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Abstract 

Acid deposition and following acidification are processes that can be 

associated with the atmospheric pollution. Even with decreased emission levels of 

SO2 and NOX, acid deposition continues to be one of the important ecological 

problems in the world. A number of studies related to the ecosystem recovery from 

excess sulfur (S) and nitrogen (N) deposition have been published in different 

regions of the world. Even so, ongoing acidification could be found in some areas.  

One of such examples is Komarovka river (KMR) situated in the Russian Far 

East. One of the sites for the Acid Deposition Monitoring Network in East Asia 

(EANET), Primorskaya, is situated there, providing a long-term data on wet 

deposition (WD), air concentrations for dry deposition (DD), and stream water (SW). 

However, the processes undergoing at the catchment are still not well understood. 

For the present study, the following objectives were defined: to evaluate the 

acidification situation and determine possible influencing factors of changing 

deposition and discharge fluxes; to compare the seasonal deposition and discharge 

trends at KMR; and to characterize the catchment in terms of sensitivity to 

atmospheric deposition in comparison to other sites in the Sea of Japan region.  

Compared to the many other sites in the East Asia region, the climate at KMR 

is drier and colder during the winter. The ratio of sea-salt fraction in precipitation is 

quite low. At the same time, SW can be characterized by high alkalinity and 

buffering capacity. The upstream of the river belongs to the national reserve 

territories, and the influence of the human activities at the catchment itself is very 

low. Due to its whereabouts near the borders, KMR is a possible object of a long-

range transport influence. Therefore, KMR can serve as a rather unique and 

interesting subject of study, based on which it could be possible to understand the 

acidification processes more precisely. In the study, the trend analysis of WD, DD, 

and SW fluxes was performed based on data from EANET monitoring.  

Results for the period 2005-2020 are presented in this thesis. The DD fluxes 

were calculated from meteorological and air concentration data by the inferential 

method. The contribution of S by the DD flux into the total deposition was 
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decreasing from 2011 to 2018. The WD fluxes of sulfate (SO₄²⁻) and nitrate (NO₃⁻) 

have a changing point from decreasing to increasing after 2011 and 2014, 

respectively. Those trends seem to be not consistent with the latest trends of 

emissions that decrease in the region. Amount of precipitation tended to rise during 

the warm season starting around 2010, suggesting its contribution to an increase in 

fluxes of SO₄²⁻ and NO₃⁻. 

Phenomena of SW acidification was detected for KMR alongside with the 

increase of SO₄²⁻ and NO₃⁻ concentrations. In general, decreasing trend of pH in SW 

is going against increasing trend of rainwater pH. On the other hand, the recent 

increase in SW fluxes of SO₄²⁻ and NO₃⁻ could be attributed to the rise of 

precipitation amount during the warm season, following an increase in WD, and to 

the overall increase in SW discharge. The input-output balance shows discrepancies 

in S and Ca outputs, while uncertainties in flux estimations should also be taken into 

account. It was suggested that the excess S output could be attributed to the 

mobilization of S formerly accumulated on the catchment, including geological S 

weathering.  

To better understand mechanisms of the acidification phenomena at KMR, the 

comparison with two sites of the same Sea of Japan region (Ijira and Kajikawa) was 

performed. These forested catchments were characterized by the higher levels of 

dissolved inorganic nitrogen (DIN) concentration in WD. However, NO₃⁻ 

concentrations in SW of KMR appeared to rise more significantly in response to 

deposition.  

The study showed the phenomena of acidification of KMR SW in conditions 

of decreasing emission levels of acidifying precursors. The excess discharge of S 

suggests the possibility of mobilization of previously accumulated material into the 

SW. Also, the relationship between increases in deposition and discharge fluxes and 

the climate change was suggested. In addition, KMR appears to be more sensitive to 

the acidification compared to the sites of the same region. Thus, responses of 

forested catchments not only to changing atmospheric environment but also to the 

climate change should be further investigated in the future research.  
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Chapter 1. Introduction 

1.1 Acid Deposition 

One of the problems appearing in result of air pollution is an acid deposition. 

Acid deposition is the process when acidic compounds/components (e.g., sulfuric 

acid, nitric acid and/or organic acids) are transported/deposited from atmosphere 

into the terrestrial and aquatic ecosystems (to the Earth’s surface) in form of wet 

(rain, snow, cloud, fog) or dry (dry particles, gas) deposition. Entering the ecosystem, 

those compounds can acidify soil and surface waters and bring about a series of 

ecological changes (Driscoll et al., 2007).  

Normally, not-polluted precipitation already has slightly acidic pH (5.0-5.5), but 

when pH values are decreasing below that level, they are considered acidified. The 

main chemical precursors for acids in the atmosphere are sulfur dioxide (SO₂) and 

nitrogen oxides (NOx). When these two compounds react with water, oxygen, 

carbon dioxide, and sunlight in the atmosphere, the result is sulfuric (H₂SO₄) and 

nitric acids (HNO₃) (Ramadan, 2004). 

The largest source of anthropogenic SO₂ emission are combustion of fossil fuels, 

for electric generations and industrial processes. The main natural sources are 

volcanoes. Emission sources of NOX are presented by fossil fuel combustion, 

biomass burning, and microbiological emissions from soils (Bouwman et al., 2002). 

The sources of nitrogen (N) in the form of NH3 are animal wastes, fertilizers, 

biomass burning, loses from oceans and soils under natural vegetation, and industrial 

processes (Bouwman et al., 2002). 

The gas-phase oxidation of both SO₂ and NO₂ is initiated by a reaction with 

hydroxyl radicals. The currently accepted mechanism of atmospheric SO2 oxidation 

can be presented as (Berndt et al., 2008; Finlayson-Pitts & Pitts, 2000): 

OH +  SO₂ →  HSO₃ (1) 

HSO₃ + O₂ → SO₃ + HO₂  (2) 

SO₃ + 2H₂O → H₂SO₄ + H₂O (3) 

Reaction of NO₂  to the HNO₃ can be presented as follows (Finlayson-Pitts & Pitts, 

2000): 
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OH +  NO₂ →  HNO₃ (4) 

In equations 1-4, OH, HO₂, and HSO₃ are radicals. 

Oxidation processes and following deposition of acids can occur both at 

relatively short distances from the emission sources and at distances of a 1000 km 

or more from. 

Anthropogenic emissions of acidifying agents have started to increase in 

Europe and North America since the industrial revolution and peaked in 1970–1980 

(Schöpp et al., 2003). Acidic deposition was first reported in the United Kingdom in 

the latter half of the nineteenth century (Gorham, 1992). The first ecological effects 

of acid deposition were documented in Scandinavia in the 1960s, related to surface 

water acidification and loss of fisheries (Gorham, 1992). 

Among effects of acid deposition on catchment ecosystems, a decrease in pH 

and acid-neutralizing capacity (ANC) and alkalinity and an increase in base cation 

and aluminum concentrations are thought to be the most important. Those changes 

can lead to the accelerate soil weathering and nutrient removal as well as toxic 

elements mobilization (Ramadan, 2004). Soil acidification causes leaching of K⁺, 

Ca²⁺ and Mg²⁺ and slowing down of phosphorous cycling (Carriera et al., 1997), 

decreasing the availability of these nutrients for vegetation. When N input is 

excessive, the increase in N availability may disturb the nutrient balance of plants 

because N is supposed to be the growth-limiting factor in many terrestrial 

ecosystems (Rennenberg & Gessler, 2001). Depending on the buffer capacity of the 

soil, extensive acid deposition increases the release and mobilization of Al from soil 

colloids. Together with high proton concentrations, dissolved Al inhibits the uptake 

of cations by plant roots (Rennenberg & Gessler, 2001). Under the influence of 

acidification, forests are becoming more vulnerable to the stress factors like climate 

anomalies and can lose their vitality (Bouwman 2002). The species diversity and 

abundance of aquatic life of stream water (SW) are also becoming endangered 

(Driscoll 2005). 

 



12 

 

The Convention on Long-range Transboundary Air Pollution (CLRTAP) 

signed in 1979 followed by implementation of emission-reducing policies, 

concentrations of air pollutant have reduced significantly. Since the adoption of 

CLRTAP, SO2 emissions in Europe have decreased by over 80% (Duan et al., 2011; 

Evans et al., 2001; Grennfelt et al., 2020; Stoddard et al., 1999). Lately, processes 

of ecosystems recovery from acidification have become the new focus of research 

interest (Houle et al., 2010; Mitchell et al., 2013; Stoddard et al., 1999).  

However, compared to the fast reduction in SO2 emissions and the following 

decrease of S in soil solution and inland water (Johnson et al., 2018; Vuorenmaa et 

al., 2017), decrease in N emissions started only from 1990s (Engardt et al., 2017; 

Schmitz et al., 2019) was not so active. Thus, the problem of N leaching is still 

present (Schmitz et al., 2019). 

 

1.2 Acid Deposition in East Asia 

Compared to North America and Europe, the problem of Acid Deposition in 

Asia was detected later (Bhatti et al., 1992; Duan et al., 2016). In Japan and China, 

acidification of inland water in the 1990s has been reported in high-deposition areas 

and acid-sensitive areas (Duan et al., 2011; Matsubara et al., 2009; Nakahara et al., 

2010; Yamada et al., 2007). 

