimize human health and ecological problems related to atmospheric deposition. This study 
tries to present the chemical composition of 22 precipitation samples collected between March 
and June 2007 at AAU Science campus. 
 
The major cations and anions of the rainwater samples were analyzed using DX-600 Ion 
Chromatography and Buck scientific 210 VGP Flame Atomic Absorption Spectrophotometer. 
Conductivity and pH measurements carried out immediately after sample collection have showed 
ranges of variation between 14.00 µScm-1and 58.43 µScm-1, and 6.28 and 7.44 with mean values 
of 27.36 µScm-1 and 6.99 for the respective parameters. Volume weighted  mean concentrations 
of 65.55, 57.04, 54.58, 50.50, 29.16, 11.66, 9.94, 5.53, 1.41, and 0.15 µeqL-1 have been detected 
for the ionic species of N-NH4

+, HCO3
-, S-SO4

2-, Ca2, N-NO3
-, Na +, Cl-, Mg2+, and K+ 

respectively. Analytical results of the flame atomic absorption spectrophotometer for lead 
concentrations have also revealed the presence of lead in 5 samples above the detection limit of 
the instrument (>0.1 mg/L). 
 

The dominant abundance of NH4
+, and Ca2+ from agricultural activities including livestock 

breeding and soil dust dictate the neutral to alkaline character of the rain water samples. Hence, 
the majority of the hydrogen ions (acids) generated in the atmosphere from the oxidation of SO2 
and nitrogen oxides (NOx) are primarily neutralized by ammonia (NFNH4+=0.78) followed by 
calcium (NF Ca2+ = 0.60). Forty eight hours back trajectory analysis performed for the rain events 
corresponding to peak sulphate and ammonium concentrations have revealed the advection of 
SO2 from the active volcanic center at Erta’ Ale (13.60°N, 40.67°E; summit elev. 613 m) ) in the 
rift valley of northern Ethiopia. From the trajectory analysis, calm weather conditions over the 
city are also observed to stagnate and favour the accumulation of SO2 which in turn proves   the 
presence of significant SO2 emissions from vehicles and industries in the city. Finally, the need 
for ecological impact assessment regarding the excessive ammonium and calcium deposition has 
become evident from the analytical results. 
 
Key words:  
 
Wet deposition, ionic species, precipitation, Trajectory, Addis Ababa. 
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1. INTRODUCTION 

1.1 Background  

 
The earth's atmosphere, which serves as a media of transport and reservoir and /or sink of 

different gaseous and particulate chemical species, is a vital part of our environment. Our earth is 

the only unique planet in the solar system, which can support life essentially because of its 

atmospheric composition. The ambient atmospheric concentrations of the different gaseous and 

particulate   constituents are determined by, the different physical and chemical processes as well 

as plant and animal activities from the biosphere 

 

However, human interference, mainly the introduction of industries, has been observed to disrupt 

the ambient concentration of the different atmospheric constituents thereby upsetting the normal 

cycles of certain natural phenomenon and the ecosystem. Hence, different research activities are  

performed in the area of atmospheric deposition to investigate the fate and deposition 

mechanisms of atmospheric pollutants to the ecosystem. Wet deposition or precipitation 

processes play an important role in scavenging soluble species from the atmosphere and can be 

used to explain the relative contribution of different sources of atmospheric pollutants 

(Kulshrestha et al., 2003). Precipitation chemistry is indicative of the changes in the chemical 

composition of the atmosphere over time (Das et al, 2005). It is thus being studied and monitored 

throughout the world to avert the problems associated with the dangerous air pollutants. Studying 

precipitation chemistry is hence vital in assessing the trend of atmospheric constituents, which is 

influenced by anthropogenic and natural sources. 

 

Trace heavy metals such as Lead, Cadmium, and Mercury, which are toxic at low concentrations 

and can bioaccumulate in plants and animals, are also deposited from the atmosphere through 

precipitation. Particularly, lead can enter the atmosphere as a result of incineration of refuse 

containing lead, batteries, and ore smelting processes and removed from the atmosphere by dry 

or wet deposition (WHO, 2001). 
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In Addis Ababa, although   not comprehensive, the list of air pollution sources include light and 

heavy-duty motor vehicles, industries, home heating and cooking as well as fugitive sources such 

as biogenic emissions and dust (Etyemezian et al., 2005). According to the statistics from (CSA, 

2005), 56.9% of the large and medium scale manufacturing industries (611 out of the total 1,074 

in the country) including the biggest industries like Muger cement factory, Akaki steel factory, 

Addis Pharmaceuticals and other beverage and food processing factories are found in Addis 

Ababa. In such a congested and rapidly developing city construction activities, industrial 

production processes, energy utilization and biomass burning are naturally expected to release 

different aerosols ( or particulate matter) such as dust and soot, sulphates, nitrates, organics and 

the like to the atmosphere. These atmospheric aerosols can have local effects such as human 

health and visibility deterioration; regional problems such as acid deposition and eutrophication; 

as well as global problems such as climate change and stratospheric ozone lose.  The hanging 

smog at the bottom of the mountains around the city during sunny morning hours of dry season 

and the frequent occurrence of grey skies over Addis Ababa are indications of significant 

pollution from vehicles and industrial emissions. 

 

According to the Ministry of Health (MOH, 2004/05) the prevalence of acute upper respiratory 

infections is one of the top 10 leading causes of out patients ranking 3rd for infants. Water 

pollution studies conducted in and around Addis Ababa catchments by Samuel Melaku, et al., 

(2004), Fissaha Itana, (1998), and Tamiru Alemayehu, (2006) show that increasing concentration of 

heavy metal pollution, coliform and pathogen pollution in the surface and ground water.  

 

In spite of such serious human health and environmental problems, the status of pollutant 

deposition from the atmosphere in terms of their chemical composition and level of 

concentration is not yet studied in all the major cities in Ethiopia. There is no base line study to 

speak about the chemical species and concentrations of atmospheric pollutants that can be 

deposited via precipitation. Briefly, the intention of this study is to check the status of 

precipitation in Addis Ababa through quantita`tive measurements of PH, EC, and major anion 

/cation analysis and infer possible environmental and human health impacts of the identified 

pollutants based on recommended standards.  
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1.2 Literature Review  
 

Currently, environmental and human health problems related to air pollution in general and 

atmospheric deposition in particular are top concerns of many countries in the world. A number 

of research and monitoring activities are undergoing on local, regional and global bases to 

investigate the trends and status of wet deposition.  

 

Since 1970, emissions in the United States and Europe have leveled off due to pollution control 

efforts. Emissions of SO2 in the United States have decreased by 25% since 1970, while NOx 

emissions have remained flat (Jacob, 1999). By contrast, SO2 emissions in Asia are on a rapid 

rise fueled in large part by the industrialization of China and India relying on coal combustion as 

a source of energy. Sulfur dioxide (SO2) emissions are expected to increase three-fold by 2010, 

from 1990 levels, if current trends continue and serious acid rain problem may develop over 

eastern Asia in the decades ahead (Jacob, 1999). 

 

In the USA, the National Atmospheric Deposition Program National Trends Network 

(NADPNTN) has been measuring concentration of major chemical species in precipitation since 

1978 (Lehmann, et al., 2004).  The research findings of Lehmann, et al., (2004); indicates that, 

significant decreases were observed for sulfate. On the other hand significant increases were 

observed in much of the United States for ammonium and dissolved inorganic nitrogen. There 

were also regionally significant increases and decreases in nitrate and Earth crustal cations 

(Lehmann, et al., 2004). Sulfate concentrations decreased in nearly the entire continental United 

States from 1985 to 2002, with the exception of Texas and Southern Florida, where an increase 

in sulfate concentration were observed. Most evident or maximum reduction in size and 

magnitude of the sulfate concentrations was observed in the northeastern portion of the country. 

Earth crustal cation concentrations increased from 1985 to 2002 in the southwest United States 

by over 25% (Lehmann, et al., 2004).   
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European countries have also reported a significant recovery of forests once considered to be 

particularly vulnerable to acidic precipitation. On the other hand research studies on atmospheric 

pollutants based on trajectory analysis like (Dayan  and  Lamb, 2004) conducted on  “Global and 

synoptic-scale weather patterns controlling wet atmospheric deposition over central Europe” 

indicate that sulfate deposition remains an ongoing threat to terrestrial and aquatic ecosystems 

despite recent reductions in the emissions of SO2 in this region, 

 

Asian countries like China and India, which are highly populated and developing faster than 

African countries, are also facing the problems of atmospheric acid deposition. Asia is currently 

the region most affected by acidification (Environmental Literacy Council 2002).  

 

Research outcomes are indicating that rapid economic growth and increased energy demand have 

resulted in severe air pollution problems throughout China, particularly in, and near, the large 

cities (Larssen, and Carmichael 2000). The impact of these emissions is also felt on the regional 

scale as indicated by the high levels of strong mineral acids (predominately sulfuric) observed in 

precipitation throughout eastern China. A research study by Wei and Wang (2005) on the 

characteristics of acid rain in Jinyum Mountain, Chongnqing, (Chaina) also showed that the 

average pH was 5.23 and the average electrical conductivity was 33.90 µs/cm. The average 

concentration of SO4
2- has reached as high as 212.85 µeq/l which accounted for 84.61% of the 

total anions. The good thing is that the mean concentration of NH4+ and Ca2+ cations has also 

reached 142.37 µeq/l and 80.78 µeq/l respectively, which according to the researcher neutralized 

greatly the acidic ions. 

 

A study conducted on the chemical composition of precipitation during1984–2002 at Pune, India  

(Safai, et al., 2003), indicated that considerable increasing trends were observed for sulphate and 

nitrate which could be attributed to the rise in industrial and vehicular activities during this 

period. According to Safai, et al. (2003) Ca2+ (the chief neutralizing constituent) also showed 

decreasing trend, mainly due to the rapid urbanization that reduced the availability of open land, 

which is the major source for Ca2+. This has resulted in the overall decrease in trend of pH. 

 4



However, the average pH value is still in the alkaline range due to the dominance of neutralizing 

potential of precipitation over the acidic potential. 

Atmospheric deposition studies conducted in some African countries like Zimbabwe (Bangira, et 

al., 2007), South Africa, Egypt (Daifullah, et, al., 2003), and Nigeria (Onianwa, et al., 2002), also 

indicate the presence of atmospheric pollutants such as nitrates, sulfates and trace heavy metals 

(commonly lead) in significant quantities  

A study conducted between 2001 and 2004 in Harare, Zimbabwe’s largest city, to determine the 

concentration and flux of lead in rainwater, and to identify areas that experience acid rain 

indicated that Harare experienced acid and Pb deposition which are of similar magnitude or 

higher than that received in the developed countries despite having lower levels of 

industrialization (Bangira, et al., 2007).  The researchers further noted that pollutants that are 

generated from outside the nation could be transported over long distances and impact negatively 

on the environment. The concentrations of sulphate, ammonium and nitrate in precipitation are 

particularly important in the determination of transboundary fluxes and deposition of air 

pollutants. However, determination of one or more of the sea-salt constituents (Na, Cl, Mg) is 

also necessary in order to determine the fraction of sulphate concentration which is due to marine 

sea-spray aerosols; and determination of the base cations Ca, K, and Mg is desirable in order to 

give an indication of the large-scale deposition of bases which is needed in connection with the 

determination of critical loads (EMEP, 2001). In general sulphur compounds can be transported 

over long distances and contributes to the regional atmospheric deposition, while nitrogen 

compounds deposit faster and therefore will have their main origin in local sources.  

 

Consequently, dominant weather patterns can facilitate transboundary transport of air pollutants 

from other countries in the region, along prevailing winds. Researchers like (Guihua, et al., 

1997) have used the Back-Trajectory Analysis for each rain event using the Hybrid Single-

Particle Lagrangian Integrated Trajectory (HYSPLIT) model to determine the sources of air 

masses. Back trajectories were calculated starting at the rain event and going back 48 hours prior 

to the rain event at starting heights of 500, 1000, and 1500 m. Finally; the air mass origins were 

segregated into three sectors. More over, Guihua, et al. (1997), have found that ammonium and 

nitrate concentrations are related to air mass origin while the concentrations of dissolved 
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organic nitrogen (DON) are not dependent on air mass origin, which means that all the sectors 

for DON were not statistically different. One possible explanation for this is that much of the 

organic nitrogen is of local, photochemical origin (Guihua, et al., 1997). 

 

In Ethiopia, the only study conducted regarding atmospheric deposition is the pilot scale air 

quality study by Etyemezian et al., (2005). According to this study   PM10 concentrations at 

urban sites of Addis Ababa ranged between 35 and 97  µgm -3  exceeding the  Ethiopian EPA 

annual standard of 50 µgm -3. Based on the analysis of the aerosol components, the researchers 

have also indicated that ~ 35–65% of the PM10 was of geologic origin and probably due to paved 

and unpaved road dust, and ~35–60% was due to organic matter (OM) and elemental carbon 

(EC). In the study, it is further stated that the sources of carbon that are important on the urban 

scale are limited to gasoline and diesel vehicles as well as biomass burning for home heating and 

cooking because Addis Ababa is not highly industrialized (Etyemezian et al., 2005). The study 

has also indicated that concentrations of airborne PM10 lead never exceeded 0.1 µg/m3 i.e., lower 

than the Ethiopian EPA, (2003) standard of 0.5 µg/m3 calculated on an annual average basis.  

 

Finally the researchers have concluded that, with respect to PM10, PM2.5, and lead, ambient air 

quality conditions in Addis Ababa are far better than in Cairo-Egypt. Nevertheless, this pilot 

study suggests that concentrations, especially in urban and residential areas within the city, are 

close to, if not higher than, the EPA’s ambient standards for PM10 and PM2.5 (Etyemezian et al., 

2005). 

 

Research study on soil pollution   by Fissaha Itana, (1998), Endal Teju (2005), and Tamiru 

Alemayehu (2006) indicate the presence of heavy metals and other pollutants in soil and water 

inside and around Addis Ababa.  

 

Fissaha Itana (1998) indicated that the heavy metal build up in soils at the summit positions of  

‘Akaki’, where no industrial waste directly enters into the soils have generally higher (mostly 

more than double) than ‘Awasa’ soils in to which industrial waste drains directly. According to 

Fissaha Itana, (1998) chromium and nickel contents of the soils have reached the “toxic levels”. 

Lead levels at Akaki midslope positions have also surpassed the average content (10ppm). The 
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research further noted that close by regions may be contaminated through emissions or ground 

water seepage.  

 

Similarly, a research conducted on the levels of lead concentration in the road side soils at Addis 

Ababa (Endal Teju, 2005) has figured out an average concentration of 418.6±3.4 µg/g, which is   

much higher than those found in the road side soils of Debre-Zeyit, Mojo, and Nazret 79.4±0.6, 

93.3±1.0 and 80.6±0.4 µg/g respectively reported by the same author. 

 

From the reviewed literatures, the presence of significant heavy metal concentrations in soils, 

surface and ground water bodies is evidenced in and around Addis Ababa. Although the research 

studies conducted in Addis Ababa are focused on soil and water pollution, most of the 

researchers agree on anthropogenic sources as the major contributors to the environmental 

pollution in the city.  

