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Agricultural drainage water pollution in Ningxia irrigation areas is a significant
factor affecting water quality in the Yellow River Basin. Based on the principle of
total nitrogen (TN) input—output conservation, and incorporating irrigation and
precipitation correction factors, an improved Export Coefficient Model (ECM) was
developed to estimate the TN pollution load from agricultural drainage water. The
spatiotemporal distribution characteristics of TN pollution load in Ningxia
irrigation districts were analyzed, leading to the following conclusions: 1) from
2010 to 2022, the annual TN export coefficient and multi-year average total load
from agricultural drainage water in Ningxia irrigation areas were 26.85 kg/ha-a™
and 2064.95 t/a, respectively, showing a significant downward trend overall; 2)
major changes in the crop structure occurred in Ningxia irrigation areas between
2010 and 2022, with a sharp decline in the rice planting area being the primary
factor reducing the pollution load; 3) the spatial distribution of TN pollution load
in 2010, 2015, and 2022 exhibited significant heterogeneity, allowing division into
high-pollution, medium-pollution, and low-pollution zones. High-pollution
zones were primarily located in Pingluo County, Qingtongxia City, and
Zhongning County. The improved ECM more accurately reflects actual
conditions compared to its predecessor and can support the estimation of
agricultural return flow pollution loads in irrigation districts and the
management of non-point source pollution in river basins.

pollutant load, TN, ECM model, agricultural drainage water, Ningxia irrigation district

1 Introduction

The discharge from irrigation districts carries pollutants such as nitrogen and
phosphorus, which are not absorbed by crops, into water bodies, posing a threat to the
water quality of receiving water bodies. As one of the sources of non-point source pollution
(NPSP) in aquatic environments, it is influenced by multiple factors including land use
patterns, fertilization intensity, irrigation water volume, climate change, and soil properties
(Luetal, 2024; Meng-bing et al., 2025). This type of pollution is characterized by difficulties
in monitoring and irregular discharge patterns. In recent years, scholars have integrated
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NPSP loads into water environment system management research,
providing theoretical references for assessing pollution loads from
agricultural drainage water.

1.1 Principles and applications of the ECM

The estimation of water load in farmland drainage water
generally requires the use of physical process models and export
coefficient models (ECM). The refinement and localization of
physical process models have emerged as key research directions.
For instance, the Soil and Water Assessment Tool (SWAT) model
is widely applied in simulating return flow pollution in irrigation
districts, yet it faces limitations in characterizing unique
hydrological processes under constrained information
(Zhang et al, 2024; Yuanzhe et al, 2023).
complex NPSP mechanisms,

conditions

However, factors such as
intensive computational demands, and numerous parameters
hinder the practical application of distributed physical process
models. Consequently, scholars have proposed simplified
load (e.g.

concentration method, hydrological estimation method, and

methods for pollution estimation average
unit load method), which are now extensively adopted in
NPSP studies (Chaofan et al., 2020; Li et al., 2018; Geng et al,,
2013). The ECM, also termed the “unit area load method,”
originated in North America (e.g., USA and Canada) during
the late 1960s to early 1970s through studies on the “land use-
nutrient load-eutrophication” relationship (Girolamo et al,
2019; Stephan and Endreny, 2016). Early ECMs primarily
classified pollution sources by land use type but overlooked
driving forces behind NPSP loads.

The ECM estimates regional nitrogen (TN) and phosphorus
(TP) loss by correlating the intensity of pollution sources (such
as fertilizer application and livestock and poultry breeding) with
output loads and then analyzes the spatiotemporal distribution
characteristics of pollution loads and source apportionment.
Meng Xiaojun et al. employed the ECM to estimate the TN
and TP pollution loads from agricultural non-point sources
across 11 prefectures and districts in Shanxi Province for the
period 2010-2019. The study aimed to clarify the spatiotemporal
distribution characteristics, identify key pollution sources,
determine polluted areas, and classify pollution types within
these regions (Meng et al., 2024). Gou Ting et al. (2020) applied
an improved version of the ECM to analyze the characteristics of
nitrogen and phosphorus emissions from agricultural non-point
sources in the Dongjiang River source region. Their findings
revealed that the annual average TN and TP pollution loads in
the Dongjiang River source area were 4,884.23 t/aand 591.85 t/a,
respectively. The study further indicated variations in nitrogen
and phosphorus load intensities, with distinct spatial patterns
observed. Additionally, the contribution rates of different
pollution sources to nitrogen and phosphorus emissions
differed Specifically, TN
primarily attributed to land use, followed by rural domestic