The reason in the delay could be the influence of high alkalinity of precipitation 

and acid buffering capacity of soils (Baba & Okazaki, 1998; Duan et al., 2016; Ohte 

et al., 2001; Suzuki, 2003). The differences in climate and vegetation are also one of 

the reasons. 

Like that, the biogeochemical cycles of N and S highly depend on climatic 

conditions. As an example, climatic anomalies caused the acidification and N 

saturation in a forested catchment in central Japan (Nakahara et al., 2010). Climate 

change could also play a role in the processes of SW acidification. An increase in 

precipitation may increase the amount of SO4
2– mobilized from internal sources 

(Mitchell et al., 2013; Mitchell & Likens, 2011; Sase et al., 2019; Shao et al., 2021).  

In the seasonal forest Thailand, changes in precipitation patterns influenced the 
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material discharge from ecosystems (Sase et al., 2017). The monsoon climate in Asia 

and seasonal precipitation patterns strongly influence the deposition processes of 

atmospheric pollutants (e.g. Sase et al., 2012). Changes in precipitation patterns and 

the frequency of extreme meteorological events have been recently reported in 

countries neighboring the Russian Far East, including Japan (e.g. Kawase et al., 

2020; Shimpo et al., 2019).   

Simultaneously, there is a possibility that acidification and/or NO3
– leaching by 

excess N deposition has more significance for Asia. The leaching threshold in Asia 

is estimated to be 5 kg ha⁻¹ yr⁻¹, which is significantly lower compared to the 10 kg 

ha⁻¹ yr⁻¹ for Europe and North America (Duan et al., 2016; Fang et al., 2011). 

Suspectedly, the effects by excess N deposition will have even bigger importance in 

the future. 

Emissions of S and N have been decreasing in recent years in the East Asia 

region. For example, emissions of SO2 and NOX tend to be decreasing, starting the 

mid-2000s and in the early-2010s (Kurokawa & Ohara, 2020). Which is also later 

compared to the Europe and North America. 

Air pollution monitoring in the East Asia started in 2001 under the Acid 

Deposition Monitoring Network in East Asia (EANET) with participation of 13 

countries. Monitoring executed for four different media - wet deposition (WD), dry 

deposition (DD), soil and vegetation, and inland aquatic environment. Under the 

program, concentrations and fluxes of acidic substances deposited on the ground are 

measured and adverse impacts on terrestrial and aquatic ecosystems are estimated 

(www.eanet.asia). 

Even if emission decrease started in Asia, the high levels of acidic compounds 

deposition still can be monitored for some regions (Figure 1.1). The Sea of Japan 

vicinity in 2020 had comparably low deposition levels for all the presented 

compounds (nss-SO₄²⁻, NO₃⁻, NH₄⁺, and nss-Ca²⁺). For some sites we also can see 

an increasing trends in pH of precipitation (EANET 2021). However, as for some 

regions acid deposition problem is still present, the primary goal of the EANET is 

still to understand the state of the acid deposition problems in East Asia and to 
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provide inputs for reducing adverse impacts on the environment. The processes of 

recovery are yet to be observed in the East Asian monitoring sites. 

European part of the Russia is taking part in the European Monitoring and 

Evaluation Programme (EMEP) of CLRTAP. Meanwhile, territories in the 

Northeast Asia are monitored under the EANET. One of the four Russian EANET 

monitoring sites, Primorskaya, situated at the Komarovka river (KMR) catchment, 

was chosen as the main focus of this study. It has been used to monitor WD, DD, 

soil, vegetation, and inland aquatic environments since 2002. 

Since 2009, there has been a significant decrease in pH and alkalinity and an 

increase in NO3
– and SO4

2– in SW of the KMR, (EANET, 2016a, 2016b). During the 

same period (2010-2014), the acidity of the WD at the Primorskaya site decreased, 

while the ratio of acid anions relative to base cations in rainwater increased (EANET, 

2016b).  In 2020, mean annual WD pH reached 6.0, which is the highest value for 

the site during the monitoring history (EANET, 2021). Difference in trends, 

presented in EANET reports calls attention to origins of that phenomena which lead 

to the present study.  

 

1.3 Objectives 

The objectives of the present PhD study were: 

• to evaluate the acidification situation in SW of KMR (EANET site Primorskaya), 

• to determine possible influence of changing deposition levels and other 

environmental factors on SW of KMR, and to estimate whether those changes 

could be a possible mechanism of SW acidification phenomena, 

• to estimate trends in seasonal data series for KMR, 

• to compare the seasonal trends in deposition and discharge fluxes, 

• to characterize the study forested catchment in terms of the sensitivity to 

atmospheric deposition compared to neighboring sites in the Sea of Japan region. 

For assessments, a SW chemistry and atmospheric deposition data for the last 16 

years (from 2005 to 2020) was used in this study. 
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Figure. 1.1 Annual WD levels of nss-SO₄²⁻, NO₃⁻, NH₄⁺ and nss-Ca²⁺ in 2020 (from (EANET, 2021). 
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Chapter 2. Komarovka – Primorskaya site 

2.1 Importance of the Komarovka river 

The KMR catchment is situated in Far East Russia (43° 42ʹ N 132° 07ʹ E, 

Figure 2.1) and belongs to the Primorsky Krai of Far Eastern Federal District of 

Russia. Primorsky Kray face the western coasts of the Sea of Japan. It shares borders 

with China in the west and North Korea in the southwest.  

 

Figure 2.1. The map of the KMR catchment area (right) and the location of Vladivostok City, 

Ussuriysk City, and other reference monitoring sites in Japan, Kajikawa (KJK) and Ijira (IJR) (left) 

(from Zhigacheva et al. 2022) .  

 

The two biggest cities in the vicinity are Ussuriysk (population: approximately 

173 thousand) located 25 km northwest and Vladivostok city (population: 

approximately 600–606.5 thousands for 2013–2020) located 60 km south–southwest 

of the river catchment. The sampling point at KMR is located approximately 35 km 

north from the seacoast.  

There are still not so many works related to acid deposition monitoring and 

influence for the Russian Far East region. It is not a well-studied region. And for 

KMR monitoring of deposition and SW chemistry started at the beginning of 2000s, 
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making it possible to estimate long-term effects. According to the EANET reports, 

the acidification of SW of KMR is continues although deposition levels of 

monitoring compounds are low.  

Almost no influence of human activity can be found at the catchment. The 

upstream of KMR is situated at the Ussuriysky Nature Reserve territories. Thus, it 

can be thought as a territory of quasi-natural state with background pollution levels. 

At the same time, KMR, which is situated near the borders of China and Korea, can 

be influenced by the transboundary air pollution. The SW of KMR is characterized 

by high alkalinity and buffering capacity. But the climate is quite different compared 

to the other sites of the Sea of Japan region.  

Additionally, the Primorskaya EANET deposition-monitoring site 

(meteorological station) is located adjacent to the KMR sampling point and 

functioning starting 2002, making a long-term data assessment available.  

All aforementioned conditions make KMR an interesting model object for 

studying the influence of atmospheric deposition on the chemistry of surface waters 

in the Primorsky region. 

 

2.2 Site description 

KMR is a mountain river which originates in spurs of the Sikhote-Alin Ridge 

is a left tributary of Razdolnaya River flowing into the Amur Bay in the Sea of Japan. 

The catchment area until the sampling point is estimated to be around 155 km2 

(Figure 2.1). The highest elevation is 680 m a.s.l. The Primorskaya meteorological 

station and SW sampling point for KMR are located 85 m above sea level (a.s.l.) 

presenting the lowest point of the studied area (Figure 2.2).  

The Primorskaya EANET Deposition monitoring site was established in 2002 

within the meteorological station and was classified as a rural site. Hydrochemical 

observations on the site started since 2005. The meteorological data used in this 

study were measured at the meteorological station. A hydrological post Tsentralny 

where water regime data are monitored is situated a little bit further downstream.  
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Figure 2.2. Sampling points for meteorological data, precipitation, and air (left), and river water 

(right) 

 

The annual precipitation is 782.0 mm, and the annual mean temperature is 

4.2 °C. The lowest and highest temperatures are −16.3 °C in January, and 21.0 °C in 

August, respectively (Figure 2.3, left). The lowest monthly mean temperature during 

the monitoring period 2005-2020 was −20.5 °C in January 2012, and the highest was 

22.4 °C in August 2010. 

  

Figure 2.3. Seasonal changes in monthly average temperature (left), monthly average precipitation 

and monthly average discharge of SW (right). Averages for precipitation and SW discharge are 

calculated for 2005, 2010, 2012, 2015, 2018, 2019, 2020. (Updated from Zhigacheva et al. 2022) 

 

Mean annual river water discharge according to the data from the hydrological 

station "Tsentralny" varies from 300.0 mm to 599.6 mm. The mean runoff rate based 

on available daily discharge data is approximately 56%. The mean runoff rate from 

June to September is approximately 55%, which is within the range of the seasonal 

values observed in the region (Lupakov, 2021). The water temperature measured 

-20

-10

0

10

20

30

Ja
n

F
e
b

M
a
r

A
p

r

M
a
y

Ju
n

Ju
l

A
u

g

S
e
p

O
c
t

N
o

v

D
e
c

Average temperature 2005-2020, °C 
0

50

100

150

200

250

300

350

4000

50

100

150

200

250

300

Ja
n

F
eb

M
ar

A
p
r

M
ay Ju
n

Ju
l

A
u
g

S
ep

O
ct

N
o
v

D
ec

P
ec

ip
it

at
io

n
, 
m

m
m

o
n
th

⁻¹

D
is

ch
ar

g
e,

 m
m

 m
o
n
th

⁻¹

Discharge Precipitation



19 

 

alongside the sampling in the river changed from 0.1°C (on February and November) 

to 20.1°C (In July).  