 

1.3 Statement of the Problem 
 
 
The increasing number of people suffering from airborne respiratory diseases such as asthma, 

change in composition of indigenous higher plants and crops, the decreasing number of fish and 

other species in the aquatic ecosystem can be major evidences for the presence of pollutants 

above the optimum threshold level.  

 

Due to the rapid population and industrial growth in Addis Ababa, the different compartments of 

city’s environment are susceptible to pollution. The presence of pollutants in water bodies and 

soils around Addis Ababa has been indicated by different researchers. Fissaha Itana, (1998), has 

indicated that soils at Akaki (the oldest industrial site) contain about 5 times more total Pb, Ni, 

Cu, Cr Hg and Co than Awassa soils.  

 

Samuel Melaku, et al., (2004), have also conducted a study on simultaneous determination of 

trace elements in Tinishu Akaki river water samples and have concluded that the causes and 
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sources of water pollution in the study area are mainly anthropogenic activities through the direct 

discharge of effluent from different industries. 

 

A study by Tamiru Alemayoh, (2006) on heavy metal concentration in the urban environment of 

Addis Ababa, indicated that heavy metals in the rocks and soils have geogenic sources (out 

cropping rocks) with minor anthropogenic inputs at least in the northern part of Addis Ababa. 

Concentration levels ranging from 4.31 to 15.5 ppb of lead have been indicated from spring 

water samples taken around Big Akaki River. Soil samples from northern part of the city 

(Burayu) have also revealed lead concentrations of 5.0 and 20.0ppm (Tamiru Alemayoh, 2006).  

 

Regarding atmospheric deposition, a pilot-scale air quality study conducted in Addis Ababa by 

Etyemezian, et al. (2005) has revealed that PM10 concentrations at urban sites ranged between 35 

and 97 µgm--3.  

 

However, deposition of pollutants from the atmosphere via precipitation and their possible 

sources has not been studied so far in any part of Ethiopia. This study is therefore aimed at 

investigating the chemical species that can be deposited with precipitation during the small rainy 

season and the onset of the main rainy season in Addis Ababa. The study is supposed to fill the 

observed gap regarding the contribution of pollutants from wet deposition. Therefore 

distinguishing, and quantifying the chemical species deposited from the atmosphere via 

precipitation and identifying their possible sources is essential in the attempt to create a healthy 

environment and rescue the loss of biodiversity in Addis Ababa and else where in Ethiopia.  

 

1.4. Significance of the Study 
 
 
This study is conducted to investigate the status of atmospheric pollution from chemical analysis 

of precipitation samples to infer the current contributions of wet deposition to the observed 

environmental pollution inside Addis Ababa. The role of atmospheric deposition to 

environmental pollution has been forgotten compared to water and soil pollution throughout the 

country and specifically in and around Addis Ababa.  
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The intention in conducting this research is therefore to look for evidences from precipitation 

analysis regarding the current emission strengths and contributions of local and regional sources 

of atmospheric pollutants. Hence, it is believed that, this preliminary work has pointed out the 

type and concentration levels of pollutants that are deposited via precipitation with their possible 

sources. The need for monitoring activities and comprehensive further studies are clearly 

indicated from the results of this study. 

 

1.5 Limitations of the study 
 
 
Lack of automatic rain samplers and number of sampling station were the major limitations of 

this study. Obviously the present technology to investigate atmospheric deposition in developed 

countries is very advanced and convenient to take samples. However, this technology is costly 

and not available to us. Sampling station was limited to one due to lack of financial resource. 

Yet, this preliminary study has revealed worth information about the presence of detrimental 

chemical species in the rainwater samples and indicated the need for conducting comprehensive 

research on atmospheric deposition in Ethiopia 

 

1.6 Theoretical Background of Atmospheric Deposition 
 
Emissions of particulate and gaseous pollutants such as sulfur dioxides (SO2), nitrogen oxides 

(NOx), and carbon dioxide (CO2) are released into the atmosphere from anthropogenic and 

natural sources. The pollutants are converted into acids and get deposited back to the Earth’s 

surface through different processes (Seinfeld and Pandis, 1998). The process by which gaseous 

and particulate matter are deposited to the earth’s surface either through precipitation (rain, 

snow, clouds, and fog) or as a result of atmospheric processes such as settling, impaction, and 

adsorption in dry form (gases and aerosols) is called atmospheric deposition. Deposition onto 

ground, water or vegetation is perhaps the most important sink, or removal process, for all 

atmospheric contaminants that are not chemically degraded in the atmosphere itself (Miller, and 

Robinson, 1989). 
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Acid deposition was recognized by Robert Angus Smith in 1872, who referred to sooty skies 

over Manchester, England in his publication Air and Rain: but was then forgotten until the 

1960's (Jacobson, 2002). In recent years, greater attention has been given to acid deposition as 

many countries around the world reported lifeless lakes, damaged forest and property damage.  

According Stensland, (2000) and others  the chemical composition of wet deposition has been 

central to the question of effects of acid deposition and long-range transport of air pollution since 

the issue of acid rain rose to prominence in Europe in the 1970s. Different research works have 

also confirmed that acid deposition is not just a domestic concern; it is also a regional 

environmental problem that goes beyond national boundaries (Seinfeld and Pandis, 1998).  

Atmospheric constituents and thus pollutant emissions reach the surface of the earth by a varity 

of processes: Those in which precipitation is involved contribute to wet deposition; those that 

(primarily during dry periods) involve sedimentation, turbulent and molecular diffusion; and 

those that include cloud and fog impaction, dew, and frost are sometimes termed occult 

deposition ( Stensland ,2000). The two basic removal mechanisms that act on airborne pollutants, 

i.e. wet and dry deposition are discussed next with the emphasis being on wet deposition. 

 

1.6.1 Dry Deposition 
 
 
Dry deposition refers to the removal of pollutants that are not absorbed into liquid or ice, but 

rather are removed as either dry particles or gases. Studies conducted in different countries have 

shown that acid precipitation does not account for all of the acidity that falls back to earth from 

pollutants. Specifically, as stated in the (US, EPA) about half the acidity in the atmosphere falls 

back to the earth through dry deposition as gases and dry particles or aerosols. Dry deposition is 

influenced by factors like the level of atmospheric turbulence, chemical composition of the 

species, and the nature of the surface (Seinfeld and Pandis, 1998). The atmospheric turbulence 

plays the most important role in particular near the ground as it determines the rate at which a 

species settle to the surface. The chemical composition and reactivity refers to the reaction 

between gas and intercepting surface. Finally the nature and structure of the surface are involved 

in determining the rate of deposition from the atmosphere. Dry deposited gases and particles are 
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sometimes washed from trees and other surfaces by storm events. When that happens, the 

acidified water runoff combined with the precipitation can create a mix that is more acidic than 

the precipitation alone (US EPA). 

 

1.6.2 Wet Deposition 
 
 
Precipitation scavenges the oxides of sulphur and nitrogen, and ammonia emitted directly to the 

atmosphere from biogenic and anthropogenic sources in addition to photo-oxidation products 

formed in the atmosphere. Precipitation plays an important role in controlling the 

biogeochemical cycles of these species (Singh S. P et al., 2001). The process by which pollutants 

are removed from the atmosphere and deposited on the Earth's surface via rain, sleet, snow, 

cloud water, and fog is known as wet deposition. Wet deposition involves the absorption of 

pollutants, both particles and gases, into liquid droplets or ice crystals. These pollutants are 

transferred, in most cases, to the surface in the form of precipitation. In wet deposition, there are 

always some atmospheric hydrometeors  like rain, cloud or fog drops which scavenge aerosol 

particles (Seinfeld and Pandis, 1998). Incorporation of sulfur and nitrogen oxides to wet 

deposition is particularly important as they are the precursors of major acids (H2SO4 and HNO3). 

Wet deposition is a function of the concentration of substances dissolved in precipitation or 

scavenged from the atmosphere during precipitation and the volume of precipitation that occurs 

at the point of measurement. 

1.6.3 Causes of Acidity in Rainwater  

The acidity of a solution is a measure of the concentration of hydrogen ions (protons H+) in a 

solution. Acidity is measured in terms of PH (Potential Hydrogen), defined as the negative 

logarithm of the hydrogen ion concentration. 

                   PH= -log [H+]   

where, [H+] is the activity or concentration  (moles per liter ) of free hydrogen ions (H+) in a 

solution. 
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The pH value of a substance is directly related to the ratio of the hydrogen ion [H+] and the 

hydroxyl ion [OH-] concentrations. If the H+ concentration is greater than OH-, the material is 

acidic; i.e., the pH value is less than 7. If the OH- concentration is greater than H+, the material is 

basic or alkaline, with a pH value greater than 7. If equal amounts of H+ and OH- ions are 

present, the material is neutral, with a pH of 7 as in pure water, where the only source of H+ is 

the dissociation of H2O molecules. Thus Carbon dioxide-free water at 25°C is considered neutral 

because activities of H+ and OH- are equal (Wilde, et al., 2006). 

                                     H2O (aq) ⇌  H+  + OH-
  

In this case [H+] must equal [OH
-
], and the product [H+] x [OH-] must equal 10

-14 
moles

2
/L

2
. In 

other words at pH 7, [H+] = [OH-] = 10
-7 

moles / L. 

On the pH scale, a change of one unit indicates a tenfold increase or decrease in the pH of a 

solution. Therefore, a solution with a pH of 3.0 is 10 times more acidic than one of pH 4.0, while 

a solution with a pH of 3.0 is 100 times more acidic than one of pH 5.0.   

An acid is any substance that when added to a solution, dissociates to yield hydrogen ions 

increasing the molarity of H+. The more H+ added the stronger the acid and the lower the pH. 

While pure rain is naturally slightly acidic, the higher level of acidity in acid rain makes it a 

threat to plant and aquatic life and to other materials and structures. The slight natural acidity of 

pure rain is the result of carbon dioxide in the air dissolving in water to produce a weak carbonic 

acid solution. Carbon dioxide dissolves in atmospheric moisture forming carbonic acid:  

                                CO2 (gas) + H2O (liquid)  → H2CO3(aq)    

The H2CO3 (aq) is a weak acid, meaning it only partially ionizes to release H+(aq), with a 

resultant reduction in the pH of the system.   

                                 H2CO3(aq)    ⇌     H+
(aq) + HCO3

-(aq) 
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Due to this source of acidity, the pH of unpolluted, natural rain is about 5.6 (Jacobson, 2002). 

Precipitation is considered to be acidic when its pH falls below 5.6, which is 25 times more 

acidic than pure water. In the highly industrialized countries like US the median pH is 4.34, 

typical of acid rain in the northeastern United States some times with pH as low as 2.3 

(Jacobson, 2002). Acidic precipitation is primarily caused by incorporation of anthropogenic 

SOx, NOx and other acid precursors. Neutralizing components like carbonates, bicarbonates and 

ammonia, also influence the final acidity of deposition (Das, et al., 2005). 

 

The atmospheric gaseous species (NOx, SO2, NH3) and water-soluble constituents of the ambient 

aerosols, derived from sea-salts, crustal dust and anthropogenic emissions, play a dominant role 

in the chemical characterization of rainwater on a regional scale (Rastogi N., and Sarin M.M., 

2005). Depending upon their relative contribution, an individual precipitation event can be acidic 

or alkaline in nature. 

Two elements sulfur and nitrogen are primarily responsible for the harmful effects of acid rain. 

Sulfur is found as a trace element in coal and oil. When these are burned in power plants and 

industrial boilers, the sulfur combines with oxygen to form sulfur dioxide (SO2); 

                                 S (in fuel) + O2 → SO2  

After being released into the atmosphere, sulfur dioxide can either be deposited on the earth's 

surface in the form of dry deposition or it can undergo oxidation reactions to produce acids that 

are incorporated into the products of wet deposition.  The oxidation can take place while SO2 is 

still in the gas phase, or after SO2 becomes dissolved in cloud droplets (aqueous production). 

In the gas phase SO2 is oxidized by a chain of reactions initiated by hydroxyl radical in the 

presence of third body like O2 or N2, leading to the net reaction; 

                                 OH + SO2 + H2O  →  HO2 + H2SO4
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Unlike carbonic acid, sulfuric acid is a strong acid that ionizes 100% in atmospheric precipitation 

to produce H+
(aq) ions  (Jacobson, 2002) through: 

                                  H2SO4(aq)  →  H+
(aq) + HSO4

-(aq) 

These H+
(aq) are responsible for the acidic effects of acid rain.  

SO2 can also dissolve in Cloud droplets, fog and rain where the dissolved SO2 is oxidized to 

sulfate by hydrogen peroxide (H2O2 ) which is dominant path way when PH< 5 or O3 which is 

dominant path way when PH>5 (Jacobson,2002). 

                            SO2(g) ⇌ SO2· H2O (aq)      

Sulfurous acid molecules then react with water producing equilibrium with H+(aq) and hydrogen 

sulfite.  Sulfurous acid is considered a weak acid as it only partially ionizes into H+(aq):  

                                  H2SO3 (aq) ⇌ H+(aq) + HSO3
-(aq) 

The dominant oxidation process occurs by hydrogen peroxide where H2O2 (in clouds) combines 

with dissociated Sulfurous acid to yield more H+ and sulfate ions.       

                                     

                                   HSO3
- (aq)  +  H+ + H2O2  (aq)   →    2H+ + SO4

2-  +  H2O 

 

Sulfur dioxide can also react with oxygen or ozone to form sulfur trioxide which in turn reacts 

with atmospheric moisture to form sulfuric acid: 

 

                                     SO3(gas) + H2O(liquid)   → H2SO4(aq) 

                                       H2SO4(aq )   →   H+
(aq) + HSO4

-
(aq)  

According to Jacob (1999), emissions of sulphur dioxide are responsible for 60-70 % of the acid 

deposition that occurs globally and more than 90 % of the sulphur in the atmosphere is of human 

origin.  

 14



The other major sources of acid deposition are nitric oxide (NO) and nitrogen dioxide (NO ) 

collectively represented as NOx. The combustion of gasoline at high temperatures inside car 

engines,

2

 biomass burning, and lightning are some of the processes that form the pollutant nitric 

oxide.  

 O2 + heat     →      O   +   O 

O   + N2      →      N O   + N 

N + O2           →     NO   + O 

In the atmosphere NO(g) is oxidized to NO2(g), and NO2(g) , is oxidized to nitric acid by 

hydroxyl radical and ozone (Jacob,1999). The principal contributor to the formation of nitric acid 

is the reaction with hydroxyl radicals, which are highly reactive and abundant in the atmosphere.
  

             
                   HO + NO2 + M → HNO3 + M              

The oxidation of NO2 by ozone also produces gaseous NO3 which can then react with any 

reactive hydrogen donor in the atmosphere depending on the presence of sun light. 

                                    NO2 (g) + O3(g)    → NO3 (g)  + O2(g) 

In the absence of light (during night time) the gas phase reaction yields: 

                                   NO3(g) + NO2 →  N2O5 

N2O5 may further react with water on deliquescent aerosols, producing two NO3
-  

 molecules.      