significantly. emissions  were
activities and livestock and poultry breeding. In contrast, TP
emissions were predominantly driven by livestock and poultry
breeding, followed by land use and rural domestic activities (Gou

et al.,, 2023).
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1.2 ECM model improvement and
optimization strategies

To enhance the simulation accuracy of complex terrain areas,
some scholars have introduced correction factors such as rainfall
influence and terrain slope to improve the model. He Yun et al.
introduced rainfall and terrain factors (a,) to study the classical
ECM. Compared with the actual observed values, the average
relative deviations of the estimated values of TN and TP loads of
the improved ECM were 9.80% and 2.09%, respectively. Compared
with the model before improvement, it can more accurately estimate
the agricultural non-point source pollution in the Beipanjiang River
Basin (Qinglong section) in the southwest karst mountainous area,
providing a reference for NPSP load estimation in the karst
mountainous area (He et al., 2022). Hu Zheng et al. incorporated
rainfall and topography for enhancing the ECM, estimating
agricultural TN and TP (total phosphorus) loads in the Quxian
watershed. Results showed annual outputs of 503.84 t TN and
53.85 t TP, with relative errors of 10.87% (TN) and 13.86% (TP),
validating the model’s reliability (Hu et al., 2019). Yang Shujing et al.
improved the ECM by introducing irrigation impact factor and
estimated the agricultural non-point source pollutant loads in the
Ningxia irrigation area by the improved model. Compared with the
traditional models, the relative error of the TN load estimate results
from the improved model decreased by 5%, and that of the TP load
estimate results decreased by 13%. The calculation results obtained
from the improved model were closer to those of the actual pollution
situation of the irrigation area than the traditional ECMs (Yang
et al., 2009).

1.3 Integration of ECMs with new
technologies

In recent years, with the development of new technologies, by
coupling 3S, other models, intelligent monitoring, and other
technologies, the progress of data sources for ECMs has been
improved, the accuracy of multi-source data analysis of ECMs
has been enhanced, and the spatial distribution of pollution loads
has been visually analyzed to identify priority control areas. To
clarify the current situation of agricultural non-point source
pollution and identify the main sources and regions in Hebei
Province, Li Tongtong et al. evaluated its load from 2000 to
2021 using the ECM and conducted spatiotemporal characteristic
analysis using GIS. The results show that the environmental impact
of agricultural non-point source pollution in the southwestern
region of Hebei Province is significantly more serious than that
in the northeastern region. The emissions of agricultural non-point
source pollution showed significant downward inflection points in
2007 and 2017, respectively, reaching the lowest value in 2021 (Li
et al,, 2024). Chen Haiyang et al. selected the Jinjiang area as an
example and proposed the comprehensive application of the runoff
process SLURP model based on semi-distributed land use, the ECM,
and the modified General Soil Loss Equation (RUSLE) for the load
estimation and source allocation of nitrogen and phosphorus
(Haiyang et al, 2013). Accurate pollution export coefficients are
crucial for reducing uncertainties in load estimation. By integrating
artificial simulated rainfall experiments with field survey data, R. Liu
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Location map of the study area.

et al. have developed a new method that estimates regional pollution
export coefficients. Results showed that the export coefficients
calculated accurately express the regional rainfall-runoff
characteristics as the simulation precision of this method had
increased by 30% compared to the results with traditional ECM
and export coefficients, surveyed from the literature (Liu et al,
2017). The Diffuse Pollution Estimation with Remote Sensing
(DPeRS) model, a distributed NPSP model proposed by Chinese
researchers, seeks to predict agricultural NPSP and includes
modules estimating nitrogen and phosphorus balance, vegetation
coverage, dissolved pollution, and absorbed pollution (Chen
et al., 2025).