The pattern of SW discharge is closely related to rainfall, with peak discharge 

and precipitation in August (Figure 2.3). Annual water runoff discharges correlate 

well with the annual precipitation (r = 0.85). Level of precipitation during the winter 

is extremely low. Alongside with the temperatures below 0 °C it leads to the low or 

almost no water discharge as the SW is mostly frozen. The snow-melting season at 

KMR starts in April and ends in May (Bogatov et al., 2013). Although precipitation 

level at that time is still not so high, the peak of SW discharge can be observed.

 The catchment is fully covered by broadleaved forests with Pinus koraiensis, 

except for the open areas of the meteorological station and service corridors. The 

main tree species present are Quercus mongolica Fisch. Ex Ledeb, Acer mono 

Maxim., Tilia amurensis Rupr., and Fraxinus mandshurica Rupr. Soils present in 

the catchment area are Umbric Cambisols and Mollic Liptosol according to the 

classification by the World Reference Base for Soil Resources (WRB) (EANET 

2007; EANET 2014). 

 

2.3 Emission sources in the region 

KMR catchment is supposedly not influenced by local anthropogenic 

activities in the vicinity of its area. However, because this area is surrounded by 

other countries such as China, ones in the Korean Peninsula, and Japan, the 

atmospheric environment at the Primorskaya site may have been influenced by both 

transboundary transport of pollutants from neighboring countries and dispersion of 

pollutants emitted from industrial and large cities of Russian Far East region, such 

as Vladivostok. 

As it was discussed in chapter 1, there are decreasing trends of SO2 and NOx 

emissions in East Asia in the last decades. For the Far East of Russia, anthropogenic 

emissions have also been decreasing; from 2010 to 2019, SO2 and NOX decreased 

by 26.9% and 14.7%, respectively (Ministry of Natural Resources and Environment 

of the Russian Federation, 2020). 
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2.4 Estimation of air mass transport routes 

Using the Hybrid Single-Particle Lagrangian Integrated Trajectory model 

(HYSPLIT), the main directions of compounds transport to the KMR catchment was 

estimated. For the calculation, Primorskaya site was chosen as the end point and the 

end time was established to be the same as the air sampling time. In total, there were 

24 distribution maps were calculated for the 2018, Two of characteristic trajectory 

frequency maps are presented in Figure 2.4. All the 24 trajectory frequency maps 

are presented can be seen at appendix 1.  

Conditions for calculation were: 

- Endpoint coordinates: 43°37'44" N 132°14'17"E 

- Trajectory frequencies calculation period: between the air sampling period 

(about 2 weeks – every 15th and last day of the month 12am UTC) 

- Height of the airmass trajectories estimation: 500 m 

- Length of every airmass trajectory: 72 hours 

 

 

Figure 2.4. Distribution of trajectory frequencies consisting of 72-hours backward airmass 

trajectories arriving to the monitoring Primorskaya site. Left: for period from February 15 to 

February 28. Right: for period from June 30 to July 15. 

 

It could be seen that during the winter season the majority of the airmass is 

coming from the North-West, arriving mostly from Western parts of Russia and 
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China. During the summer most of the air masses come from the Sea of Japan side. 

Yet only one year was estimated in relation to the air-mass movements, and 

conclusions about long-range transport of pollutants are preliminary. 

At present moment only airmass movement directions and frequencies were 

estimated. But HYSPLIT in correlation with deposition estimation could be used for 

determining the main sources of pollutants deposited to the catchment. Like that, 

Inomata et al (2019), using S isotopic ratio and mass balance calculations, showed 

the air mass transport routes and precipitation pattern in Japan. The major part of the 

transboundary transported anthropogenic SO₄²⁻ is deposited at the Sea of Japan side 

of Japan with the highest amount of deposited S during the winter.  
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Chapter 3. Atmospheric Pollution Impact on Komarovka river 

catchment 

3.1. Input (Total deposition flux) 

3.1.1. Wet Deposition 

3.1.1.1. Sampling and calculation methods 

In the present study, the total deposition flux was calculated only using the 

WD and DD fluxes 

𝐼𝑛𝑝𝑢𝑡 =  𝑊𝑒𝑡 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (𝑊𝐷) +  𝐷𝑟𝑦 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (𝐷𝐷) (5) 

Samplings of atmospheric WD are presented as rain and snow. An automatic 

precipitation sampler is installed in the open area at the Primorskaya meteorological 

station (Figure 2.2 left). Collected 24-hour samples are gathered from sampler daily 

at 9 a.m. The samples collected in the field are stored in a refrigerator in the 

laboratory at the site and later are transported to the Primorsky Center for 

Environmental Monitoring (PCEM), Russian Federal Service for Hydrometeorology 

and Environmental Monitoring (Roshydromet), Vladivostok. At the PCEM 

chemical analysis of the samples is performed according to the techniques adopted 

in EANET (EANET, 2010a) 

The analytical data for WD were assessed for ion balance and EC in the 

laboratory according to the EANET Technical Manuals (EANET, 2010a, 2010b). 

The data used in this study were checked at the national center of Russia before 

submission, verified by international experts of the respective study fields during 

data compilation at the NC, and then authorized by the Scientific Advisory 

Committee of EANET (Zhigacheva et al. 2022).  

The PCEM laboratory also take part in inter-laboratory comparison (ILC) 

projects, performing analysis on artificial rainwater and inland water samples. 

Results of ILC are published annually by EANET and can be accessed through its 

site. Some outliers were found in recent years for WD (artificial rainwater) samples, 
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probably because some of analytical procedures, such as dilution of the ILC samples, 

were inconsistent with procedures for WD field samples (Zhigacheva et al. 2022).  

The official EANET data is disclosed on the website (EANET, 2022). Data 

on monthly and annual fluxes can be downloaded from the EANET website 

(EANET, 2021). For the WD, the data on pH, electrical conductivity (EC), SO₄²⁻, 

NO₃⁻, Cl⁻, NH₄⁺, Ca²⁺, Mg²⁺, K⁺, and Na⁺ are available. 

Data for the period 2005-2020 were accessed in the study. For calculations 

mainly MS Office Excel was used. According to the (EANET, 2021), calculations 

used for the WD are as follows: 

Ĉ =  Σ(C𝑖P𝑖) / ΣP𝑖 (6) 

where Ĉ - precipitation amount weighted average concentration (μmol L⁻¹), Ci -  

measured valid concentration for sample i (μmol L⁻¹), Pi - precipitation amount 

(mm) for the same sample i with valid concentration  

The wet deposition amount (𝑚𝑚𝑜𝑙 𝑚⁻²) for the period calculated as: 

𝐷𝑒𝑝. 𝑎𝑚𝑜𝑢𝑛𝑡 =  Ĉ × 𝑃/1000 (7) 

Where P - total precipitation amount (mm) for the summary period. 

Means for pH were calculated through [H⁺] concentrations. Dissolved 

inorganic nitrogen (DIN) is calculated as a sum of NO₃⁻ and NH₄⁺. 

For statistical analysis (Mann-Kendall test, Spearman’s rank correlation) - R 

with package ‘trend’ version 1.1.4 and package ‘stats’ version 4.0.3 was used.  

 

3.1.1.2. Trends of wet deposition 

Based on annual data of WD for period 2005-2020, the trends were calculated. 

The lowest mean annual pH value (4.63) was monitored in 2011. Since then, pH 

continues to increase, and the highest value appeared in 2020 (6.0). The Mann-

Kendall test shows the statistically significant increase for the whole period (p < 

0.001) (Table 3.1) The pH does not correlate with the changes in precipitation 

(Spearman’s rank correlation, p = 0.16; Figure3.1 a).  

Cl⁻ and Mg²⁺ have a statistically significant increasing trends (p = 0.0344 and 

p = 0.0079, respectively). Annual mean concentrations of other major ions in 
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rainwater did not show any significant trends. (Table 3.1, Figure 3.1 b-f). 

Before 2011, SO₄²⁻ in WD were clearly decreasing, but after that a tendency 

for increase can be observed. The same situation can be observed for Ca²⁺. 

Table 3.1. Trend analysis using the Mann-Kendall test for WD for period 2005-2020 

 

3.1.1.3. Cation-Anion charge balance 

Cation-Anion Charge balance was estimated for the whole period of 2005 – 

2020 (Figure3.2 a, b), as well as for three 5-years periods (Figure 3.2 c). Ion balance 

between the sea-salt and non-sea-salt fractions is well balanced. While anion mEq 

amount is slightly underestimated compared to the cations they still stay comparably 

balanced. 