                                   N2O5   +   H2O →  2NO3
- +   H+         

However, in the presence of light NO3 is rapidly photolysed: 

                                   NO3 + hν  →   NO  +  O2 
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Direct scavenging of NO2 by atmospheric water contributes little nitric acid (HNO3) on account 

of the low solubility of NO2 in water (Jacob, 1999). 

                                2 NO2 (gas) + 2H2O(liquid)   ⇌  HNO2(aq) + HNO3(aq) 

 

The natural acidity of rain is partly balanced by natural bases present in the atmosphere, 

including NH3 emitted by the biosphere and CaCO3 from suspended soil dust. Although the 

concentrations of both nitrogen oxides and sulphur dioxides are much lower than atmospheric 

carbon dioxide, which is mainly responsible for making natural rainwater slightly acidic, NOx 

and SO2 are much more soluble than carbon dioxide and therefore have a much greater effect on 

the pH of the precipitation (Jacob, 1999). 

Ammonia, one of the most abundant nitrogen containing species in the atmosphere (Manahan, 

2005) is present even in unpolluted air as a result of natural biochemical and chemical processes. 

Decay of animal wastes, microorganisms in soil, ammonia fertilizer, swage treatment etc are 

sources of NH3.        

Ammonia is the only gaseous base in the atmosphere.  Dissolved ammonia in rainwater 

scavenges H+ and lowers the acidity in precipitation. 

                                    NH3(aq)   +  H+    →   NH4
+ 

In the gaseous state ammonia also reacts with the acidic nitrate and sulfate aerosols to form 

ammonium salts.  

                                 NH3(g)  + HNO3 (g)  →  NH4 NO3

                                  NH3(g)  + H2SO4(l,s)  →     (NH4)2SO4(l,s)   
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1.5.4 Lead in the atmosphere 
 
 
Lead (Pb), with atomic number 82, atomic weight 207.19 and a specific gravity of 11.34, is a 

bluish or silvery-grey metal with a melting point of 327.5 °C and a boiling point at atmospheric 

pressure of 1740 °C. It has four naturally occurring isotopes with atomic weights 208Pb, 206Pb, 
207Pb, and  204Pb ( in decreasing order of abundance) (WHO, 2001).  

  
Lead is a soft metal that is found in air in the form of very small particles. The natural 

concentration of lead in the air is less than 0.1 microgram per cubic meter (Guihua, et al., 

1997) and there are estimates that some 0.33 ×109 kg of lead per year are directly emitted into 

the atmosphere (WHO 2001).  Airborne Pb particulates result from activities such as fossil fuel 

combustion (including vehicles), processing of metallic ores, battery recycling and waste 

incineration (Scientific committee on problems of the environment, 1975). Soil erosion, volcanic 

eruptions and sea sprays also inject lead particles into the atmosphere which occurs in the form 

of fine particles with average aerodynamic diameter lower than 1 µm.  

According to the Lead Development Association International LDAI (2001), small lead particles 

emitted to air can remain in the atmosphere for over three weeks and in that time they may travel 

many hundreds of kilometers, though larger particles, which may constitute up to 95% of the 

emission, settle out within very short distances of the source. The Lead Development 

Association International (LDAI, 2001) further noted that deposition from atmosphere is a major 

contributor to lead inputs to water and to land but this continues to fall as the use of leaded 

gasoline is phased out. Lead in the ambient air exists primarily as particulate matter in the 

inhalable size range. When atmospheric lead is breathed in, it is absorbed into the bloodstream 

and distributed throughout the body via food and water we consume. Although lead can enter the 

body in a number of ways people living in urban areas are most likely to ingest it by inhaling 

airborne particles containing lead. Lead can be found in all tissues of the body and tends to 

accumulate in the bones where it is immobilized. Ingested lead is only eliminated by the liver 

and kidneys slowly. 

Lead accumulation in the body can impair the production of hemoglobin. It affects the human 

central nervous system. In young children, lead can impair neurological and intellectual 

 17



development and can cause learning difficulties. Children are more vulnerable because their 

nervous system is developing. In older people it can cause high blood pressure and (in high 

concentrations) kidney disease or anaemia (Australia -Queensland EPA, 2005). 

Owing to such human health complication countries like the US have already set regulations for 

human exposure to lead. The current US standard for lead is for instance, a quarterly average of 

1.5   µg/m3  (micrograms of lead per cubic meter) of air not to be exceeded more than once per 

year (Ethiopian EPA, 2003).. The EU lead in air standard is currently, 0.5 µg/m3 and the UK has 

set an air quality target of 0.25 µg/m3 (LDAI, 2001).  The WHO recommended an air quality 

standard in 1987 of 0.5-1.0µg/m3 (LDAI, 2001). The annual standard of lead exposure in our 

country set by the Ethiopian Environmental Protection Authority is also 0.5 mg/l. (Ethiopian 

EPA, 2003). 

 

1.5.5 Back Trajectory Analysis and pollutant source Identification 
 

Back trajectory analysis is used to determine whether emissions of certain chemical species 

(sulfate, elemental carbon, organic carbon) are advected by airflow from extended sources. It is a 

useful tool for analyzing source regions for haze and other transport-related pollution phenomena 

(NESCAUM, 2002). The approach involves using meteorological data to track the prior path of 

parcels of air arriving at a particular monitoring site over a period of hours or days.  

 

A trajectory chart shows the pathway of movement, or transport, of air as it travels through the 

atmosphere.  Unlike weather charts, which show weather conditions at one particular time, 

trajectory charts illustrate air movement over several days. Trajectories are defined as the paths 

of infinitesimally small particles of air as they move through time and space.  Such fluid 

particles, marked at a certain initial point in space at a given initial time, can be traced forward or 

backward in time along their trajectory. While the forward trajectories describe where a particle 

will go, backward trajectories indicate where it came from (Draxler and Hess, 2004).   

 

Simulation of the transport and dispersion of pollutants over mesoscale and regional distances 

from their sources may be performed by Eulerian or Lagrangian approaches. The Eulerian 
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approach involves simulations of pollutant concentration changes over a coordinate system that 

is fixed with respect to the ground. The conservation equations (mass/momentum/energy 

equations) describing the behavior of species are then applied to fixed control volumes with 

appropriate initial and boundary conditions. This approach permits straightforward treatment of 

nonlinear processes (e.g., atmospheric chemistry) arising from interactions of pollutants from 

multiple and diverse sources (Gilliani & associates 1996).  

 

In the Lagrangian viewpoint, the coordinate system is not fixed, but attached to moving fluid 

particles. This approach is much more suitable for the treatment of emissions from individual 

point sources because, individual emissions can be tracked in a frame of reference which moves 

with the emission, and at a level of spatial resolution equal to the current volume attained by the 

initial emission. The emissions may be represented as plumes, puffs or point particles. In the 

Lagrangian particle simulations individual particles are advected based on the local flow field. 

Since air mass is transported with the help of the wind, the advection or transport of a particle or 

puff is computed from the average of the three-dimensional velocity vectors (U, V, W) for the 

initial position P (t) and the first- guess position P’(t+∆t). The velocity vectors are lineally 

interpolated in both space and time (Draxler and . Hess, 2004).  

 

                         ttPVtPttP ∆+=∆+ ),()()('     -------------------------------- (1.1) 

while the last position of the air particles is 

 

                        [ ] tttPVtPVtPttP ∆∆+++=∆+ ),'(),(5.0)()(   ---------   (1.2)  

 

where P represents particle position in a Cartesian coordinate system (x,y,z) ; t represents the 

current simulation time; ∆t represents the particle advection time step. In this way, information 

about the movement of an air parcel is calculated using information from before and after the 

calculated movement of that parcel. 

 

In a trajectory analysis approach one imagines a series of puffs to be released from a point, and 

follows each one across the map using time-dependent information on wind patterns, allowing 
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for dispersion as it goes. Trajectories are terminated if they exit the model top, but advection 

continues along the surface if trajectories intersect the ground (Draxler and Hess, 2004).  

 

The Hysplit-4 trajectory model considers three different removal mechanisms of atmospheric 

pollutants from the atmosphere (dry deposition, wet depletion, and radioactive decay). Wet 

deposition is divided into two processes, those in which the polluted air is continuously ingested 

into a cloud from a polluted boundary layer (in cloud scavenging) and those in which rain falls 

through a polluted layer (below cloud scavenging). For particulate pollutants, the simplifying 

assumption of a scavenging ratio is assumed for pollutants located within a cloud layer and the 

scavenging coefficient is used for pollutant removal in rain below a cloud layer. For soluble 

gases wet removal can be defined by specifying its Henry's Law constant. Wet removal of gases 

is applied at all levels from the ground to the top of the cloud layer.  At the grid points where it is 

raining, the cloud bottom is defined at the level when the RH first reaches 80% and the cloud top 

is reached when the RH drops below 60% (Draxler and  Hess, 2004).. 

 
Based on the time and distance scales involved atmospheric transport of polluting chemicals can 

be seen under three categories (Miller   and Robinson, 1989).  

 

1. Local transport, by which we mean distances of up to perhaps 50 km, in which the main 

phenomena are mixing within the atmospheric boundary layer, prevailing winds, and 

immediate deposition;  

 

2. Mesoscale transport, up to a few hundred kilometers, for which synoptic weather pattern 

information and knowledge of the rate of photodegradation processes are vital; and  

 

3. Global transport, for which major considerations are the balances between the various 

global sources and sinks involved, as well as understanding of particular transport routes 

and pathways that may lead to much higher pollutant levels in remote areas than can be 

understood on the basis of general diffusion phenomena. 
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2. Objectives of the study 

2.1 General Objectives: 

This study is intended to attain the following major objectives:  

1. To investigate the chemical composition and concentration of the major atmospheric 

pollutants from precipitation samples collected between March and June/2007 in Addis 

Ababa, and infer the possible environmental and human health impacts of the identified 

pollutants based on recommended standards.  

2. To differentiate the major contributing sources of the observed pollutants and propose 

environmentally benign remedies based on the types of chemical species and their 

concentration levels. 

2.2 Specific Objectives: 

 1. To analyze the pH, electrical conductivity (EC), and the major chemical species of rain 

samples deposited from the atmosphere through precipitation. 

2. To verify environmental implications of the data for the chemical species and determine the 

temporal variations in the pattern of deposition.  

3. To determine the level of concentration of lead in the precipitation and deduce its implication 

in the environment. 

4. To identify the possible sources of the pollutants using back trajectory analysis and propose 

environmentally sound remedies based on the identified chemical species and their sources.    
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3. MATERIALS AND METHODS 

3.1 Description of the study site  
 
This study was conducted in Addis Ababa, the capital city and diplomatic center of Africa.  The 

city accommodates more than 3.059 million people in a total area of 530.24 Km2 (CSA, 2007). 

Addis Ababa is located 38o 44’ east and 09o 02’ north at the edge of the central high lands of 

Ethiopia.  The specific location of the sampling site (AAU science campus) is 09.03 o north 

38.766o east at an elevation of 2442 m.   

 

 

Figure 1: Location Map of the study site 

 
Addis Ababa enjoys a pleasant weather throughout the year. According to the data from the 

National Meteorological Agency (NMA, 2004), Addis Ababa receives an average annual rainfall 

of 1180 mm, of which about 23% is received during the small rainy season (or ’Belg” ) from mid 

February to May and about 70% is received during the main rainy season (or ‘Kiremet’)  from 

June to September. The precipitation over Addis is somewhat distributed bimodally throughout the year, 

with peaks in April and August followed by a dry winter season (Fig-2). It also experiences an air 
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temperature ranging between 10.6 and 22.80C (NMSA, 2004). In extreme cases, the minimum 

temperature reaches 0.50C below ice point and the maximum temperature reaches 31.00C. 

 

The region surrounding the city is constituted by volcanic rocks ranging from acidic to basic in 

composition (Tamiiru Alemayoh, 2006). Northern part of the city is made up of Cenozoic 

basaltic lava flows and felsic flows while basaltic lava flows mainly occupy the central and 

southern parts of the city. From a pedalogical point of view, the southern part of the city is 

mainly covered by vertisol (dark-coloured clays which develop cracks when expanding and 

contracting with changes in moisture content) whereas the northern, western and eastern parts of 

the city are covered by cambilsols (Tamiru Alemayohu, 2006). Vertisols are saturated by Ca++ 

and Mg++. 
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Figure 2:Long-term mean monthly rainfall and Feb.- June/2007 monthly total rainfall over                      
Addis  Ababa (based on 1951-2006 data from A.A Obs met. Station, Source NMA). 
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3.2 Weather patterns  
 

The small rainy season or ‘Belg’ commences when the Saharan and Siberian high pressure 

systems that send dry and cold winds to Ethiopia during the northern winter are weakened and 

various atmospheric activities begin to occur around the Horn of Africa (Kassahun, 1987). The 

beginning of the Belg rain is also the period when the Inter Tropical Convergence Zone (ITCZ) 

begins to reach southern and southwestern parts of Ethiopia in its south-north movement. 

 

During Belg, the atmospheric dynamics important to precipitation include the Arabian 

anticyclone, low latitude penetration of large amplitude troughs in mid-latitude westerlies, and 

the southward movement of the subtropical jet. The Belg season is influenced by the tropical 

surface air masses in the Indian and Arabian anti-cyclones, and the Central African cyclones. 

 

The dominant synoptic and regional weather patterns that influence the main rainy season or 

‘kiremt’ (June –September) include the Inter Tropical Convergence Zone (ITCZ), the Maskaran 

high pressure in the Southern Indian Ocean, the St. Helena high pressure zone in the Atlantic, the 

Congo air boundary, the Monsoon depression and Monsoon trough, the Monsoon clusters and 

the Tropical Easterly Jet (Kassahun 1987).  

 

The southern hemisphere anticyclones at the Maskarin and St. Helena areas are the main source 

for moisture-carrying winds to Ethiopia and give rain in the highlands. The weakening of these 

high pressures reduces the amount of rainfall in Ethiopia. The Congo air boundary in the Congo 

rain forest is a convergence zone for the moisture-carrying winds from the Indian and Atlantic 

oceans. This boundary pulls the low air pressure from the north and east into Ethiopia. It also 

pulls the winds originating from the low pressure in the South Atlantic and provides them with 

moisture to be dumped in southwestern Ethiopia. Occasionally, the monsoon clusters also 

provide rainfall to the eastern part of Ethiopia (Kassahun 1987). Finally, the Tropical Easterly 

Jet, at 13 km above sea level over Ethiopia, strengthens the ITCZ, which is the main system that 

creates rainfall over Ethiopia during the Kiremt season. The low level Jet (LLJ) indicates the 

strength of cross equatorial flow from the southern to the northern hemisphere. 
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      Figure 3:  850-hpa actual wind charts for June 22 (typical of the ‘kiremt’ system in Ethiopia). 