As sea salt is not contributing to acidification of the deposition and for the 

studied area sea salt contribution is supposed, non-sea salt fractions of SO₄²⁻ and 

Ca²⁺ were estimated.  

Both cations and anions are divided on two fractions: sea-salt fraction (ss-) 

and non-sea-salt fraction (nss-). Cl⁻, Mg²⁺, K⁺ (assumed fully belong to ss-fraction) 

and Na⁺ belong to the ss-fraction. NO₃⁻, H⁺, and NH₄⁺ belong to the nss-fraction. 

SO₄²⁻ and Ca²⁺ can belong to both fractions and it is showed by prefixes.  

 

 

 Z score p-value 

SO₄²⁻  -0.86 0.3923 

 NO₃⁻ 0.68 0.4995 

Cl⁻ 2.12 0.0343 

NH₄⁺ -1.49 0.1373 

Na⁺ 1.94 0.0529 

K⁺ 1.85 0.0649 

Ca²⁺ 0.05 0.9641 

Mg²⁺ 2.66 0.0079 

DIN -0.86 0.3923 

pH 3.47 0.0005 

Precipitation 0.86 0.3923 
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Figure 3.1. WD annual data on pH, Precipitation amounts (mm), and major ions: SO₄²⁻, DIN,  NO₃⁻, 

NH₄⁺, Ca²⁺, Mg²⁺, Cl⁻ (mmol m⁻²). (Updated from Zhigacheva et al. 2022) 
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Division of sea salt and non-sea salt for SO₄²⁻ and Ca²⁺ is calculated based on 

the concentration of Na⁺. It is accepted that sea-salt (SO4
2-/Na+)mol =0.060 or sea-salt 

(Ca2+/Na+)mol =0.022. 

𝑆𝑒𝑎 𝑠𝑎𝑙𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛＝𝑁𝑎+(𝑟𝑎𝑖𝑛𝑤𝑎𝑡𝑒𝑟)  × (𝑀/𝑁𝑎+) 𝑠𝑒𝑎 (8) 

𝑁𝑜𝑛 𝑠𝑒𝑎 𝑠𝑎𝑙𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛＝ 𝑀(𝑟𝑎𝑖𝑛𝑤𝑎𝑡𝑒𝑟) −  𝑆𝑒𝑎 𝑠𝑎𝑙𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (9) 

where M is molar concentration of SO₄²⁻ or Ca²⁺. 

Contributions of sea-salt (ss) fractions, such as ss-SO₄²⁻ and ss-Ca²⁺, to 

atmospheric fluxes are very low at the Primorskaya site (Figure 3.2). Although the 

Primorskaya site is situated inland but not far from the sea, due to the climate and 

geographical location the influence of marine atmospheric masses on deposition is 

limited. In general, nss-fraction accounts for more than 65% of WD. However, there 

is no direct correlation between the nss-SO₄²⁻ and pH (Spearman’s rank correlation 

p = 0.98) 

 

3.1.1.4. Seasonal trends 

Based on meteorological conditions (Figure 2.3), two seasons could be 

distinguished for KMR catchment. Cold season from October to March is 

characterized with low temperatures (mostly below the 0°C) and low amount of 

precipitation. Warm season from April to September with mean temperatures higher 

than the 0°C when the most amount of precipitation is falling. The precipitation in 

the warm season was almost twice as much as that in the cold season, and this 

seasonal difference has increased in the last decade (Figure 3.3 a). The pH did not 

differ between seasons and tended to increase from 2012/2013, which cannot be 

attributed to change in analytical conditions. (Figure 3.3 b).  

The WD fluxes of SO₄²⁻ and DIN for the cold and warm seasons are shown in 

Figure 3.3 c-d. NO₃⁻ and NH₄⁺ separately as well as Ca²⁺ and Cl⁻ are shown in Figure 

3.3 e-h. 
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Figure 3.2. Cation-Anion Charge Balance by mEq L⁻¹ and precent composition 
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Figure 3.3 Interannual variations in the annual precipitation amounts, mean pH, and major ions 

WD (mmol m⁻² season⁻¹) during the cold and warm seasons of 2005–2020 during the cold 

(October–March) and warm (April–September) seasons. (Updated from Zhigacheva et al. 2022) 
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Although concentrations in WD during the cold season were relatively high, 

the fluxes in the warm season were higher than those in the cold season due to much 

higher precipitation. 

The SO₄²⁻ flux in the warm season showed a clear transition from a decreasing 

trend to an increasing trend in 2011. The DIN fluxes showed clear increased from 

2014 to 2018 after the transition in 2014. Those transitions are more clearly visible 

compared to the annual WD trends. The fluxes for SO₄²⁻ and DIN tended to be 

slightly lower in the cold season than in the warm season. Ca²⁺ and Cl⁻ show an 

increase in the fluxes during the warm season starting from 2009 and 2010, 

respectively. Increasing precipitation during the warm season contributed to the WD 

fluxes increase. As a result, the difference in deposition fluxes between the seasons 

became larger. 

 

3.1.2. Dry deposition 

3.1.2.1. Sampling and calculation methods 

The DD was estimated based on the air concentrations using the Filter Pack 

(FP) method and meteorological conditions according to the Technical Manual on 

Dry Deposition Flux Estimation in East Asia (EANET, 2010b).  

By using it, the DD flux of gaseous and particulate species is calculated by the 

inferential method as the product of air concentration and respective deposition 

velocity (Vd): 

𝐹𝑖 = 𝑉𝑑𝑖
 ×  𝐶𝑖   (10) 

where F is the flux of species i, and C is the concentration of species i. After hourly 

or daily deposition velocities are calculated, the deposition velocities are averaged 

in the time resolution of air concentration. 

Data on gaseous substances (SO₂, HNO₃, HCl, NH₃) and particulate matter 

components (SO₄²⁻, NO₃⁻, Cl⁻, NH₄⁺, Ca²⁺, Mg²⁺, K⁺, and Na⁺) were calculated using 

the FP method (EANET 2013, 2021). Air samples are taken at Primorskaya site 

twice a month (continuously using a four-stage filter pack), meaning approximately 
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two-week samples are collected. Meteorological data, such as temperature, relative 

humidity, wind speed, solar radiation, precipitation, cloud coverage, were used to 

calculate Vd, as described below. The relevant meteorological data are taken at the 

Primorskaya meteorological station. Data on solar radiation acquired at the 

Timiryazevskii meteorological site near Ussuriysk (43°51’ 25.6” N 131°57’10.7” E) 

- until 2017.  

For calculation of Vd, Microsoft Excel macro program provided by EANET 

Network Center was used.  

 

3.1.2.2. Calculation uncertainties 

According to the requirement for the input data, values of every parameter 

should be input into the excel table for every hour of studying period. Among 

meteorological data needed (Temperature [˚C], Relative Humidity [%], Wind Speed 

[m s⁻¹], Solar radiation [MJ m⁻²], Precipitation [mm], Cloud coverage [0~10]), only 

solar radiation values were available on hourly basis and other parameters are all on 

daily basis. Therefore, after the changes of processing format, the averaged 

parameter values (“Daily”) were applied for the program performance.  

Most of the territory of the KMR catchment is covered with forest trees, with 

negligible open areas. For calculations it was assumed that 100% of catchment 

covered by forests and calculations for open (grass type) areas were not carried out. 

Data on vegetation was acquired from EANET Data Report 2006 (EANET. 

2006). Values of land-use categories were used for Vd calculations as follows in 

Table 3.2.  

Table 3.2 Values of land-use categories 

Reference Height 40 m 

WS (wind speed) 

Height 
40 m 

Canopy Height 30 m 

Displacement Height 0.7 Canopy Height 

Roughness Height 1.05 m (EANET. 2010) 
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Starting from 2018 data on solar radiation became unavailable, so for the last 

three years means of respective dates daily solar radiation data were used. As result, 

calculated values are used only for acquainting and statistical estimation for DD was 

not performed. 

 

3.1.2.3. Total atmospheric fluxes 

The atmospheric inputs are calculated as the sum of WD and DD. The total 

atmospheric S flux may include fluxes of SO₄²⁻ dissolved in rainwater as WD and 

gaseous SO₂ and particulate SO₄²⁻ as DD. The total flux of DIN includes fluxes of 

NO₃⁻ and NH₄⁺ dissolved in rainwater as WD, gaseous HNO₃ and NH₃, and 

particulate NO₃⁻ and NH₄⁺ as DD. The total Ca²⁺ flux may include fluxes of Ca²⁺ 

dissolved in rainwater as WD and particulate Ca²⁺ as DD. The total Cl⁻ flux may 

include fluxes of Cl⁻ dissolved in rainwater as WD and gaseous HCl and particulate 

Cl⁻ as DD. The atmospheric fluxes were expressed as mmol m⁻² year⁻¹, or kmol km⁻² 

year⁻¹. The changes in the annual total atmospheric fluxes by WD and DD are shown 

in Figure 3.4. 

The WD flux played a larger role in the total flux. Contributions of DD fluxes 

to the total fluxes for S, NOx, and NHx were 33%, 33%, and 38%, respectively.  