 

3.3 Data types and sources  
 
The main data set used for this study consist of 22 wet deposition samples collected on the top of 

20 m building at AAU-Science campus from March – June/ 2007. This period was selected so as 

to represent the different prevailing surface wind directions and air mass sources for the Belg and 

the onset of the main rainy season (Kiremit). Daily rainfall, station level pressure and mean sea 

level pressure data were obtained from the National Meteorological Organization 
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3.4 Materials and Chemicals Used 

3.4.1 Sample Collection 
 
Daily rainwater samples were collected between March and June/2007 using an open 

polyethylene bucket placed on a rain gauge stand during precipitation events. The rain gauge was 

placed at the top of a 20m high building to minimize local effects of near by buildings and trees. 

Distilled water and dionized water was used to clean and rinse the polyethylene bucket before 

sample collection. The pH and specific conductivity of the samples were measured using a 

digital pH/EC meter immediately after sample collection. The samples were then placed in a 

refrigerator at 4oC until the analyses of all other required parameters. 

3.4.2 Sample Analysis   
 

All the 22 samples were analyzed for pH, EC, major cations (Na +, NH4
+  , K+, Mg2+, Ca2+) and 

major anions (Cl-, SO4
2-, NO3

-, HCO3
-). Digital electric conductivity meter (HANNA 

Instruments EC 214) and PH meter, Dionex - 600 Ion Chromatography (IC), and Buck Scientific 

210 VGP Flame Atomic Absorption Spectrophotometer (FAAS) were used to analyze the 

physical and chemical parameters of the samples.  

 

Buffer solutions of pH 4.00 and 7.00 and 0.01m KCl solution (conductivity of 1413 µS/cm at 

25oC) were used for conductivity and pH meter calibration. Standard stock solution of 997gm/ml 

of lead in 2% HNO3 was also used to generate a calibration curve to measure levels of lead 

concentration using atomic absorption spectrophotometer. Descriptions of the major instruments 

used in the analysis of the samples ie ion chromatography and atomic absorption spectrometer is 

outlined below. 

 

Concentrations of the major cation and anions were determined using ion chromatography (DX-

600 IC system). Bicarbonate (HCO3
-) concentrations were analyzed using 0.1N HCl titrant and 

methyl orange indicator. But the titration results were constant for all the precipitation samples 

and also in poor agreement with values calculated from the theoretical relationship between pH 
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and HCO3
- using the equation  [HCO3

-] =1.24x10(pH-5.35)   suggested by Kulshrestha et al. (2003), 

WMO-GAW (2004) and others. 

 

The analytical results of Ion Chromatography for NH4
+ were observed to be much higher than the 

results of the other ions in the samples. Such errors could be caused due to the interference of 

ions with a retention time similar to that of the main ion. In samples with high concentration of 

Na +, the peak of NH4
+ becomes asymmetrical (uneven) and often causes significant errors 

(WMO-GAW, 2004).  

 

Hence, the samples were reanalyzed for NH4
+ using Nessler method. In this method, Hach -

DR/2010 portable data logging spectrophotometer and Nessler reagents were used   to measure 

NH3-N, NH4
+, and NH3   in the samples. 1ml of Nessler reagent solution was added to 25 ml of 

distilled water (blank sample) and to each of the rainwater samples. The detection limit of the 

spectrophotometer used was 0-2.50mg/L and the absorbance wave length at the selected program 

(380) was 425nm.  

 

3.4.2.1 ION CHROMATOGRAPHY 
 

Ion chromatography is one of the different chromatographic techniques, which uses ion 

exchange mechanisms and suppressed conductivity detection for the separation and 

determination of anions and cations in a solution. Basically, IC is a separation technique, which 

uses two phases in contact with each other: a stationary phase and a mobile phase. The stationary 

phase, which could be solid or liquid, is   attached to an inert support material whose surface is 

composed of ionic sites. These phases allow the exchange of their mobile counter ion with ions 

of the same charge present in the sample. The mobile phase, also referred to as the eluent or the 

carrier, is the solvent that flows through the stationary phase. The mobile phase (liquid) 

mobilizes the sample through the stationary phase in a process known as migration.  

 

Upon introduction into the system, a sample is carried by the eluent  (mobile phase), which 

enters the separator column where ion exchange occurs. In this ion exchange process certain 

undesired ions of a given charge are absorbed from the solution, within an ion-permeable 
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absorbent, and are replaced in the solution by desirable ions of similar charge from the 

absorbent. Hence separation of the ions on the column results from the fact that different ions 

react differently with the liquid (eluent) and the solid stationary phase (column). The ions are 

moved by the eluent at varying but reproducible speeds along the column. In effect the mobile 

phase moves across the column, washing (eluting) compounds at a different rate and separation 

occurs because different compounds have different migration rates due to their different affinity 

for the stationary (Ullah, 2005). The general components of IC include a high-pressure eluent 

pump, a separator column (usually preceded by a guard column), a suppressor and finally a 

detector as shown in Fig-4. 

 

 
 
                      

Figure 4: Basic components of Ion chromatography 

 

A high-pressure, up to 5000-piston pump is used to pump (deliver) eluent or, deionized (DI) 

water through the chromatography system. IC pumps may have single head or dual heads.  

The most commonly used eluents are KOH, NaOH, Na2CO3 and NaHCO3 for anion IC, and HCl, 

HNO3, H2SO4 and methanesulfonic acid for cation IC. Eluents are electrolytically generated
 

online during the analysis. The role of the eluent in ion chromatography is to separate the 

mixture of solute ions into well-defined bands by competing with the solute ions for the fixed 

ions on the stationary phase.  

 

The stationary phase that determines the separation mechanism and in turn dictates the choice 

and composition of the mobile phase is the Ion exchanger. There are three modes of ion 
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chromatography columns (anion exchange, cation exchange and ion exclusion), which are 

simply related to the different types of columns used to achieve the separation of the ions. The 

eluent used also depends on the column type and the mode of detection. 

 

An ion exchanger comprises three important elements: an insoluble matrix, fixed ionic sites and 

functional groups. In cation chromatography the functional groups are sulfonic acid groups or 

carboxylic acid groups and in anion chromatography quaternary ammonium groups (Metrohm 

2007). 

 

The vast majority of ion chromatographic separations occur by ion exchange on stationary 

phases with charged functional groups (Schäfer,et al., 2003). The corresponding counter ions are 

located in the vicinity of the functional groups and can be exchanged with other ions of the same 

charge in the mobile phase. For every ion, the exchange process is characterized by a 

corresponding ion exchange equilibrium, which determines the distribution between the mobile 

and stationary phase, for example in the case of an anion A-: 

                               -------------- (3.1) 
−−−− +↔+ mobstatmobstat EAAE

 

                         
stsmob

mob
A ExA

ExA
K

][][
][][

−−

−−

=               ,   ----------------- (3.2)     

    

         where, A stands for  sample anion  and E stands for eluent anion (counter ion)             

                                                                                

The various ionic components of a sample can thus be separated on the basis of their different 

affinities for the stationary phase of the ion exchanger (different equilibrium constants K). The 

process of ion exchange leads to a condition of equilibrium. The side towards which the 

equilibrium lies depends on the affinity of the participating ions to the functional groups of the 

stationary phase (Kolb, Seubert, 2002). The attached groups adsorb ions out of the mobile phase 

depending on the ionic strength of the functional group. As the analytes pass through the column, 

they "partition" between the mobile phase and stationary phase. Since each ion has a different 

affinity for the column, some will spend less time while others will spend more time in the 
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mobile phase. The fact that each ion has a different residence time in the mobile phase allows for 

its separation. Analytes with lower affinity for the stationary phase spend less time bound to the 

column and pass through quickly.  Analytes with higher affinity for the stationary phase spend 

more time bound to the column and pass through more slowly. More electronegative anions such 

as fluoride and chloride elute first from the column, and larger, less electronegative anions such 

as phosphate and sulfate elute later. 

 

Eventually, each ion will come out of the column and be detected by the conductivity detector. 

The result is a peak and the area under each peak represents the relative amount of each ion. The 

change in conductivity of each eluted ion group is measured and recorded on a time versus 

conductivity plot called a chromatogram (Fig-5).  

 

The concentration of the ions will be determined by preparing a calibration curve from a 

standard solution containing known concentrations of all the anions of interest.  

 

 
                            

Figure 5: The elution curve (signal vs time) of a chromatographic separation        

                                  Adopted from Schafer,et al., (2003). 

 
 
A constituent is characterized by its retention time tR, which represents the time elapsed from the 

sample introduction to the detection of the peak maximum on the chromatogram. In an ideal 

case, tR is independent of the quantity injected. A constituent which is not retained will elute out 
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of the column at time to called; the hold-up time or dead time. It is the time required for the 

mobile phase to pass through the column. The difference between the retention time and the 

hold-up time is designated by the adjusted retention time of the compound, t’R. 

 

         t’R    Net retention time =   retention time tR    -  dead time to  -------------(3.3) 

 

On a chromatogram the perfect elution peak would have normal distribution (Gaussian curve). In 

the classic notation, µ (mean value) would correspond to the retention time of the eluting peak 

while σ to the standard deviation of the peak, and y represents the signal as a function of time x, 

from the detector located at the outlet of the column 

The most common mode of detection for ion chromatography is suppressed conductivity, in 

which a suppressor is used to reduce the background conductivity of the eluent and to increase 

the detection signal of analyte ions. As a result both sensitivity and detection limits are 

improved. 

 

In this study, the ionic species in the samples were analyzed using DX-600 IC system, which 

uses AS17 anion separation column and CS12A cation separation column. The eluent solutions 

used were 15.0 mM KOH and 20 mM H2SO4 for the anion and cation separations respectively, 

while the detection mechanisms were suppressed conductivity in both cases. The instrument was 

calibrated using six solutions to generate suitable calibration curves before the analysis of the 

actual samples. The calibration curve generated using fluoride  (2.0 mg/l), chloride (10.0mg/l), 

bromide (10.0 mg/l), nitrate (10.0mg/l), sulfate (10.0mg/l), and PO4
-3 (20.0mg/l) for the anion 

analysis is shown in Fig-6 (a) below. Similarly the calibration curve generated using lithium 

(5.0mg/l), sodium (20.0mg/l), ammonium (25mg/l), potassium (50.0mg/l), magnesium 

(25.0mg/l), and calcium (50.0mg/l) is shown in Fig-6 (b) below. With these calibrations the 

major cations (Na+, NH4
+, K+, Mg2+, Ca2+) and anions  (Cl-, NO3 

-, SO4
2-   ) were analyzed from 

the collected samples.  
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                                        Table 1: Out put parametric values of anion calibration standards 

No. Time Peak Name Type Area Height Amount 
 Min   µS*min µS Ppm 
1 1.77 F- BMB 0.006 0.049 2.0000 
2 2.09 Cl- BMB 0.028 0.369 10.0000 
3 2.82 NO3 

- BMb*^ 0.005 0.086 10.0000 
4 2.95 Br- bMB* 0.029 0.282 10.0000 
5 3.49 SO4

2- BMB^ 0.017 0.139 10.0000 
6 5.56 PO4

-3 BMB 0.012 0.045 20.0000 
  TOTAL:  0.10 0.97 62.00 
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   Figure 6: Out put chromatogram generated form standard solutions used for anion calibration 
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                                      Table 2: Out put parametric values of cation calibration standards 

 
No.  Time Peak Name  Type  Area  Height  Amount  
  Min    µS*min µS PPM 
1 3.75 Li+ BM  0.064 0.357 5.0000 
2 4.48 Na+  MB 0.085 0.446 20.0000 
3 5.09 NH4

+ Rd 0.019 0.071 25.0000 
4 6.30 K+ BMB 0.132 0.550 50.0000 
5 9.87 Mg2+ BMB 0.141 0.226 25.0000 
6 11.75 Ca2+ BMB 0.216 0.290 50.0000 

    TOTAL:   0.66 1.94 175.00 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a) Calibration chromatogram of cations 
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Figure 7: Out put chromatogram generated form standard solutions used for cation calibration. 
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3.4.2.2 FLAME ATOMIC ABSORPTION SPECTROMETRY 
 

Atomic absorption spectrometry (AAS) is an analytical technique capable of determining trace 

amounts of elements or metals in different environmental samples. AAS uses the absorption of 

light to measure the concentration of gas- phase atoms in liquid samples. Atomic absorption 

spectrometers have four 4 principal components: a light source (usually a hollow cathode, an 

atom cell (atomizer), a monochromator, and a detector, and out put device.  

 
Figure 8: Principal components of an atomic absorption spectrometer. 

 
 

An atom absorbs light at discrete wavelengths. In order to measure this narrow light absorption 

with maximum sensitivity, it is necessary to use a line source, which emits the specific 

wavelengths, which can be absorbed by the atom (Richard and Kerber, 1993). The common 

source of light in AAS is a hollow cathode lamp which contains a tungsten anode and a 

cylindrical hollow cathode made of the element to be determined. These are sealed in a glass 

tube filled with an inert gas like neon or argon. Each element has its own unique lamp, which 

must be used for that analysis. 

 

Applying a potential difference of about 300- 400 V between the anode and the cathode leads to 

the ionization of some gas atoms. These gaseous ions bombard the cathode and eject metal atoms 

from the cathode in a process called sputtering. Some sputtered atoms are in excited states and 

emit radiation characteristic of the metal as they fall back to the ground state sputtering (Perkin-

Elmer Corporation. 1996). The Sputtered metal atoms are further excited to emission through 

impact with the filled gas. 
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Atomic absorption uses this relationship to determine the presence of a specific element based on 

absorption in a specific wavelength. For example, lead absorbs light with a wavelength of 422.7 

nm. Since atoms of different elements absorb characteristic wavelengths of light, analyzing a 

sample to see if it contains a particular element means using light from that element. In the case 

of lead, a lamp containing lead emits light from excited lead atoms which produce the right mix 

of wavelengths to be absorbed by any lead atoms from the sample. The greater the number of 

atoms in the vapor (ground state free atoms), the more radiation is absorbed.  

 

                  Pb* → Pb + h ν      --------------- (3.4) 

Each element in the periodic table will have a specific change of energy (∆ E) that will absorb a 

specific wavelength of light. The relationship between the energy transition and the wavelength 

(λ) can be described by, 

                  ∆ E=h/ λ = hν    ---------------- (3.5) 

where, h is Planck's constant (h = 6.626 x 10-34 Joule .second), λ is the absorbed  wavelength (in 
m), and ν  is  frequency ( in Hz ). 
 
The amount of light absorbed is determined by comparing the detected (reduced) intensity I, to 

initial intensity Io (Richard and Kerber, 1993). 

 

.                 A = log (Io/I) ----------------- (3.6) 

 

 

Figure 9: Intensity of light after and before absorbance 
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Absorbance is the most convenient term for characterizing light absorption in absorption 

spectrophotometry, which simply states that the absorbance is directly proportional to the 

concentration of the absorbing species for a given set of instrumental conditions. Beer’s Law 

defines this relationship as: 

 

                    A = €bc   -------------- (3.7) 

 

where, A, is the measured absorbance by an absorbing element  (no units, since A = log P0 / P ); 

               € , is a wavelength-dependent absorptivity coefficient of the absorbing element  

                  (In L/mol. cm); 

               b, is the path length of the light intercepted by the absorbing element in the absorption        

cell ( in cm) ; and  

              c, is the concentration of the absorbing species expressed in  mol/L. 