The total flux of S tended to decrease until 2011, and thereafter the trend 

became unclear (Figure 3.4 a), which mostly follows the WD trends. The WD flux 

of SO₄²⁻ increased from 2011 to 2018, lowering the contribution of the DD flux. The 

total flux of inorganic N decreased from 2011 to 2014, and thereafter turned to 

increase (Figure 3.4 b). The total flux of Ca²⁺ showed similar variations to that of S. 

For the total flux of Cl⁻, the highest flux was observed in 2011 with increased 

contributions of DD (47.5%, the 3 years mean from 2010 to 2012). At the beginning 

of the observational period, the flux of Cl⁻ at the Primorskaya site was considerably 

low. The HCl concentration levels measured in the air were 0.1–0.2 ppb and 0.7–1.1 

ppb in 2005–2009 and 2010–2012, respectively (EANET, 2020). The fluxes of Cl⁻ 

showed a clear peak in 2011 and then gradually decreased (Figure 3.4 d).  
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Figure 3.4 Total atmospheric fluxes by WD and DD for S (a), N (b), Ca (c), and Cl (d). WD, wet 

deposition; DD, dry deposition. (Updated from Zhigacheva et al. 2022) 

Emissions of SO₂ and NOx peaked in 2006 and 2011, respectively (Kurokawa 

and Ohara 2020). For the Far East of Russia, anthropogenic emissions are also 

decreasing (Ministry of Natural Resources and Environment of the Russian 

Federation, 2020). It appears that trends of deposition fluxes did not follow the latest 

regional emission trends in East Asia. But the ground observational data on 

atmospheric deposition may not necessarily reflect the national emission trends 

estimated based on the statistics in the respective countries (Sase et al., 2021; 

Zhigacheva et al., 2022).  

 

3.2. Output (Stream water discharge)  

3.2.1. Sampling and calculation methods 

SW samples of KMR are collected five times a year (since 2007 - in February, 

April, June, September, and November) in correspondence with the main 

hydrological regime periods. February is characterized by extremely low water 
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discharge levels. April is a snow melting period and the start of the spring flood. 

June and November are periods of the base flow. In September increasing discharge 

levels are monitored.  

The SW flow rate (m s⁻¹) was measured together with the water sampling. 

Data on pH, electrical conductivity (EC), SO₄²⁻, NO₃⁻, Cl⁻, NH₄⁺, Ca²⁺, Mg²⁺, K⁺, 

and Na⁺, for SW data on alkalinity (by the endpoint-4.8 method) are available 

through the EANET. The analysis procedures, quality check procedures and 

statistical method can be found at the WD sampling (chapter 3.1.1). There were some 

outliers for the ILC projects for the artificial inland water samples for the laboratory, 

but in general the results are considered acceptable. In this study, the chemical data 

disclosed from the EANET website were used for the analysis, while the flow rate 

data were obtained from the Roshydromet.  

As sampling is performed only five times per year, the calculations of annual 

fluxes may have several uncertainties. Thus, data on concentrations from every 

sampling was used for trend analysis using the Mann-Kendall test. Output with SW 

was calculated using two methods: the interval-representative (I-R) method and load 

quantity of flow (L-Q) method. The material fluxes as the output from the forested 

catchment were expressed as kmol km⁻² year⁻¹. 

For the I-R method, the flux was calculated directly as a product of 

concentration by water discharge for the days of sampling. The flux was calculated 

for the periods between sampling by multiplying the average measured 

concentrations of dissolved constituents in SW sampled at the beginning and end of 

an interval by the flow volume during a given period (Likens & Bormann, 1995; 

Sase et al., 2019).  

 

3.2.2. L-Q method calculations 

 The L-Q method was used for the years in which daily data on water flow 

discharge were available (2010, 2012, 2015, 2018, 2019, and 2020). The daily data 

were acquired from the hydrological station “Tsentralny”, situated right downstream 
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the SW sampling point. For the L-Q method, we used the following regression 

equation for the calculations (Ide et al., 2007): 

𝐿 =  𝑎𝑄𝑏 (11) 

where L is the load, Q is the discharge, and a and b are empirical parameters, 

calculated using MS Excel regression exponential trendline estimation based on the 

available datasets of concentrations and water discharges for the respective ionic 

constituents.  

Equation by which further daily compounds discharge flux is calculated 

presented in Table 3.3. Graphical results of regression estimation performed at MS 

Excel are presented in Appendix 2. 

Table 3.3. Results of L-Q equation calculations 

Ions L= R2 

SO₄²⁻ 116.95x0.9745 0.8368 

NO₃⁻ 23.183x1.0211 0.4184 

Cl⁻ 91.97x0.9865 0.9569 

NH₄⁺ 7.2119x1.2156 0.6439 

Na⁺ 156.89x0.9824 0.9677 

K⁺ 18.632x1.0761 0.8260 

Ca²⁺ 212.98x0.9865 0.9782 

Mg²⁺ 87.43x0.9687 0.9630 

 

3.2.3. Trends of SW concentrations 

Contrary to the increasing trend of pH in WD, the pH in SW showed a 

significant decreasing trend (p < 0.0001; Table 3.4, Figure 3.5 a). The lowest pH 

(6.35) was recorded in February 2019. The highest was 7.51 in October 2005. A 

significant increase in the concentrations of SO₄²⁻, NO₃⁻, Ca²⁺, and DIN was 

observed (Mann–Kendall Test, p = 0.007, p < 0.0001, p = 0.034, and p < 0.0001, 

respectively; Table 3.4, Figure3.5 b, c, e). The NO₃⁻ concentration has largely 

fluctuated since 2014, and higher values over 0.05 mEq L⁻¹ have often been recorded. 

The Ca²⁺ concentration showed a fluctuation similar to NO₃⁻ since 2014. The NH₄⁺ 

concentration was comparatively low. The Mg²⁺ concentration was relatively steady, 
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except for the 2019 when there was an abrupt decrease. The trends of SW discharge 

were not necessarily consistent with those of atmospheric deposition (see chapter 

3.1.2.3). 

Table 3.4. Trend analysis using the Mann-Kendall test for major-ion concentrations in the SW for 

the period 2005-2020. Hatched lines represent the significant trends. 

Components Z p value 

pH -5.1039 0.0000 

SO₄²⁻ 2.6966 0.0070 

NO₃⁻ 6.6358 0.0000 

NH₄⁺ 1.2806 0.2003 

Ca²⁺ 2.1196 0.0340 

Cl⁻ -0.4535 0.6502 

DIN 5.9702 0.0000 

 

A gradual decrease in pH with an increase in the SO₄²⁻ and NO₃⁻ 

concentrations in SW at KMR implies that the acidification process of SW has 

progressed at the KMR. Especially it is significant in the last decade. The leaching 

of SO₄²⁻ and NO₃⁻ has contributed to the increase in H⁺ leaching in SW during the 

acidification process (Duan et al., 2011; Garmo et al., 2014; Nakahara et al., 2010). 

Underlying mechanisms for acidification are complicated; for example, the 

acidification process in SW at IJR was regulated by N leaching (Nakahara et al., 

2010; Sase et al., 2019), while recovery from acidification was observed with a 

decrease in SO₄²⁻ concentration in SW at KJK (Sase et al., 2021). In other cases, in 

China and Japan during the recovery process from acidification, decrease in SO₄²⁻ 

and NO₃⁻ concentrations were observed (Duan et al., 2011; Sase et al., 2019, 2021).  

Since the NH₄⁺ concentration was relatively low, DIN changes in SW were mostly 

regulated by NO₃⁻. 

 Possible “acid shock” was only observed in April 2013, 2014, and 2015 

(Figure 3.5a). It is difficult to distinguish the presence of the acid shock for other 

years, as the snowmelt season at KMR took place from April to May, but only one 

sample per year was taken during that time. Kobayashi et al. (2013) observed a 

sudden pH decline with increases in EC and SO₄²⁻ concentration in a river close to  
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Figure 3.5. Seasonal and interannual variations in the pH values, concentrations of SO₄²⁻ and NO₃⁻, 

concentrations of Ca²⁺, Mg²⁺ and NH₄⁺, in SW during the period 2005–2020. The vertical grid line 

corresponds to the beginning of each year. (Updated from Zhigacheva et al. 2022) 
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KJK in Niigata, Japan, where precipitation amounts (mainly as snow) in winter are 

very high (mean maximum snow depth, 75.8 cm in January). But as shown in Figure 

2.3, the precipitation amounts in winter are very low (< 100 mm for November to 

February) at KMR, suggesting little snow. This also causes difficulty in catching 

typical snow-melting events that could result in acid shock (Zhigacheva et al. 2022). 

 

3.2.4. Ion ratios 

As seen in Figure 3.6, the N/S ratio showed an increasing trend (Mann–

Kendall Test, p < 0.0001). Especially the increase is stronger since 2009/2010, 

followed by a rise in values amplitude. That indicates that the DIN concentration in 

SW has increased faster than that of SO₄²⁻.  

At the same time, the Ca²⁺/SO₄²⁻ ratio is staying comparatively even with 

couple of sudden outshoots in 2011 and 2020. 