 

The technique of flame atomic absorption spectroscopy (FAAS) requires a liquid sample to be 

aspirated, aerosolized, and mixed with combustible gases, such as acetylene and air or acetylene 

and nitrous oxide. The mixture is ignited in a flame whose temperature ranges from 2100 to 2800 
oC. During combustion, atoms of the element of interest in the sample are reduced to free, 

unexcited ground state atoms, which absorb ultraviolet or visible light and make transitions to 

higher electronic energy levels.  

 

Sample solutions are usually introduced into a nebuliser by being sucked up in a capillary tube. 

In the nebuliser the sample is dispersed into tiny droplets, which can be readily broken down in 

the flame. The fine mist of droplets is mixed with fuel (acetylene) and oxidant (nitrous oxide) 

and burned.  

 

The monochromator is an optical system, which separates the spectral line of interest from other 

spectral lines with different wavelengths emitted by the hollow-cathode lamp. It selects the 

specific wavelength of light, which is absorbed by the sample, and excludes other wavelengths. 

The selection of the specific light allows the determination of the selected element in the 

presence of others.  
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The light selected by the monochromator is directed onto a detector that is typically a 

photomultiplier tube, whose function is to convert the light signal into an electrical signal 

proportional to the light intensity. The signal could be displayed for readout, or further fed into a 

data station for printout by the requested format. 

 

Finally a calibration curve is constructed by running several samples of known concentration 

under the same conditions as the unknown. The absorbance of each known solution is measured 

and then a calibration curve of concentration vs. absorbance is plotted.  

 

In this study, Buck Scientific 210 VGP Atomic Absorption Spectrophotometer was used to 

analysis the concentration of lead in the precipitation samples. In doing so, working standard 

solutions of 0.1, 0.2, 0.4, and 0.8 ppm were prepared by diluting a standard stock solution of 

997µg/ml lead in 2% HNO3 with deionised water. After running the prepared standard solutions, 

a calibration curve (Fig-10) was obtained from the concentration versus absorbance with a 

correlation coefficient of R2= 0.9959. The energy from the source lamp was 3.604x10 –7 J at 

283.2 nm wavelength. The slit width was also 0.7 nm. 
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Figure 10: Calibration curve as determined from the working standard solution. 
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3.5 Data Analyses Methods Used 
 
The measured physical and chemical parameters of the rain samples were subjected to data 

quality control before discussion and analysis of the results. Ionic balance, comparison of 

measured and calculated conductivity, and sodium chloride ratio (recommended by the WMO-

GAW precipitation chemistry and others) were used to verify data quality of the analyzed 

samples. 

 

Data analysis was performed using SYSTAT 8.0. Pearson correlation matrix generated by the 

software was used to deduce the associations and potential sources of the detected ionic species 

in the samples. Principal component analysis was also performed using the SYSTA 8.0 to extract 

major factors that can describe the covariance and communalities of the ionic species.  

 

Basically, principal component analysis (PCA) is a statistical technique that summarizes the 

variations in a correlated multi-attribute to a set of uncorrelated components, each of which is a 

particular linear combination of the original variables. The extracted uncorrelated components 

are called principal components (PC) or factors and are estimated from the eigenvectors of the 

correlation or covariance matrix of the original variables.  

 

The PCA is computed by determining the eigenvectors and eigenvalues of the covariance matrix 

where the covariance of two random variables is their tendency to vary together. 

 

                      ∑
=

−−=
N

i
i YYXX

N
YXCov

1
))((1),(   ; ------------------- (3.8) 

 

where,    x  and  y   are mean values of the of the variables X and Y ,and N is the nuber of 

variables in the data set. 

 

PCA projects or transforms the data along the directions where the data varies the most. These 

directions are determined by the eigenvectors of the covariance matrix corresponding to the 

 38



largest eigenvalues. Eigenvalues measure the amount of the variation explained by each PC and 

will be largest for the first PC and smaller for the subsequent PCs. Higher eigenvalues means 

more important factor. An eigenvalue greater than 1 indicates that PCs account for more variance 

than accounted by one of the original variables in standardized data.  

  
Essentially, the method of principal component analysis consists of a transformation of a large 

number of related (non-orthogonal) variables into a smaller number of uncorrelated (orthogonal) 

variables thus grouping together variables sharing certain common characteristics. The goal of 

PCA is to reduce the dimensionality of the data while retaining as much as possible of the 

variation present in the original dataset. 

 

The extracted principal components for a measured N dimensional variable are commonly 

expressed in the form of the following equation. 

 

                             NkNkkk XaXaXaF +++= .....2211    ------------- (3.9)      

     

                   Or,                         ------------------------------- (3.10) ∑
=

=
N

i
ikik XaF

1

 

    where, Xi  = the variable i  in the standardized form 

                Fk  = factors or principal components of variables 1 to n. 

                  aki  = eigenvectors  (or standardized multiple regression coefficient of the variable i on 

factor k) 

 

The correlation coefficients between the PC scores and the original variables are called principal 

component loadings (correlation of variables with each factor). PC loadings measure the 

importance of each variable in accounting for the variability in the principal component. High 

correlation between PC and a variable indicates that the variable is associated with the direction 

of the maximum amount of variation in the dataset i.e. higher contribution of the variable to the 

factor. 
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The maximum number of factors extracted can be also determined form the graphical Plot of the 

eigenvalues against the corresponding principal components (Scree test, Fig-16). The rate of 

decline tends to be fast first then levels off. The ‘elbow’, or the point at which the curve bends, is 

considered to indicate the maximum number of PC to extract.  

 

Therefore, principal component analysis was applied on the data consisting of 22-rain samples 

using SYSTA 8.0 to hypothesize the possible sources of the detected ions. The PCA resulted in 

five factors out of which three were with eigenvalues greater than 1.The factors with eigenvalues 

greater than 1 were then subjected to Varimax rotation.   

 

Finally, 48 hr back trajectory analysis was performed using the online NOAA HYSPLITE-4 

model to trace back the possible extended sources of the identified pollutants. Specific dates 

were selected based on the occurrence of peak concentrations. 
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4. RESULTS AND DISCUSSION 
 

Volume weighted mean, arithmetic mean, extreme values, and standard deviations of the 

analytical results are presented in (Table -1).  

4.1 Data quality Control     
 

The three techniques used to assess the quality of the chemical analyses: Ion balance (sum of 

cations versus sum of anions); comparison of measured and calculated electrical conductivity; 

and sodium chloride ratio (Na/Cl) are given in the subsequent pages.. 

4.1.1 Ionic balance 
 
Ion balance or the principle of electro neutrality in precipitation water requires that total anion 

equivalents to be equal to total cation equivalents (WMO-GAW, 2004). The basic assumption in 

this quality control procedure is that the determinations of pH, ammonium, calcium, magnesium, 

sodium, potassium, bicarbonate, sulphate, nitrate and chloride account for almost all of the  ions 

present in the samples(UNECE, 2006).The GAW ion balance criteria require that percent of ion 

difference be ≤ ±30% for precipitation samples whose cations plus anions is between 50 and 

100µeq/l and ≤ ±15% for samples whose cations plus anions is between 100 and 500µeq/l  

(Annex -2A). Accordingly, the ionic balance was checked for each sample using; 

 

                           %100
)(
)(

x
anionscations
anionscations

∑∑
∑∑

+

−
 ---------------------------------------- (4.1) 

 

                 where,  , and  ][][][][][][ 4
++++++ ++++−+=∑ KMgCaNaNHNHcations

                               ∑ −−−− +−+−+= ][][][][ 33
2
4 HCONONSOSClanions

 

The sum of cations and anions ranges between 175.0 and 722.43 µS/cm. According to the 

WMO-GAW (2004) precipitation chemistry manual, the acceptable ion difference is ≤ ±15% for 

the samples whose cation plus anion is between 100 and 500; and ≤ ±10% for those whose cation 
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plus anion is grater than 500 (Annex -2 - a). This condition is satisfied by all but two samples. 

These two samples are close to the minimum (11.03µS/cm) and maximum (46.97µS/cm) 

conductivity values of analytical results. The ratio of total cations to total anions ranges between 

0.62 and 1.27 with a mean of 0.93. Therefore there is a reasonable agreement between the two 

sums with a correlation coefficient of 0.86 (Fig-11). Theoretically this ratio is expected to be 

unity when all ionic species are measured completely and accurately. About, two-third of the rain 

samples show excess cation species. This could be possibly due to high load of particulate 

suspensions in the lower part of the troposphere generated from soils containing carbonates. This 

is also in agreement with the fact that samples having pH values above 5.5 - 6.0 often have an 

apparent deficit of anions (EMEP, 2001).  
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Figure 11: Correlation between Sum of cations and Sum of Anions 
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4.1.2 Comparison between measured and calculated conductivity 
 

Conductivity is a master variable for the quality control of chemical analyses (EMEP, 2001). It is 

a rapid measurement that gives valuable information on the nature of the water sample, primarily 

the concentration of solutes. Measured conductivity values (κmes) of an aqueous solution can be 

compared to the calculated conductivity values (κcal) obtained from the individual ion 

concentrations (Ci), multiplied by the respective equivalent ionic conductance at infinite dilution 

(λi): 

                            ---------------------- (4.2) iical C∑= λκ

 

Ionic conductance values (Annex-2-B) were used to calculate the conductivity of the ions to be 

compared to the measured conductivity values. Since conductivity is strongly dependent on the 

type and concentrations of ions and on the temperature of the samples (EMEP, 2001), all 

measured conductivity values were changed to the reference temperature of 25°C. The measured 

and calculated conductivity values of the precipitation samples where compared using, 

 

                    %100
)[

x
meas

messcal

κ
κκ

κ
−

=∆ .     ------------- (4.3)

The measured conductivity values range from 14.00-58.43µS/cm and the calculated conductivity 

values range from 11.03- 46.97µS/cm. The acceptable conductivity difference is ≤ ±30% for 

measured conductivity values between 5 and 30 µs/cm; and ≤±20% for measured conductivity 

values grater than 30 µs/cm (Annex 2-B). This criterion was satisfied for 18 samples while 4 

samples were slightly above the required criteria. Four of the samples have higher measured 

conductivity values than the calculated conductivity values. The correlation coefficient (R2) 

between the measured and calculated conductivity values is 0.951 which shows a good 

correlation between the two parameters. 
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Sodium /chloride ratio was used as the third method to check the quality of the analytical results. 

This validation test was not somehow satisfactory for some of samples. Based on these criteria, 

six sample results were invalid while 14 of the sample results were in agreement with the test: 

and two samples came out with undetected sodium concentration. The volume weighted mean 

concentration of sodium is 11.66 and that of chlorine is 9.94 µeq/l, which shows higher Na+ ion 

concentrations compared to Cl- ions in the rainwater samples. There is also poor correlation 

between Na+ and Cl- ions concentrations in the samples. 
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Na/Cl ratio is used to cheek the quality of precipitation samples where sea salt is a dominant 

contributor to sodium and chloride deposition (UNECE, 2004). The ratio between the two ions is 

equal to that of sea salt. The validation test requires sodium to chloride ratio to be between 0.5 

and 1.5.  

 
4.1.3 Sodium Chloride ratio 

.                    Figure 12: Comparison of measured and calculated conductivity values. 
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Table 3: Ionic composition and concentration of the precipitation samples collected from March – June /2007, at AAU-Science campus. 

 

Sample    ID Date  
[H+ ]  

(µeq/L) 
Na+ 

(µeq/L)
N-NH4

+  

(µeq/L) 
K + 

(µeq/L) 
Mg 2+ 

(µeq/L)
Ca 2+ 

(µeq/L) 
Cl - 

(µeq/L) 
N-NO3

 -
 

(µeq/L) 
S-SO4

 2- 

(µeq/L) 
HCO3

 - 

(µeq/L) 
Sum of  
Cations 

Sum of  
Anions 

Ions diff  
% (Sc-Sa) 
/(Sc+Sa)

    Scat 
/San 

     
Calculate
d Cond.   

(µS/cm) 

Condu.   
Diff.      

(Cc-Cm)  
(µS/cm) 

   Ratio 
Na/Cl 

MRF-2 20/03/07 0.52 21.32 47.83 8.44 ND 17.96 13.82 24.99        29.94 10.55 96.08 79.30 9.56 1.21 12.2 -21.4 1.5
MRF-3 26/03/07           0.21 31.32 59.25 12.79 ND 29.44 12.98 20.70 44.91 26.51 133.01 105.10 11.72 1.27 15.9 -26.3 2.4 
ARF-1         11/04/07 0.09 25.23 161.34 ND ND 43.91 16.08 68.53 118.50 59.35 230.58 262.47 -6.47 0.88 34.0 -17.0 1.6 
ARF-2          14/04/07 0.15 20.45 126.36 ND ND 43.91 9.87 42.12 62.37 36.59 190.87 150.96 11.68 1.26 23.4 -11.3 2.1 
ARF-3             15/04/07 0.08 8.27 124.93 ND ND 36.43 6.77 44.26 55.51 69.73 169.70 176.27 -1.90 0.96 23.0 -15.7 1.2
ARF-4            16/04/07 0.29 8.70 52.83 ND ND 16.97 7.05 29.98 44.91 19.21 78.78 101.15 -12.43 0.78 12.6 -10.3 1.2
ARF-5           18/04/07 0.12 27.41 72.10 6.39 ND 72.85 7.90 37.12 86.07 46.07 178.88 177.16 0.48 1.01 23.7 -20.2 3.5 
ARF-6              25/04/07 0.12 ND 104.23 10.74 ND 28.94 13.82 40.69 79.83 46.07 144.03 180.42 -11.21 0.80 22.6 -4.1 -
MYRF-1               15/05/07 0.18 5.66 57.11 1.28 9.88 33.93 9.87 30.70 44.28 31.15 108.03 116.00 -3.56 0.93 15.1 -26.2 0.6
MYRF-2           27/05/07 0.09 12.18 43.55 1.02 10.70 28.94 7.33 17.13 35.55 60.73 96.48 120.75 -11.17 0.80 13.6 -25.7 1.7 
MYRF-3             28/05/07 0.13 16.10 31.41 2.05 8.23 18.96 11.28 16.42 27.44 43.00 76.87 98.14 -12.15 0.78 11.0 -27.8 1.4
MYRF-4            29/05/07 0.08 14.36 77.10 2.81 12.35 66.87 18.62 54.97 51.77 68.14 173.56 193.50 -5.43 0.90 23.8 -29.3 0.8 
MYRF-5             30/05/07 0.08 8.70 127.07 ND 9.88 60.38 14.95 47.83 133.47 69.73 206.11 265.98 -12.68 0.77 32.3 -14.8 0.6
JRF-1 7/6/2007 0.04 13.49 110.65 2.05 14.81 163.17 24.82 59.97   180.87 152.55 304.21 418.22 -15.78 0.73 47.0 -19.6 0.5
JRF-2        11/06/07 0.09 8.27 81.38 1.53 4.94 48.90 14.39 34.27 62.99 62.15 145.11 173.79 -8.99 0.83 21.1 -31.9 0.6 
JRF-3      14/06/07 0.04 13.05 50.69 ND 15.64 199.10 13.82 44.98 102.91 139.13 278.52 300.84 -3.85 0.93 35.8 -29.4 0.9 
JRF-4          17/06/07 0.06 5.66 67.11 ND 13.99 82.34 7.90 28.56 71.73 94.06 169.15 202.24 -8.91 0.84 23.5 -16.4 0.7
JRF-5               18/06/07 0.06 9.57 52.83 1.28 13.99 91.82 7.90 28.56 24.32 98.50 169.54 159.28 3.12 1.06 19.7 -20.8 1.2
JRF-6        21/06/07 0.09 8.27 66.39 ND 9.88 94.81 9.31 42.12 49.90 59.35 179.44 160.68 5.52 1.12 21.9 -29.4 0.9 
JRF-7        22/06/07 0.08 7.83 47.12 ND ND 43.41 4.23 26.41 24.32 66.59 98.44 121.56 -10.51 0.81 13.6 -27.0 1.9 
JRF-8           23/06/07 0.11 6.96 55.68 ND ND 43.91 5.08 17.13 27.44 50.52 106.67 100.17 3.14 1.06 13.2 -29.4 1.4
JRF-9             24/06/07 0.08 ND 35.70 1.28 ND 39.42 6.77 17.13 26.20 68.14 76.48 118.24 -21.45 0.65 12.0 -24.6 -

                 
Max.value 0.52 31.32 161.34 12.79 15.64 199.10 24.82 68.53 180.87 152.55 304.21 418.22 11.72 1.27 46.97 -4.10 3.47 

Min. valuer 0.04 5.66             31.41 1.02 4.94 16.97 4.23 16.42 24.32 10.55 76.48 79.30 -21.45 0.65 11.03 -31.91 0.54
              VWM     0.15 11.66 65.55 1.41 5.53 50.50 9.94 29.16 54.58 57.04 135.65 150.72      

                A. Mean 0.13 13.64 75.12 4.31 11.30 59.38 11.12 35.21     62.97 62.63 155.02 171.92 -4.60 0.93 21.40 -21.75 1.33
              Stand.dev. 0.10 7.45 34.43 4.01 3.06 44.68 4.81 14.21 39.60 33.76 61.31 78.73 8.91 0.17 9.01 7.26 0.71 

 



4.2 Data Analysis  

4.2.1 Conductivity and PH  
 
Electric conductivity and PH are often used as the preliminary parameters of rainwater quality 

indicators. The pH of unpolluted rainwater in equilibrium with atmospheric CO2 (365 ppmv) is 

5.6(Tang et al., 2005). Rainwater in which the pH is less than 5.6 is considered as acid rain, from 

5.6 to < 7 is weak acid, and > 7 is regarded as alkaline rain. In this case the pH of individual 

precipitation samples varied from 6.28 to 7.44 (weak acid to alkaline range) with a volume-

weighted mean of 6.82. This corresponds to hydrogen ion concentrations of 0.52,  0.04,  and 

0.15µeq/l respectively. 

 

The minimum pH is 6.28, which was recorded the first day of the sampling period, and the 

maximum pH is 7.44, which was recorded early June (or onset of the Kiremit season). In all the 

observed cases during the sampling period there was no  sample with acidic range (<5.6). The 

median and mean pH values of the observed precipitation samples were 7.04 and 6.99 

respectively (Annex-1). The minimum, maximum and mean pH values correspond to H+ 

concentrations of 0.52, 0.04 and 0.09 respectively. 
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Figure 13: Comparison of measured and calculated conductivity and pH of the rainwater 

samples. 
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Measured conductivity values were adjusted to 25oC using the relation (Radtke, 2005),

                
)25(02.01 −+

=
m

meas
adj T

κ
κ    ; ------------------------------- (4.4) 

Where, κ meas is actual conductivity measured before correction; 

           κ adj  is  conductivity value adjusted to 25oC; and 

            TM is water temperature at time of ECM measurement. 

 

The factor 0.02 is introduced to take care of the temperature dependence of the equivalent 

conductivity of ionic solutions which is about ±2% /°C (Kolb, and Seubert, 2002). The measured 

conductivity values of the rain samples range between 14.00 and 58.43 µS/cm with a mean value 

of 27.36 µS/cm. 

4.2.2 Ionic composition and concentrations  
 
The different methods used for the analysis of rainwater in this study, have revealed the presence of 

major cations and anions in significant concentrations. Volume weighted mean concentrations of; 

65.55, 57.04, 54.58, 50.50, 29.16, 11.66, 9.94, 5.53, 1.41, and 0.15 (in µeq/l) have been detected form 

the samples for N-NH4
+, HCO3

-,S-SO4
2-, Ca2+, N-NO3

-, Na +, Cl-, Mg2+, and K+ , respectively.    
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Figure 14: Volume weighted mean concentrations of major ionic species analyzed from the    

rainwater samples.   
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81% of all the detected ionic species is composed of HCO3
-, NH4

+, SO4
2-, Ca2+, and N-NO3

-, 

which determine the nature of the rainwater. NH4
+ and Ca2+constitute 86 % of the total cation 

species while, HCO3
- and SO4

2- make 76% of the anion species in the samples 

 

  HCO3 - 
20%    N-NH4+ 

24%

    N-NO3 -
10%

    S-SO4 2-
19%

   Na+ 
4%

   Ca 2+ 
18%

 Cl - 
3%

   Mg 2+ 
2%

 
      Figure 15: Proportion of the major ionic species detected from the analyzed rainwater samples. 

 

The abundance of excess NH4
+ in the rain samples is apparently due to the significant number of 

domestic animals and agricultural activities throughout the country. Etyemezian et al. (2005) 

have also indicated the presence of sufficient amounts of NH4
+ aerosols in the form of PM10. 

Ammonia is an essential nutrient for plants. However, excessive deposition of ammonia can lead 

to the formation of nitric acid in the soil. Consequently, soil acidification might lead to K+ and 

Mg 2+ deficiencies in vegetation followed by sever stress that can result in premature shedding of 

needles of coniferous trees (Roelofs et al., 1985, sited in Asman, et al., 1998). Excessive 

deposition of ammonium to the oligotrophic ecosystem might also lead to a shift of species to 

more Europhic or nitrophilic once (Bobbink et al., 1992, sited in Asman, et al., 1998). This can 

be an important clue for us to look for why there is change in species composition in some parts 

of our country including Addis Ababa. 
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The excess Ca2+ and HCO3
- species are also expected from intensive road and other construction 

activities introduced into the lower troposphere in the form of dust.  

Bicarbonate ion concentrations were calculated from the theoretical relations between pH and 

bicarbonate. There are two sources of bicarbonate (HCO3
-) ions in rainwater (Wanqing, 2001). 

One is the atmospheric carbon dioxide (CO2) that dissolves in rainwater to form bicarbonate ion 

and carbonate ion (CO3
2-) as well as H+. The other is the atmospheric aerosol particles of calcite 

(CaCO3) reacting as strong bases with H+ to give HCO3
-. These occur according to the following 

reaction: 

                CO2+ H2O  ⇌ CO2.H2O  

From which, Hennery’s coefficient (KH) or dissolution reaction constant can be calculated as;  

            
][

][

2

32

CO
COH

kH =    ,   KH =3.4x10-2   mol/L atm. (at 298K). 

 
            Or,  ][].[ 322 COHCOK H =
 
And the carbonic acid (H2CO3) dissociates to give 
 

                H2CO3   ⇌   H+ + HCO3
-   ,       

 
whose dissociation constant  K1  = 4.6x10-7  mol/l at 298K . 
                 

][
]].[[

32

3
1 −

−+

=
COH
HCOH

K .

  This leads to   ]][[][ 3321
−+− = HCOHCOHK    ,   

 
                  Or, ]][[][. 321

−+= HCOHCOKK H  

 

from which, 
][

].[.
][ 21

3 +
− =

H
COKK

HCO H  

The present atmospheric concentration level of CO2 of 360 ppm gives   
 

          
][

5.5][ 3 +
− =

H
HCO  

 49



An attempt is made to compare analytical results of this study with some available results of wet 

deposition studies conducted in Africa and other cities of the world. In fact this is simply to see 

the status of wet deposition in Addis Ababa compared to countries in the rest of the world: other 

wise the temporal distribution of the data used in this study does not match those studies 

conducted in the countries cited here.     

Table 4: Comparison of rainwater ion concentration in different countries 

Type and Mean /or median concentration of chemical Species (µeq/l) Source 

Town/ Country  PH NH4
+ Ca2+ Mg2+ Na +, HCO3

-. NO3
- SO4

2- Cl-,    Source  

Adiss Ababa 
(Ethiopia) 

6.99 65.55 50.5 5.53 11.66 57.04 29.16 54.58 9.94 Present study 

Ibanen 
(Nigeria) 

6.6 

 

30 10.2 11.7

 

1.6 46 

 

Onianwa ,et al.,  

(2002), 

Suburban  

Site (India) 
6.2 18.7 20.2 5.2 15 12.6 10 19.1 18 Das,et al., 

(2005), 

Semi-Arid  

regions of India  
0.3* 
[H+] 

41.4 52.2 39.3 13.9 35.4 13.0 29.1 25.7 Singh,et al.,  

(2001) 

Kaynarca,  

(Turkey) 

5.59 40.69 290 23.1 69.36  31.62 305.9 90.97 Okaya, et al.,  

(2002). 

Cairo  

(Egypt)** 

7.24 132.07 264.47    427.63 762.79 81.78 Daifullah,et al., 

(2003), 

Beijing  

(China) 

6.48 210.7 159.04    117.87 380.14  Tang, et al.,  

(2005), 

Shanghai  

(Chaina) 

5.92 80.55 95    40.39 95.04  Tang, et al.,  

(2005), 

Washington 

Crossingstate 

(2001)** 

4.27 27.77 6.19 2.55 5.91  136.14 158.98 8.4 USGeological Surve

www.state.nj.us/ 

dep/airmon/dep04

Washington 

Crossingstate 

(2004)** 

4.42 22.84 4.39 2.55 7.74  103.73 111.83 10.04 USGeological Surve

www.state.nj.us/ 

dep/airmon/dep04

Japan 4.8 18.3 30.2 13.6 49.1  14.1 83 63.5 Hara, et al.(1995

                            * *Data converted from mg/l to µeq/l. 
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The major anions and cations that determine the precipitation chemistry in Addis are therefore NH4
+, 

HCO3
-, Ca2+, SO4

2-, and   NO3
-. The correlation between all the detected ionic species and the temporal 

variations of the dominant species are shown in Fig -16 below. 
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            Figure 16: Concentration and temporal variations of the dominant ionic species 

 

The concentration versus time plot portrayed in Fig-16 above revealed that the elemental 

concentrations of nitrate (or N-NO3
-) follow more or less a steady pattern throughout the 

sampling period suggesting a constant local source of emission. On the contrary, an abrupt 

change during the onset of the Kiremt season fallowed by a downfall is observed for the Ca2+ 

and HCO3
- concentrations. Ammonium and sulphate ions have similar temporal variations which 

peak during rains, that came after dry spell periods and decline as the rain commences. Yet, the 

maximum peak for NH4
+ is in April while the maximum peak for SO4

2- concentration is in early 

June. This indicates the possibility of different locations of emission sources for the two 

pollutants. 
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4.2.3 Source Characterization 
 

The correlation between the ionic species in the rain samples can be used to demonstrate further 

associations between the different pollutants and deduce their possible sources. The correlation 

analysis of the data using statistical software (SYSTAT 8.0) for the detected ionic species is 

shown in Table-5.                   

Table 5: Pearson correlation matrix 

 Κ meas H+ Na + N-NH4
+ K + Mg 2+ Ca 2+ CL - N-NO3

 - S-SO4
 2- HCO3

 -

Κ meas 1.00           

H+ -0.67 1.00          

Na+ 0.16 -0.38 1.00         

N-NH4
+ 0.95 -0.56 -0.05 1.00        

K + 0.42 -0.22 0.64 0.38 1.00       

Mg 2+ 0.48 -0.53 0.25 0.30 0.18 1.00      

Ca 2+ 0.92 -0.76 0.13 0.81 0.26 0.71 1.00     

Cl - 0.91 -0.49 0.37 0.88 0.71 0.31 0.73 1.00    

N-NO3
 - 0.89 -0.50 0.13 0.91 0.65 0.48 0.77 0.90 1.00   

S-SO4
 2- 0.94 -0.52 0.17 0.87 0.29 0.40 0.84 0.87 0.75 1.00  

HCO3
 - 0.87 -0.87 0.25 0.72 0.19 0.69 0.97 0.66 0.65 0.80 1.00 

 

NH4
+ and SO4

2- govern mainly the conductivity of the rain samples followed by Ca 2+, Cl-, NO3
-, 

and HCO3
 - as the correlation coefficients of the measured conductivity (Κ meas) with these ionic 

species is very high.  

 

The H+ ions are negatively correlated with all the detected ionic species. H+ concentration in 

rainwater is the result of the interaction of acids and alkalis. The acids containing acid factors act 

as donors of H+, and the alkalis containing alkali factors act as acceptors of H+ (Wanqing, 2001). 

Therefore the highest negative correlation with HCO3
 - and Ca 2+ suggests source - sink 

relationship between these ions and the H+. In other word, higher concentration of H+, (or lower 

pH values) are expected in acidic rainwater. In neutral and alkaline rainwater lower 
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concentrations of H+, (or higher pH values) are expected due to the neutralization of H+ ions by 

the carbonates from CaCO3. Carbonate ions are able to react with and neutralize 2 hydrogen ions 

(H+) and bicarbonate ions are able to neutralize H+ present in water. In general alkaline 

compounds such as bicarbonates (HCO3
-), carbonates (CO3

2-) and hydroxides (OH-) remove 

hydrogen ions and lower the acidity of the water thereby increasing pH. Thus the negative 

correlations between H+ and the acidic species (SO4
2- and NO3

-), show decrease in pH (or 

increase in the H+) of the rainwater with increasing SO4
2- and NO3

- concentrations.  This is in 

agreement with the fact that strong acids are responsible for acid rain events.  

 

NH4
+ ions are highly correlated with NO3

-, Cl- , SO4
2-, and Ca2+ ions in the rainwater samples. In 

fact, ammonium is known to exist as (NH4)2SO4, NH4NO3 and NH4Cl (Seinfeld and Pandis 

1998), in the atmosphere as a result of the heterogeneous reactions with sulfuric acid, nitric acid 

and hydrochloric acids respectively. This is supported by significant correlation of NH4
+ with 

NO3
-, Cl-, and SO4

2-. But the correlation between NH4
+ and Ca2+ (R2 = 0.81) may reflect 

contributions of both species from agricultural activities i.e. soils, manures, fertilizer application, 

and livestock excreta. There is also a significant correlation between Ca2+ and   Mg 2+   (R2 = 0.71) 

suggesting contributions from crustal sources like unpaved roads, wind blown dust from bare 

soils and ploughing. The significant correlation of Cl- with SO4
2- and NO3

- is an indication of non sea 

salt sources common for these ionic species.  