  

Figure 3.6. Seasonal and interannual variations in the N/S ratios, (i.e., ( NO₃⁻ + NH₄⁺)/ SO₄²⁻) and 

Ca²⁺ / SO₄²⁻ ratios. (Updated from Zhigacheva et al. 2022) 

 

The relationship between Ca²⁺ and alkalinity is shown in Figure 3.7. During 

the observational period, the alkalinity showed no specific trend. The data from 2005 

to 2009 and from 2010 to 2013 showed similar relationships between the variables, 

although the regression for the data from 2010 to 2013 was not statistically 

significant (R = 0.18, p = 0.06). The regression slope for the data from 2005 to 2009 

was gentler than that of the 1:1 line. After 2013, most of the data were plotted above 

the 1:1 line because of the increase in Ca²⁺. The regression slope for the data from 
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2014 to 2020 became steeper than those in the previous period. Except for the 2020, 

points for the last period are situated above the 1:1 line. 

 

 

Figure 3.7. Relationship between Ca²⁺ and alkalinity in mEq L⁻¹ in SW from 2005 to 2020. Periods 

2005 to 2009, 2010 to 2013, and 2014 to 2020, are presented. The thick dotted line shows the 1:1 

line. (Updated from Zhigacheva et al. 2022) 

 

Excess of Ca²⁺ leaching into the SW could be another factor that indicates the 

ongoing acidification at KMR SW. Alongside the increase in SO₄²⁻ and NO₃⁻ 

concentrations, Ca²⁺ concentration also showed an increasing tendency (Mann–

Kendall test, p = 0.034), particularly increase is visible after 2014/2015. Ca²⁺ trend 

is possibly synchronized with the trends of SO₄²⁻ and NO₃⁻. Long-term data from 

the Hubbard Brook Experimental Forest in the United States clarified that the 

concentrations of base cations (including Ca²⁺ and Mg²⁺) in the SW in this region 

generally increased with those of strong acid anions (SO₄²⁻ and NO₃⁻) before the 

peaks in 1969–1970, in response to acid deposition (Likens et al., 1996). Duan et al. 

(2011) noted a significant increase in Ca²⁺ concentrations with those of SO₄²⁻ and 

NO₃⁻ during river water acidification in the 1990s in China. Atmospheric deposition 

of acidic substances, such as H₂SO₄, enhanced mobilization of Ca²⁺ in soils due to 
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cation exchange and mineral weathering, but the acidic substances were only partly 

neutralized by mobilized Ca²⁺ in acidified rivers (Duan et al., 2011). In the recovery 

processes from acidification, it has been pointed out that concentrations of base 

cations, such as Ca²⁺, decrease in streams or lakes (Garmo et al., 2014; Stoddard et 

al., 1999; Weyhenmeyer et al., 2019). Thus, changes in Ca²⁺ concentrations are 

closely related to acidification (Zhigacheva et al. 2022).  

It has been suggested that a charge-equivalent proportion between Ca²⁺ 

concentration and alkalinity is decoupled due to an increase in Ca²⁺ concentration in 

the anthropogenic acidification process (Weyhenmeyer et al., 2019). At KMR, the 

regression slope of Ca²⁺ against alkalinity was gentler than the 1:1 line in the years 

from 2005 to 2009, as shown in Figure 3.7. However, an imbalance between Ca²⁺ 

concentration and alkalinity became more obvious with an increase in Ca²⁺ 

concentration in 2014–2020, deviating from the 1:1 line.  

 

3.2.5. Seasonal trends (cold and warm seasons) 

Changes in the SW discharge and fluxes of SO₄²⁻, NO₃⁻, and Ca²⁺ calculated 

for the 7 years with available daily discharge data by the L-Q method in cold and 

warm seasons are shown in Figure 3.8. The seasons are the same as for the WD: cold 

season from October to March, and warm season from April to September. But for 

SW the cold season was calculated for the same year and not as consequent season 

from one year to the following.  

It can be suggested that compounds discharge fluxes are much higher during 

the warm season, which is mostly related to the increase of SW discharge. In recent 

years, following the increase in precipitation amounts during the warm season, the 

SW discharge is also increasing. Along with that, increase in compounds fluxes can 

be seen starting from the 2010s. In contrast with the decrease in compounds 

concentrations in last two years (2019 and 2020), compounds discharge fluxes 

continue to increase. The reason for that should also lay in the calculation method 

which is based on the water discharge values. Compounds output fluxes (Figure 3.8 

b-d) are similar to the SW discharge flux (Figure 3.8 a). Probably, the recent increase 
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in SW fluxes of SO₄²⁻ and DIN can be attributed to the increased discharge in the 

warm season (Zhigacheva et al. 2022). 

 

 

 

Figure 3.8. The SW discharge and fluxes of SO₄²⁻ and  NO₃⁻ and Ca²⁺ during the cold and warm 

seasons of monitoring years. The fluxes were estimated by the L-Q method for 7 years with daily 

discharge data available. (Updated from Zhigacheva et al. 2022) 

 

3.2.6. Water regime season trends 

Since the SW has been collected five times per year: in February, April, June, 

September, and November, the trend analysis was performed using the Mann–

Kendall test for each season to determine its seasonal dependency, representing 

different water regime seasons (Table 3.5). Those months can be considered as 

specific water regime seasons. February - extremely low water discharge levels. 

April - snow melting period and the start of the spring flood. June and November 

are periods of the base flow. September - increasing discharge (Zhigacheva et al. 

2022).  
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For present calculations years 2005 and 2006 are not included as the sampling 

periods were not established at that time yet. In 2005 sampling was performed at 

August, September, October, November, and December. In 2006 – in January, April, 

June, July, and November. 

Results of the Mann–Kendall Test are presented in Table 3.5. Decreasing 

trends in pH were observed in February and September (p = 0.003 and p = 0.015, 

respectively). The NO₃⁻ concentration showed an increasing trend for February, 

April, and June (p = 0.0001, p = 0.0062, p = 0.0035, respectively). Two other months 

for NO₃⁻ have increasing trends of low significance (p < 0.1). Increasing trends for 

Ca²⁺ are presented for individual months too – in February, September, and 

November. 

Table 3.5. Trend analysis using the Mann-Kendall test for major-ion concentrations in the SW for 

each sampling month. Hatched data show significant decreasing and increasing trends. (Updated 

from Zhigacheva et al. 2022) 
 

pH SO₄²⁻   NO₃⁻ NH₄⁺ Ca²⁺ 

 
Z p Z p Z p Z p Z p 

February -2.98 0.003 0.00 1.0000 3.94 0.0001 0.49 0.6206 2.31 0.0211 

April -1.59 0.111 0.88 0.3811 2.74 0.0062 -0.38 0.7011 0.55 0.5841 

June -1.54 0.123 1.20 0.2284 2.92 0.0035 1.09 0.2736 1.64 0.1005 

September -2.43 0.015 0.00 1.0000 1.70 0.0892 0.66 0.5099 2.08 0.0375 

November -1.87 0.062 1.86 0.0627 1.86 0.0627 -0.44 0.6614 2.03 0.0425 

 

To estimate the relationship between SW discharge and major ions and pH 

concentrations, the Spearman’s rank correlation test was performed. The correlation 

coefficients between the SW flow rate and ion concentrations in each sampling 

month for the period from 2007 to 2020 are listed in Table 3.6. Significant positive 

correlations with the SW flow rate were observed for NO₃⁻ and DIN in June. NH₄⁺ 

has a significant positive correlation between SW flow and concentration in 

November and for the all-season data. For other compounds correlation is not 

significant, meaning that other factors have more influence on compounds 

concentrations. 
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Table 3.6. Spearman’s rank correlation coefficients between the SW flow rate and ion 

concentrations in each sampling month for the period from 2007 to 2020 (Updated from Zhigacheva 

et al. 2022). 

  SO₄²⁻ NO₃⁻ NH₄⁺ Cа²⁺ Cl⁻ DIN pH 

February 0.25 0.35 -0.08 -0.02 -0.53 0.21 -0.14 

April 0.01 -0.39 0.28 -0.23 0.22 -0.23 0.16 

June 0.54 0.62 0.49 -0.22 -0.22 0.68 0.08 

September -0.32 0.00 0.13 -0.35 0.38 0.53 0.15 

November -0.06 0.26 0.63 -0.24 0.02 0.29 -0.03 

All-season -0.23 0.01 0.35 -0.25 0.02 0.17 0.09 

Note. Blue color, p < 0.05      
 

To estimate trends in discharge fluxes for individual months is hard because 

the amount of sampling is insufficient. Thus, the 3-years moving flux-weighted 

means were calculated for every water regime season. Results of Mann-Kendall Test 

estimation for those rows are presented in Table 3.7. And a visual representation of 

those trends is shown in Figure 3.9. 

 

Table 3.7. SW trend analysis using the Mann-Kendall test for the 3-years moving flux-weighted 

means for major-ion concentrations in each respective sampling months 

 
pH SO₄²⁻   NO₃⁻ NH₄⁺ DIN Ca²⁺ 

 
Z p Z p Z p Z p Z p Z p 

February -2.47 0.0133 0.21 0.8370 4.18 0.0000 -1.03 0.3037 3.77 0.0002 1.99 0.0467 

April -2.81 0.0049 2.40 0.0164 1.71 0.0865 -0.89 0.3727 1.71 0.0865 1.71 0.0865 

June -0.83 0.4073 1.99 0.0467 3.09 0.0020 0.62 0.5371 3.09 0.0020 2.13 0.0335 

September -1.86 0.0629 0.75 0.4507 -0.48 0.6312 0.34 0.7317 -1.85 0.0641 2.67 0.0075 

November -1.65 0.0990 2.26 0.0236 2.81 0.0049 -2.13 0.0335 1.85 0.0641 2.40 0.0164 
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Figure 3.9. SW 3-years moving flux-weighted means for pH and ions in each respective sampling 

months (unit: pH: pH-values; ions: mmol m-3) 
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Statistically significant decrease in pH is monitored in February and April. 