                             
Bicarbonate is highly correlated with almost all the ionic species except with Na+. The good 

correlation between the base cations Ca 2+ and Mg 2+ and HCO3
 - indicates the transfer of 

carbonates, possibly from finely crushed clay particles of calcite and dolomite (source-receptor 

relationships). The alkaline compounds containing these cations can contribute significantly to 

the neutralization of precipitation acidity. 

 

There is also significant correlations between Ca 2+ and acidic ionic species, SO4
2-, NO3

-, and Cl-  

( R2 = 0.84,  0.77, and 0.73) respectively, The significant correlations of Ca 2+  with SO4
2- and 

NO3
- can suggest neutralization of sulfuric, nitric, and hydrochloric  acids by calcium carbonate. 

In addition to this, the significant correlation between Ca 2+ and SO4
2- can be an indication of 

common natural source like particles of soil minerals derived from gypsum (CaSO4)2H2O or 
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hydrated calcium sulphate. Normally, SO4
2- (from sulpheric acid) and ammonium ions often 

coexist in accumulation-mode particles while, nitric acid tends to dissolve in coarse-mode 

particles and displace carbonate in soil- dust particles and chloride in sea spray drops during 

acidification (Jacobson, 2002). Accordingly, the correlation of Ca 2+ ions should have been 

greater for NO3
-than for SO4

2- . Hence, the greater correlation between Ca 2+ and SO4
2- is an 

indication of common source for both from this point of argument as well.  

 

4.2.4 Neutralization 
 
The neutral to alkaline pH of the observed precipitation samples means that the acidic species of 

nitrogen and sulphur oxides should have been neutralized by the alkaline components such as 

ammonium and calcium. The relative contributions of SO4
2-, and NO3

-, to the rainwater acidity 

(H+) can be obtained from the average ionic equivalent ratios of   SO4
2-/ H+ and NO3

-/ H+( 

Ceron,et al., 2005). In other word the ionic equivalent ratio of SO4
2-/ NO3

- of the rain samples 

was calculated, and except for three samples all the ratios were greater than 1 ranging between 

1.18 and 3.02 having a mean ratio of 1.96. This shows that proton contribution of sulphate to rain 

acidity is nearly twice that of nitrate in the analyzed rain sample.  

 

On the other hand  the hydrogen ions (H+) from the sulfuric and nitric acids are taken up by the 

alkaline species such as NH3 and other anions (oxides, carbonates or bicarbonates, etc) of base 

cations like Ca2+, Mg2+, K+ etc. Neutralization of the acidic ions by the base cations can be 

validated by calculating the neutralization factors (NF) suggested by   Das,et al., (2005), Tang, et 

al., (2005), and others as,  

 

         
][

][
2
43

−− +
=

SONO
XNFx    ;    -------------------- (4.5) 

where [x] stands for the concentration of base cation species of interest.  

 

The volume weighted mean concentrations of the detected ionic species were used to compare 

contributions of   N-NH4
+, Ca2+, Mg2+ and K+ in neutralizing the acidic components in the 

rainwater samples. Based on the above equation, NFNH4+
 = 0.78, NFCa2+ = 0.6, NF Mg2+ = 0.07, 

and NFk+= 0.02 have been determined.    
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Accordingly, it can be deduced that the majority of the hydrogen ions (acids) generated in the 

atmosphere by the oxidation of sulpher dioxide (SO2) and nitrogen oxides (NOx) are primarily 

neutralized by ammonia (F=0.78) followed by calcium (NF= 0.60). Buffering contributions of 

Mg2+ (NF= 0.07) and K+ (NF= 0.02) are on the other hand, insignificant compared to NH4
+ and 

Ca2+. 

4.2.5 Principal Components Analysis  
 

The equivalent ionic concentrations of the 22 rainwater samples were subjected to principal 

component analysis SYSTA 8.0. Six factors with eigenvalues ranging between 6.179 and 0.058 

(Table-6) were extracted from the input data set. The factors with eigenvalues greater than 1, 

were considered for varimax rotation to obtain a final factor matrix. This resulted in three factors 

with eigenvalues of 6.179, 1.533 and 1.285. The cumulative variance explained by the three 

factors was 90.17% which means the remaining about 10% can be explained by other different 

factors. Hence, it is reasonable to make inferences based on the variance explained by the three 

factors. 

 

The amount of variance explained by each factor was the same before and after the varimax 

rotation. The difference was only in the wetting or factor loading of the ionic species. The results 

of this analysis indicate that three factors were able to extract a cumulative variance of 90.17% 

for the detected ions in the 22 rainwater samples.  

 

The first factor, which accounts for 41.057% of the total variance explained, shows the highest 

factor loadings (0.945, 0.887, 0.884, and 0.813) for NH4
+, Cl-, NO3

-, and SO4
2- respectively. With 

the exception of chloride all of these ionic species are secondary aerosols i.e. formed in the 

atmosphere by gas to particle conversion processes (Seinfeld and Pandis, 1998). This suggests 

common anthropogenic sources such as biomass burning and other natural emission sources. The 

highest factor loading of these species in this factor is also a good indication of  the 

neutralization process of the acidic species SO4
2-, NO3

-, and Cl- by  ammonia (NH3) to form 

ammonium salts (NH4)2SO4, NH4NO3 and NH4Cl in the atmosphere 
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The second factor, which explains 18 % of the total variance, extracted only Na+ and K+ 

significant factor loadings. This can be an indication for common crustal sources such as the 

feldspars, which can form clay minerals, silica (SiO2,) and the soluble ions of Na+ and K+ as a 

result of chemical weathering. 

 

Factor-3 explains 31.111 % of the total variance and shows typical factor loadings for HCO3
-, 

Mg2+, and Ca2+, which are visibly cut-off from the others. This can be considered as an indicative 

of dust blown aerosols derived from local soils. The weathering of carbonate rocks, containing 

calcium carbonate (CaCO3) or dolomite (CaMg(CO3)2), and runoff from agricultural or other 

landscapes with excess lime , can be  sources of the base cations Mg2+ and Ca2+ in rain water . 

This can be introduced either in the form of wind blown dust or evaporation of alkaline water 

bodies. When CaCO3 dissolves in water, the carbonate (CO3
2-) can react with water to form 

bicarbonate (HCO3
- ), which produces hydroxide (OH- ):  

                                               CaCO3 (s) ⇌ Ca2+ + CO3 
2 -

                                              CO3 
2 - + H2O ⇌ HCO3

- 
+ OH- 

The third factor also shows a significant negative correlation between HCO3
- and H+ ions. This 

fact also confirms that the bicarbonates generated by the dissolution of CaCO3 in water droplets 

act as the greatest sinks for the H+ ions in the analyzed rainwater  

                                          HCO3
- 
+ H+

 → H2CO3 
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Table 6: PCA out put of the factor loadings and variance extracted by the components. 

Latent Roots (Eigenvalues) 
1           2           3           4           5 

6.179       1.553       1.285       0.575       0.350 
 

6           7           8           9          10 
0.058       0.000       0.000       0.000       0.000 

 
Rotated Loading Matrix ( VARIMAX, Gamma = 1.0000) 

 
                     1           2           3 

 
VNNH4                 0.945      -0.049       0.291 
VCL                   0.887       0.389       0.221 
VNNO3                 0.884       0.222       0.281 

   VSSO42                0.813       0.024       0.428 
   VCA2                  0.640      -0.009       0.753 
   VNA                  -0.089       0.916       0.279 
   VK                    0.473       0.841      -0.068 
   VHCO3                 0.499       0.037       0.852 
   VMG2                  0.113       0.126       0.820 
   VH                   -0.282      -0.184      -0.817 
  
"Variance" Explained by Rotated Components 
  
                         1           2           3 
  
                         4.106       1.800       3.111 
  
Percent of Total Variance Explained 
  
                         1           2           3 
  
                        41.057      18.004      31.111 
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                                                 Figure 17: Out put of the Scree plot 
 

4.3 Concentration of Lead in the precipitation samples 
 
A concentration level ranging 0.146-0.032 mg/l was measured from the collected samples using 

Buck Scientific 210 VGP FAAS.  Eight field blanks (2 in March and 6 in June) collected by 

pouring a deionised water into the polyethylene sample collector were analyzed with the 

precipitation samples to determine the method detection limit of the analytical procedure. The 

method detection limit (MDL) is defined as the minimum concentration of a substance that can 

be measured and reported with 99 percent confidence that the analyte concentration is greater 

than zero (EMEPE 20044). Concentrations below this limit may not be detected. Hence, not 

detected (ND) indicates that the analyte may be present in the sample below the detection limit. 

Concentrations above this limit are almost certainly detected in the analysis.  

 

The detection limit is defined as the concentration of the element which will produce a 

signal/noise ratio of 3. Thus, the detection limit considers both the signal amplitude and the 

baseline noise and is the lowest concentration which can be clearly differentiated from zero. In 
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other words, the MDL is equal to three times the standard deviation of the blank results.  The 

probability for having a blank of this size is less than 0.5 per cent (EMEP 2004.).  

 

Figure 18:  Signal to noise ratio should be  >3:1. 

 

The values obtained from the analysis of field blanks of deionised water, which have undergone 

through the entire precipitation sampling process prior to analysis where, 0.044, 0.031, 0.014, 

0.015, 0.037, 0.049, 0.048,and 0.057 for B-1, B-2, B-3, B-4, B-5, B-6, B-7, and B-8 respectively. 

Accordingly, the method detection limit obtained for the employed analytical method in this 

work was 0.049ppm while the detection limit of the instrument, which can be often achieved 

under optimal conditions, is 0.1ppm (Buck Scientific 210 VGP, 1970). 
 

Generally the analytical results show that 5 samples were with values less than the method 

detection limit (< 0.049), while the rest 17 samples were above the value of the method detection 

limit. On the other hand, only 5 samples have values above the instrument’s detection limit, 

while the rest 17 samples have values below the detection limit of the instrument used for the 

sample analysis.  

 

Therefore only 5 samples collected during the onset of the small rainy season have been found to 

have  lead concentrations above the detection limit of the instrument (.0.1 mg/L).. As shown in 

Fig-19, the highest concentrations of lead in the rain samples were observed from samples 

collected during March and April when the rain started after about 4 months of dry spell. As the 

rain commences the concentration levels decreased significantly below the detection limit of the 

instrument. Ethiopian EPA standard for lead emission to air is 0.5mg/Nm3 and 0.5mg/l for lead 

discharge to water from production and processing of iron and steel, and manufacture and 

finishing of textiles (Ethiopian EPA, 2003). The WHO air quality guidelines for Europe also 

require the annual average lead level in air not to exceed 0.5 µg/m3  (WHO, 2000). 
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Hence, the analytical results of this study are indicating that EPS’ standard level of lead emission 

to the atmosphere is in the safe level regardless of contributions from dry deposition. 

Nevertheless, depositions during prolonged dry periods should not be undermined as the 

contributions from both wet and dry depositions may surpass the standard limit. In fact, the 

presence of lead in dry deposition samples (< 1µg.m-3) has been also pointed out by Etyemezian, 

et al., (2005) in the results from a pilot-scale air quality study in Addis Ababa. 
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Figure 19: Analytical results of lead concentration in precipitation samples (concentrations   
below the instrument detection limit are used to show the trend). 
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4.4 Back Trajectory Analysis  
 
From the discussions and results explained in the previous sections the dominant ionic species in 

the analyzed rainwater samples are NH4
+ and SO4

2- (accumulation-mode) and Ca2+ and HCO3
- 

(coarse–mode) aerosols. The coarse mode aerosols are usually derived from local sources and 

found suspended in the lower part of the troposphere. On the other hand accumulation mode 

particles like NH4
+ and SO4

2- can be transported from extended sources down wind along air 

mass trajectories. 

 

Consequently, back trajectory analysis was carried to verify potential sources of NH4
+ and SO4

2- 

to the sampling site. Four eight hours back trajectory analysis was carried out for selected 

precipitation events corresponding to peak concentrations of NH4
+ and SO4

2-. Peak 

concentrations of  sulphate ions were observed in the rain samples collected on, 

07/06/07,11/04/07,14/06/07, and 18/04/07 in that sequence (Fig -16). Similarly the peak 

concentrations of ammonium ions   were observed in the rain samples collected on, 11/04/07, 

30/05/07, and 25/04/07. On the other hand rain samples of dates 16/04/07, 28/05/07 and 

18/06/07 show minimum concentrations for both NH4
+ and SO4

2-species. 

 

Back trajectory analysis performed for selected dates corresponding to the highest sulphate and 

ammonium concentrations (Fig-20, a-b) indicated that the  highest S-SO4
2- concentration of 

180.87µeq/L was recorded from the  rain samples  in which  the   air mass came  from the Red 

Sea across the rift valley( Fig-20-a, green line ). As the trajectory shows this air mass has been 

moving near 500 m above ground level for about 30 hrs. The air mass was then suddenly lifted 

up beyond 1500m above ground level where by it condensed and gave rain around Addis Ababa.  

 

Much of the transport between a source region and a receptor location occurs within the lowest 

one to two miles of the atmosphere (Comrie, 1994). In other words, air traveling at any altitude 

below 3000 meters can collect pollution emissions from the areas as it passes over.  However, air 

traveling very close to the ground has a better chance of collecting pollution emissions. In this 

case, the air mass has better probability of picking pollutants during its motion between 0000 and 
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1200 GMT of the day 06/06/07. This is part of the rift valley region were volcanic centers like 

Erta'Ale are found in the Denakil depression. 

 

The Global Volcanism Program describes Erta’Ale volcano as the most active centre of Ethiopia 

known for its permanent Lava-lake activity since 1967, and most probably since 1906 (GVP, 

2003). Although there is no adequately documented data about the chemical composition of the 

different gases like SO2 ejected with the upwelling lava. Field measurements by Oppenheimer, et 

al. (2004) indicate that there is SO2 emission rate averaged 0.7 kg·s–1 from the active lava lake 

and 1.3 kg·s–1 from the whole volcano. 

 

Further more it is noted that the average S/Cl (2.9) and S/F (52) ratios in plume from the lava 

lake imply a daily output of 19 tons/ d of HCl and 1 ton /d of HF.  

 

These figures substantiate the fact that an air mass passing across the volcanic active region has 

the potential to transport pollutants down wind. Erta’Ale volcano might have been ‘quit’ during 

the sampling period. Yet, sulfur dioxide, hydrogen sulfide, and hydrochloric acid are given off 

with the steam (Plummer, et al., 1999). Hence, significant change in the chemical composition of 

rain can be expected from this region depending on the activity of the volcanic center and wind 

stability. 

 

The trajectory indicated by the red line shows an air mass circulating close to the sampling 

station in a calm situation. This air mass has also the capacity of accumulating pollutants by 

inhibiting the vertical mixing (dilution) of pollutants released from different industries in and 

around Addis Ababa. Air mass transported by the third trajectory (Blue line) comes through the 

rift valley around Mile, Tendaho, and logia which are intensively cultivated agricultural areas. 