SO₄²⁻ is increasing in April, June, and November. NO₃⁻ is increasing in February, 

June, and November. Ca²⁺ is increasing in every water regime season except for 

April. NH₄⁺, in contrary is decreasing in November. 

However, significant trends for pH decrease and SO₄²⁻, NO₃⁻, and Ca²⁺ 

increase can be seen not only during the warm season, but also in February and 

November. Thus, increase in deposition during the warm season does not completely 

explain acidification processes of the SW. 

Warm and humid periods possibly play a significant role in the acidification 

of the KMR. Climatic changes in the region may be partly responsible for the 

changes in SW concentrations. According to the Roshydromet (2020), in the Russian 

Far East climate warming continues in all seasons except for winter. And climate 

plays a significant role in the processes of acidification (see chapter 1). Increase in 

precipitation lead to the escalated mobilization of acidifying agents from the 

catchment internal sources and amplified material discharge  (Mitchell et al., 2013; 

Mitchell & Likens, 2011; Sase et al., 2017; Sase et al., 2019; Shao et al., 2021).  As 

abiotic and biotic processes are also dependent on the temperature many 

mechanisms related to the N and S biocycles will also depend on climate changes 

(Houle  et al., 2020). Warm and humid conditions lead to higher rates of N 

mineralization and nitrification. High precipitation results in the movement of N 

from soils and groundwater to the SW (Fang et al., 2011; Ohte et al., 2001).  

 

3.3. Input-Output balance 

For the input-output budget calculation it was assumed: the input consists of 

total (dry and wet) deposition while the output is presented solely by the discharge 

with the SW. 

The input and output balances for the S, N, Cl, and Ca compounds are shown 

as the mean values for six years in Figure 3.10. As was mentioned before, the exact 

calculation of compounds discharge fluxes is hard due to the insufficient amount of 

sampling in a year. Thus, discharge fluxes are calculated and presented by two 
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different methods: I-R and L-Q. Calculations by L-Q method are possible only for 

years with daily SW discharge data available. I-R method is not applicable for the 

2005 as samplings at that year started only from August. Thus, all the calculations 

were performed for six years where all the methods could be implemented: 2010, 

2012, 2015, 2018, 2019, and 2020. 

 

 

Figure 3.10. Input and output balances for S, N, Cl and Ca in KMR. The mean values for 2010, 

2012, 2015, 2018, 2019, and 2020 are shown. Input, total atmospheric flux by WD and DD; Output 

I-R, flux estimated by the I-R method; Output L-Q, flux estimated by the L-Q method. Bars 

represent standard errors. (Updated from Zhigacheva et al. 2022) 

 

Although output calculated by I-R method tends to be higher, compared to L-

Q method results, the difference between them is not very high. 

The mean outputs of S by both methods were higher than the input, and the 

discrepancy was typical for these calculated years except for 2010. For N 
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Although there are still uncertainties in the estimation of both input and output, 

the input and output of Cl, considered one of the representative inert ions in forest 

ecosystems, were relatively well balanced.  

 

The observed discrepancy for S with output higher than input is typical for 

some recovering catchments subject to high emissions and the deposition of 

pollutants (Zhigacheva et al. 2022). The high S output has been attributed to the 

mobilization of formerly accumulated S in soils of the catchment areas in Europe 

(Novák et al., 2000; Vuorenmaa et al., 2017). Moreover, the importance of internal 

sources, including geological S, has been suggested in the United States (Mitchell 

and Likens, 2011; Mitchell et al., 2013), Japan (Sase et al. 2019), and Sabah, 

Malaysia (Yamashita et al., 2014). The leaching of S, such as weathering from 

minerals, mineralization of organic S, and desorption of S, are largely influenced by 

humid conditions (Mitchell and Likens, 2011). Mineral weathering may contribute 

to the significant increase in Ca²⁺ concentration in SW. Part of the Ca²⁺ was released 

into SW with acidification by atmospheric SO₄²⁻ input (Weyhenmeyer et al., 2019). 
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Chapter 4. Sea of Japan region (Kajikawa and Ijira) 

4.1. Air mass trajectories 

For one of the monitoring sites in Japan, backward trajectories by the 

HYSPLIT resources were estimated. Ending points time is the same as for the 

frequency calculations at KMR. Every calculation oversees the 72-hours trajectories 

with ending points at 3 different heights: 100m, 500m, and 1000m.  

For trajectories ending at KJK, it was found that quite a lot of trajectories 

during the cold season are coming from the direction of KMR crossing the Sea of 

Japan. Two examples of winter backward trajectories are presented in Figure 4.1. 

All the 24 maps can be found in Appendix 3. 

 

 

Figure 4.1. 72-hours Back-trajectories coming to KJK in 2018. Ending dated are January 15 (left) 

and February 15 (right) 

 

4.2. Reasons for comparison and sites description 

Two Japanese sites, the Kajikawa site (KJK) and the Ijira site (IJR), were 

selected for comparison with the KMR based on their geographical situation and 

characteristics (see Figure 2.1). Situated comparable close geographically and 

belonging to the Sea of Japan region, they are all presumably were influenced by 

acid deposition. At the same time, climate of those territories differs greatly. 
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Difference can be also found in vegetation, bedrock materials and soils, as well as 

domestic sources of pollution. For both Japanese sites, long term data on deposition 

monitoring is available that makes the comparison possible. 

The KJK (37° 59ʹ N, 139° 23ʹ E) is a small, forested catchment (approximately 

0.0384 km) in the Niigata Prefecture, Japan, near the Sea of Japan coast. The 

catchment area is fully covered by forest, mostly 50-year-old Japanese cedar trees 

(Cryptomeria japonica D. Don), and the dominant soil type is Cambisols (Sase et 

al., 2008, 2021). The IJR (35° 34ʹ N, 136° 41ʹ E) is the EANET catchment 

monitoring site (area, approx. 2.98 km) located on the Pacific side in Gifu Prefecture, 

central Japan (Nakahara et al., 2010; Sase et al., 2019), while the effects of 

transboundary air pollution through the Sea of Japan have also been suggested 

(Inomata et al., 2019). The dominant soil type is Cambisols, while the predominant 

vegetation is the Japanese cypress (Chamaecyparis obtusa Sieb. & Zucc., 49% of 

the catchment area).  

 

4.3. Comparison of deposition and discharge levels 

Deposition levels at KMR are comparatively lower than at IJR and KJK. The 

latest 5 years mean fluxes of WD were lower at KMR than at KJK and IJR, except 

for the Ca²⁺ flux which was higher at KMR than at IJR. At the same time, SW 

concentrations at KMR appear to be higher. The latest 5 years mean concentrations 

of SO₄²⁻, NH₄⁺, and Ca²⁺ in SW are presented in Table 4.1.  

Table 4.1. 5-years means of rainwater deposition and concentration in SW at KMR, KJK, and IJR 

(Zhigacheva et al. 2022) 

 
Wet deposition 

(mmol m⁻² year⁻¹) 

Stream water 

(μEq L⁻¹) 

 
 

KMR KJK IJR KMR KJK IJR 

SO₄²⁻ 2015–2019 23.1 43.0 31.1 270 98.2 130 

NO₃⁻ 2015–2019 23.6 51.5 45.1 48.7 51.5 24.8 

NH₄⁺ 2015–2019 27.1 34.7 38.6 8.2 0.89 0.02 

Cl⁻ 2015–2019 27.3 277 54.5 91.8 410 55.4 

Cа²⁺ 2015–2019 13.2 20.0 6.41 451 357 132 
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N is lately though to be getting significant role in acidification processes. 

Especially the problem of N leaching is under the scope of interest. The relationships 

between the 5 years moving means of the DIN fluxes by precipitation and NO₃⁻ 

concentrations in SW at KMR, KJK, and IJR were estimated (Figure 4.2). The mean 

NO₃⁻ concentration in SW greatly increased at KMR, while the mean DIN flux by 

precipitation slightly increased but did not change greatly. For the same periods, the 

NO₃⁻ concentration in SW decreased with the DIN flux by precipitation at IJR, while 

the NO₃⁻ concentration in SW increased and then became stable or rather slightly 

decreased at KJK. 

 

 

Figure 4.2. The relationship between the 5 years moving means of DIN flux by rainwater and NO₃⁻ 

concentration in SW at KMR, KJK, and IJR (Zhigacheva et al. 2022) 

 

IJR was reported firstly as a catchment acidified by atmospheric deposition in 

Japan, in which climatic anomalies, such as cool summer and severe drought, 

contributed largely to changes in the biogeochemical cycles (Nakahara et al., 2010; 
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progressed recently (Sase et al., 2019). While KJK is considered under recovery 

from acidification, the S output was higher than the input over recent years due to 

slower and weaker ecosystem response to changes in atmospheric inputs (Sase et al., 

2021).  