This could be one potential source of the excessive ammonium ions in the analyzed rain samples.  

 

The highest concentration of N-NH4
+ (161.34 µeq/L) and the second highest concentration of S-

SO4
2- (118.50 µeq/L) were recorded from rain samples collected on 11/04/07. The air mass 

trajectory (Fig -20-b) for the day shows that, the red labeled trajectory (from around ‘Wable’) 

and the blue labeled trajectory (from around ‘Dodola’ and ‘Genale’) have the potential to 

 62



 63

transport pollutants from their sources. The red and blue trajectories were entirely below 500m 

between 1800 and 2400GMT of the first day. This can favour the air masses to scavenging more 

pollutants from the regions. The potential sources for ammonia around this region could be 

intensive agricultural and animal husbandry practices. Specific knowledge of land use land cover 

and geological activities along the trajectories could have also narrowed the hypothesis. 

 

Minimum ionic concentrations of NH4
+ and SO4

2- were obtained from the rain samples collected 

on 28/05/07. The back trajectory analysis for this day (Fig-20-a) shows different pattern of flow 

as it arrives at the sampling station. All three of the trajectories originate from around the central 

part of southern Sudan 1500m above ground level. Air masses moving at higher speeds and 

altitudes like this can’t pick pollutants from distant natural or anthropogenic sources.  

 

The trajectories for 18/06/07 (Fig -21 –b) which show three distinct paths have also resulted in 

minimum concentrations of NH4
+ and SO4

2-.  The air masses represented by the three trajectories 

(green across highland regions around Endaslase, blue across highland regions  around Gonder 

and red from low lands around Dengur)  showed rapid fluctuations in altitudes probably due to 

variations in topography along their motion. The instability of the air masses as they cross 

different elevations and possibly also land use practices across these regions seems have no 

significant pollution contributions to the sampling station. 

 

 



 
                               (a)                                                                                                                   (b) 

    Figure 20: 48hrs back trajectory of air mass arriving at Addis Ababa on 7th, June 2007 at 0900 UTC (a) and 11th, April 2007  

                    at 1800UTC(b). 
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Figure 21: 48hrs back trajectory of air mass arriving at Addis Ababa on 28, April 2007   at 1200 UTC (a) and 18, June 2007 at 1200 
UTC (b). 

 
                                                (a)                                                                                      (b) 



 
 
 
5. CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 
 
The analytical results of the rain samples collected at Addis Ababa between March and June 2007 

have revealed the presence of detrimental ionic species in the rainwater. Volume weighted mean 

concentrations of 65.55, 57.04, 54.58, 50.50, and  29.16, (in µeq/L) have been detected from the 

samples for the major ionic species  N-NH4
+, HCO3

-, S-SO4
2-, Ca2+, and N-NO3

- respectively. This 

indicates that, N-NH4
+ (49%) and Ca2+ (37%) dictate the cation species while, HCO3

-(38%), S-SO4
2- 

(36%), and N-NO3
-(19%) dominate the anion species in the rain samples. 

 

The dominant abundance of N-NH4
+, and Ca2+ from agricultural activities including livestock 

breeding and soil dust dictate the neutral to alkaline (mean pH= 6.99) character of the rain water 

samples. Hence, the majority of the hydrogen ions (acids) generated in the atmosphere from the 

oxidation of SO2 and nitrogen oxides (NOx) are primarily neutralized by ammonia (NF=0.78) 

followed by calcium (NF = 0.60). Buffering contributions of Mg2+ (NF = 0.07) and K+ (NF= 0.02) 

are on the other hand insignificant compared to NH4
+ and Ca2+. 

 

The major anions or acidic components of the rain samples are dictated by HCO3
-, S-SO4

2- and N-

NO3
-. The HCO3

- is counterpart of Ca2+, while S-SO4
2- and N-NO3

- are formed from the dissociation 

of H2SO4 and HNO3 in the atmosphere releasing H+. These acidic components are the result of 

anthropogenic (industrial and vehicle emissions from within the city) and from extended natural 

sources. These acidic species are mainly neutralized by ammonia and calcium. 
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Key points that can be concluded from the results of correlation and principal component analysis 
are: 
 

1. The conductivity of the rain samples is governed mainly by NH4
+ and SO4

2-, followed by 

Ca2+, Cl-, NO3
-, and HCO3

 - . 

 

2. The observed significant negative correlation of H+ between HCO3
– and Ca 2+ shows that 

carbonates from dust particles are the major sinks for the H+ions generated form sulfuric and 

nitric acids. Indeed, lower concentrations of H+, (or higher pH values) are expected in 

neutral and alkaline rainwater due to the neutralization of H+ ions by the carbonates from 

CaCO3.  

 

3. The significant correlation of NH4
+ with NO3

-, Cl-, and SO4
2- indicate the presence of 

ammonium salts as (NH4)2SO4, NH4NO3 and NH4Cl  in the atmosphere as a result of the 

different reactions with sulfuric acid, nitric acid and hydrochloric acids.  

 

4. PCA results of factor-1 which accounts for nearly half the variance (41.057% of the total 

variance explained) grouped NH4
+, Cl-, NO3

-, and SO4
2- respectively with the highest factor 

loadings (0.945, 0.887, 0.884, and 0.813). This shows that all the major anions and cations 

are the result of chemical reactions in the atmosphere (secondary aerosols). This also shows 

the possibility of common triggering mechanism such as biomass burning, decomposition of 

organic materials and other anthropogenic and natural sources. The highest factor loading of 

these species in this factor is also a good indication of  the neutralization process of the 

acidic species SO4
2-, NO3

-, and Cl- by  ammonia (NH3) to form ammonium salts (NH4)2SO4, 

NH4NO3 and NH4Cl in the atmosphere. 

 

5. A significant negative factor loading for H+ ions in the third factor indicates that the H+ ions 

generated from other sources are consumed by the HCO3
-. Factors 2 and 3 generally take 

care of primary or coarse mode aerosols derived from common crustal sources such as 

feldspar for Na+ and K+ and carbonates for HCO3
-, Mg2+, and Ca2+ and respectively. The 

carbonate-derived aerosols (HCO3
- and Ca2+) are abundant in significant quantities in the 

rain samples. Hence governing the pH   and conductivity of the rainwater. 
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The analytical results of lead in the rain samples have revealed that only 5 samples collected during 

March and April (start of the Belg season) have values above the instrument detection limit 

(0.1mg/L) the maximum recorded being 0.146mg/L. This indicates a significant decrease of lead 

concentration in the rain samples as the rain washed out the aerosols. Hence, it is possible to 

conclude that the analyzed rainwater samples are safe with respect to lead concentration levels. The 

use of unleaded fuel by vehicles might have contributed to the overall small lead concentrations in 

the wet deposition. 

 

Finally, results of 48 hrs back trajectory analysis performed for the rain events corresponding to 

peak sulphate and ammonium concentrations have revealed the advection of SO2 from the active 

volcanic center at Erta’ Ale (13.60°N, 40.67°E; summit elev. 613 m) in the Rift valley of  northern 

Ethiopia .The significant correlation of Cl- and other ions with the SO4
2- ions is also an indication of 

incorporated gaseous pollutants such as HCL emitted from the same source. This is influenced by a 

number of factors like air stability, wind speed and direction over the area and emission rate of 

gases from the volcanic center. Calm weather conditions over the city are also observed to stagnate 

and favour the accumulation of SO2.              

 

5.2 Recommendations  
 

Although the data set used in this study is limited both in terms of special and temporal coverage, 

the following recommendations are forwarded based on the outcomes of the results and discussion.  

 

1. Concentration levels of the major ionic species in the rain samples like ammonium, 

sulphate and calcium are significant. If these trends continue, the buffering potential of the 

ecosystem may exceed its resilience. Therefore research activities supported by modern air 

pollution sampling instruments are needed to characterize the pollutants and determine the 

exact sources of the pollutants. 
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2. Excessive and continuous deposition of particular ionic species can cause deficiency of 

other ions for plants. Hence ecological impacts of the dominant ionic species in the 

precipitation samples, such as ammonium, calcium, bicarbonate and sulphate should be 

investigated for different habitats in order to take adaptive measures.  

 

3. Contributions from anthropogenic sources such as vehicular and industrial emissions are 

becoming significant as can be witnessed from the results especially during calm weather 

conditions. Emission regulatory measures of SO2 and NOx are therefore required to 

minimize contributions from anthropogenic sources such as vehicular and industrial 

emissions by concerned government organizations.  

 

4. The use of forward trajectory analysis and desperation models from the volcanic centers 

like Erta’ Ale has to be thought of by research institutions for pollution forecast and impact 

assessment. 

                                              

            ≈  !   ≈ 
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Sampling period 

Sample   
ID     Date 

 Start 
Time   

(GMT)   

 End 
Time   

(GMT)   
 Rainfall 
(mm)       

Temp 
(oc) 

  
Measured 

Condu.     

(µS/cm) 

Condu.  
At 25oc  

(µS/cm) pH 
  Na+ 

(mg/L)
 NH4

+  

(mg/L)
K + 

(mg/L)
 Mg 2+ 

(mg/L)
  Ca 2+ 

(mg/L) 
 Cl - 

(mg/L)
    NO3

 -
 

(mg/L)

SO4
 2- 

(mg/L)
  HCO3

 -

(mg/L)
Pb 

(mg/l) Remark 
MRF-2  20/03/07 1430 1630 24.4 20.30       14.02 15.47 6.28 0.49 0.67 0.33 ND 0.36 0.49 0.35 0.48 12.20 0.142 
MRF-3           26/03/07 1200 1230 17.8 20.30 19.60 21.63 6.68 0.72 0.83 0.50 ND 0.59 0.46 0.29 0.72 12.20 0.121 
ARF-1            11/04/07 1900 1930 3.7 25.00 41.00 41.00 7.03 0.58 2.26 ND ND 0.88 0.57 0.96 1.90 12.20 0.054 
ARF-2            14/04/07 1245 1300 8.2 21.70 24.60 26.34 6.82 0.47 1.77 ND ND 0.88 0.35 0.59 1.00 12.20 0.034 
ARF-3            15/04/07 1800 Night 2.2 22.20 25.80 27.33 7.10 0.19 1.75 ND ND 0.73 0.24 0.62 0.89 12.20 0.128 
ARF-4            16/04/07 1230 1315 25.2 25.00 14.00 14.00 6.54 0.20 0.74 ND ND 0.34 0.25 0.42 0.72 12.20 0.062 
ARF-5    2.5        18/04/07 0900 1300 21.40 27.60 29.74 6.92 0.63 1.01 0.25 ND 1.46 0.28 0.52 1.38 12.20 0.146 
ARF-6          25/04/07 1200 Night 6.0 26.50 24.30 23.59 6.92 ND 1.46 0.42 ND 0.58 0.49 0.57 1.28 12.20 0.062 
MYRF-1 15/05/07 1930 Night 11.4      23.70 19.89 20.42 6.75 0.13 0.80 0.05 0.12 0.68 0.35 0.43 0.71 0.076
MYRF-2  27/05/07 2300 100 34.1       21.20 16.86 18.25 7.04 0.28 0.61 0.04 0.13 0.58 0.26 0.24 0.57 0.060 
MYRF-3 28/05/07 1200 1300 6.4       21.60 14.23 15.27 6.89 0.37 0.44 0.08 0.10 0.38 0.40 0.23 0.44 0.101 
MYRF-4 29/05/07 1100 1115 2.5       20.00 30.30 33.67 7.09 0.33 1.08 0.11 0.15 1.34 0.66 0.77 0.83 0.037 
MYRF-5 30/05/07 1200 1715 25.1       20.00 34.10 37.89 7.10 0.20 1.78 ND 0.12 1.21 0.53 0.67 2.14 0.039 
JRF-1 7/6/2007        0900 1000 6.6 20.10 52.70 58.43 7.44 0.31 1.55 0.08 0.18 3.27 0.88 0.84 2.90 0.036 
JRF-2          11/06/07 1130 1330 5.9 22.80 29.60 30.96 7.05 0.19 1.14 0.06 0.06 0.98 0.51 0.48 1.01 0.068 
JRF-3           14/06/07 1230 1430 9.2 21.20 46.90 50.76 7.40 0.30 0.71 ND 0.19 3.99 0.49 0.63 1.65 0.075 
JRF-4           17/06/07 1500 1700 16.2 23.40 27.20 28.10 7.23 0.13 0.94 ND 0.17 1.65 0.28 0.40 1.15 0.032 
JRF-5          18/06/07 1100 1400 17.2 24.90 24.80 24.85 7.25 0.22 0.74 0.05 0.17 1.84 0.28 0.40 0.39 0.058 
JRF-6           21/06/07 1400 2200 3.5 24.70 30.80 30.99 7.03 0.19 0.93 ND 0.12 1.90 0.33 0.59 0.80 0.070 
JRF-7            22/06/07 1300 1400 9.6 23.90 18.22 18.63 7.08 0.18 0.66 ND ND 0.87 0.15 0.37 0.39 0.074 
JRF-8            23/06/07 1000 1200 33.8 19.80 16.70 18.64 6.96 0.16 0.78 ND ND 0.88 0.18 0.24 0.44 0.054 
JRF-9              24/06/07 1515 1530 14.4 19.50 14.14 15.89 7.09 ND 0.50 0.05 ND 0.79 0.24 0.24 0.42 0.071 
                    

                                      Max. Value  34.10    26.50 52.70 58.43 7.44 0.72 2.26 0.50 0.19 3.99 0.88 0.96 2.90  0.146  
                                      Min. Value  2.20      19.50 14.00 14.00 6.28 0.13 0.44 0.04 0.06 0.34 0.15 0.23 0.39  0.032  

                                          Median      9.40      21.65 24.70 25.59 7.04 0.25 0.88 0.08 0.13 0.88 0.35 0.46 0.82  0.065  
                            Mean 13.00    22.24 25.79 27.36 6.99 0.31 1.05 0.17 0.14 1.19 0.39 0.49 1.01  0.073  

Standard Dev. 9.78       2.05 10.40 11.32 0.26 0.17 0.48 0.16 0.04 0.90 0.17 0.20 0.63  0.033  
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Annex-I    Raw data of measurement and analytical values of precipitation samples collected from March – June /2007,   at AAU-Science campus. 

Annexes 

 



Annex-2: WMO-GAW precipitation chemistry ion balance and conductivity criteria  
 
(a) The required criteria for the ion balance (From WMO-GAW, 2004 page -39). 
 

. 
 
(b) The required criteria for the ion balance (From WMO-GAW, 2004 page- 40). 
 

 
 

 
 (c) Factors for converting the concentrations in mg/L to µeq/L, and the values of equivalent ionic 

conductivity at infinite dilution.( From  UNECE (2004), page  41). 
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Annex-3 Temperature correction factor for conductivity. 
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Annex- 4 a:   Typical Range of Anion Concentrations in Precipitation and  

                     Recommended Detection Limits ((From WMO-GAW, 2004 page -46). 
 
 

 
 

Annex - 4 b: Typical Range of Cation Concentrations in Precipitation and                                        
Recommended  Detection Limits (From WMO-GAW, 2004 page -48).  
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