The discrepancy in the S balance appears similar to the phenomena in KMR. 

However, the main S source for SW has not yet been identified at the KMR. In the 

future, S isotopic analysis can be applied to rainwater and SW at KMR to identify 

possible S sources and estimate their contributions.  

At both IJR and KJK, changes in atmospheric deposition partly reflect the 

regional emission trends (Sase et al., 2021), while such a relationship was not clear 

at KMR. This is probably because IJR and KJK are located downwind of the Asian 

continent, while KMR is located in the north edge of the continent, close to various 

local/regional emission sources. There were lower atmospheric fluxes at KMR in 

comparison to KJK and IJR. The 5 years mean DIN flux by precipitation was almost 

half that of KJK and IJR (see Figure 4.2). With high levels of DIN flux by 

precipitation, NO₃⁻ concentration in SW at IJR decreased significantly in response 

to a decrease in the atmospheric deposition.  

For KJK, the SW response to the atmospheric deposition was not so simple: 

NO₃⁻ concentration in the SW first increased with the decreasing DIN flux and then 

became stable. For KMR, by contrast, even under low levels of atmospheric 

deposition, the mean NO₃⁻ concentration substantially increased with a slight 

increase in the DIN flux by precipitation. It is suggested that the change in seasonal 

precipitation patterns mentioned above contributed to N leaching from the forest 

ecosystems, in addition to DIN deposition (Zhigacheva et al. 2022).  

As for the phenomena observed at KJK, it was suggested that maturation of 

Japanese cedar trees and forest management largely influenced N leaching from the 

plantation forests, in addition to DIN deposition (Sase et al., 2022). As Yang & 

Chiwa (2021)  noted, the relatively low N uptake by Japanese cedar could also 

contribute to high N leaching in plantations. The predominant tree species is the 

Japanese cypress at IJR. Conversely, the catchment area of KMR is mainly covered 
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by broadleaf forest, while the pine trees are partly included. Moreover, the stand 

ages at IJR and KJK are approximately 50 years old (Sase et al., 2022), while the 

age of the broadleaf forest at KMR in the nature reserve was not clear. These factors 

may influence N retention in forest ecosystems. It is suggested that forest conditions, 

such as tree species composition and tree stand age, should be taken into 

consideration when evaluating N leaching mechanisms in forest catchments 

(Zhigacheva et al. 2022).  
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Chapter 5. Overall discussion 

As a possible influence of anthropogenic emission sources on atmospheric 

environment in the study site, the concentration of gaseous HCl showed a clear peak 

in 2011 with the following gradual decrease. When SW acidification was observed, 

the fluxes of S and DIN started increasing again, and the anthropogenic Cl flux 

increased.  

In the Northeast Asian region, high emissions of SO₂ and NOx (and high 

atmospheric deposition) contributed to the acidification of SW (e.g. Duan et al. 

2011), while the SW has been gradually recovering from acidification with a 

decrease in emissions (e.g. Qiao et al., 2016; Sase et al., 2019, 2021). Although the 

aforementioned atmospheric conditions at the Primorskaya site may partly explain 

acidification phenomena at KMR, the question remains to be answered as to why 

the increases in the leaching of SO₄²⁻ and NO₃⁻ started in the mid-2010s. 

The recent increase in NO₃⁻ concentration was evident for KMR SW, even 

though the values fluctuated greatly. It has been suggested that N leaching plays a 

significant role in the acidification process. This is consistent with the trends in 

Europe, the USA, and East Asia, where SO₄²⁻ emissions have declined significantly 

over the past decades (Bouwman et al., 2002; Duan et al., 2011). With a decline in 

S deposition, recovery processes can be prolonged due to an increase in N deposition 

(Duan et al., 2011; Sase et al., 2021).  

The suggested thresholds of N deposition for N leaching to SW are estimated 

as 10 kg N ha⁻¹ year⁻¹ (Wright et al., 1995), 7 kg N ha⁻¹ year⁻¹ (Aber et al., 2003),  

and 5 kg N ha⁻¹ year⁻¹ (Fang et al., 2011) for Europe, the United States, and East 

Asia, respectively. Fang et al. (2011) pointed out that warm and humid conditions 

accelerate N leaching from forest ecosystems in East Asia. It could be applied not 

only to forest ecosystems in the boreal zone under a changing climate. The mean 

DIN flux by WD at the Primorskaya site was 6.5 kg N ha⁻¹ year⁻¹, and the estimated 

total deposition by WD and DD was 10 kg N ha⁻¹ year⁻¹ for the observational period 

from 2005 to 2019, which were larger than the threshold for East Asia (Zhigacheva 

et al. 2022). 
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The recent increase in precipitation amounts in the warm season and higher 

contributions of the warm-season atmospheric deposition resulted in the recent 

acidification of SW. Additionally, leaching of DIN (including NO₃⁻ and NH₄⁺) was 

accelerated by the increased SW flow in the warm season. Warm and humid periods 

possibly play a significant role in the acidification of the KMR. Climatic changes in 

the region may be partly responsible for the changes in SW concentrations 

(Zhigacheva et al. 2022). According to a report on climate features in the territory 

of the Russian Federation in 2019 (Roshydromet, 2020), climate warming continues 

in the Russian Far East in all seasons except winter. Increasing precipitation is also 

evident but does not exceed 5% per 10 years. Changes in precipitation amounts and 

patterns play a role in the mobilization of SO₄²⁻ from internal sources into the SW 

(Mitchell et al., 2013; Mitchell & Likens, 2011; Sase et al., 2017). Warm and humid 

conditions lead to higher rates of N mineralization and nitrification. High 

precipitation results in the movement of N from soils and groundwater to the SW 

(Fang et al., 2011; Ohte et al., 2001).  

However, significant trends for pH decrease and SO₄²⁻, NO₃⁻, and Ca²⁺ 

increase can be seen not only during the warm season, but also in February and 

November. Means the changes in deposition do not completely explain acidification 

processes of the SW. The mechanism of material discharge and SW acidification 

during the cold period should yet be studied. 
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Chapter 6. Conclusions 

The progress of SW acidification at KMR over the past 16 (2005-2020) years 

was assessed based on the EANET atmospheric deposition and meteorological data. 

Acidification of KMR SW is still proceeding. The acidification is accompanied by 

an increase in SO₄²⁻ and NO₃⁻ concentrations. The Ca²⁺ concentrations are also 

increasing while alkalinity staying relatively stable, resulting in deviation of their 

ratio from the 1:1 balance, which also indicate the acidification process. 

 The recent increase of S, DIN and Cl fluxes contributed partly to the 

acidification. Because of limited material flows during the cold season, the increase 

in precipitation amount in the warm season appears to significantly alter 

biogeochemical processes in forest ecosystems. 

The recent increase in discharge fluxes of SO₄²⁻ and NO₃⁻ could be attributed 

to the rise of precipitation amount during the warm season and to the following 

overall increase in SW discharge. Also, discharge in the warm season could be 

enhanced by the increased WD. 

In the Far East of Russia, soil and SW are predominately frozen in winter, 

suggesting limited material flows during the cold season; therefore, the increase in 

precipitation amount in the warm season appears to significantly alter 

biogeochemical processes in forest ecosystems. 

Mobilization of S and N from internal sources of catchment areas, such as soil 

where air pollutants have accumulated during the previous period, can affect SW 

concentrations and fluxes. Mobilization of S and Ca could also be a reason for 

discrepancy in input-output balance of those elements. 

Even during the cold season, including February and November, we can 

observe decrease in pH and increase in major acidifying ions, meaning that increase 

in precipitation and deposition fluxes are not the sole reason of SW acidification.  

Although in 2019 and 2020 the decreases in SO₄²⁻ and NO₃⁻ concentrations 

were observed under low fluxes of atmospheric deposition, it is premature to 

conclude that KMR has started recovering from acidification.  
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Based on comparison with KJK and IJR, which are recovering from the N 

leaching, KMR even with lower deposition level seems to be sensitive to 

acidification. 

There are still a lot of problems to be studied concerning the acidification 

process at KMR. The interlinkage between air pollution and climate change should 

be carefully assessed, particularly in relation to the recovery process from 

acidification. Factors like vegetation and soil influence should be studied in the 

relation to the acidification process at KMR. For understanding the sources of excess 

S discharge into the SW, methods like isotopic analysis could be implemented. 

Further research on the sources of pollution in relation to the long-range air transport 

should be studied.  

Taking into consideration increasing precipitation during the warm season, 

the contributions of the WD fluxes during the warm season has increased, reflecting 

the climatic conditions. In future, the acceleration of material flows in warming 

winters should also be taken into consideration. 

Overall, the detailed mechanisms of SW acidification specific for KMR 

should be discussed more. 

 

  



56 

 

Appendix 

Appendix 1. Results of trajectory frequencies analysis by HYSPLIT in 2018 for 

every air sampling event. 
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Appendix 2. Results of L-Q equation calculations 
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Appendix 3. 72-hours airmasses backward trajectories ending at KJK site at 

heights 100, 500, and 1000m in 2018 for every air sampling event calculated by 

HYSPLIT. 
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