In summary, the improved ECM incorporates more rational
factors, requiring fewer parameters, offering simpler operation,
and delivering higher precision. It is particularly suitable for
estimating non-point source pollution loads in large and
medium-sized river basins with insufficient hydrological and
water quality monitoring data and research foundations are
relatively weak (HuaLin et al., 2023; Xiaoyuan et al., 2023). In
the Ningxia irrigation district, the lack of long-term effective
monitoring of agricultural drainage water, coupled with
significant variations in rainfall and irrigation conditions,
necessitates scientific assessment of pollution loads under data
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constraints to better support regional water environment
management. This study considers the influencing factors of
rainfall and irrigation, enhancing the ECM through irrigation
and rainfall factors based on mass input conservation. It
estimates the TN pollution load in agricultural drainage water
within the Ningxia irrigation district and subsequently analyzes
the spatiotemporal characteristics of TN pollution export from
farmland drainage in the irrigated area.

2 Materials and methods
2.1 Overview of the area to be researched

The Ningxia irrigation area is one of the four ancient irrigation
areas in China. It is located along the Yellow River in northern
Ningxia. It has an irrigation history of more than 2,000 years. The
irrigation area is distributed in a “J”-shaped belt on both sides of the
Yellow River. The land in the irrigation area accounts for 41% of the
whole land area of Ningxia, but it provides approximately 70% of the
food for whole Ningxia. Divided by Qingtongxia Water
Conservancy Project, the Ningxia irrigation area includes the
Weining irrigation area upstream and Qingtongxia irrigation area
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TABLE 1 Basic situation of agricultural irrigation water in Ningxia.

10.3389/fenvs.2025.1626677

Year  Water withdrawal Agricultural Irrigation Irrigation water Water discharge volume
per unit area irrigation area efficiency volume into the Yellow River
(m3/ha) (10* ha) coefficient (100 million m?3) (100 million m?)
2010 765 868.00 0.493 66.402 33.189
2011 788 850.00 0.485 66.980 34.008
2012 778 802.45 0.460 62.431 33.456
2013 795 818.11 0.482 65.040 33.367
2014 709 859.83 0.475 60.962 31.449
2015 705 873.19 0501 61.560 31.048
2016 636 879.70 0511 55.949 28516
2017 625 901.70 0524 56.356 29.072
2018 627 897.20 0535 56.254 27.059
2019 648 912.31 0543 59.118 25.979
2020 591 983.60 0551 58.131 24.790
2021 532 1046.4 0561 55.668 22712
2022 524 1057.44 0.570 55.410 20318
2023 515 1075.00 0.579 55.363 17.193

downstream (Liu et al., 2025). The location of the study area is
shown in Figure 1. The agricultural sector in Ningxia’s irrigation
area features diversified crop cultivation, with staple grains
including rice, wheat, and corn. Specialty agriculture has
experienced rapid development, particularly in the expanding
cultivation of goji berries and grapes. Farmland fertilizer input
across various cities and counties in the irrigation area remains
consistently high, resulting in substantial nitrogen and phosphorus
surpluses that inevitably contribute to nutrient runoff into water
bodies. The practice of flood irrigation in rice paddies generates
agricultural drainage water, which constitutes one of the primary
factors affecting water quality in the middle and upper reaches of the
Yellow River (Pei et al., 2024).

Based on the needs of crop growth and the law of agricultural
activities, the period for agricultural irrigation in Ningxia is
divided into spring-summer irrigation period and winter
irrigation period. The spring-summer irrigation starts from
late April and ends in mid- or late September, and the winter
irrigation starts from late October and ends in mid-November.
The annual irrigation period is approximately 180 days. The
drainage system in Ningxia irrigation area is well developed, and
there are 32 main drainage ditches mainly used for agricultural
irrigation. The agricultural irrigation situation in Ningxia, based
on the 2010-2023 Ningxia Water Resources Bulletin, is shown
in Table 1.

2.2 Selection and improvement of the ECM

According to the conservation of matter, the input and export
balance of elements in nature is considered in the definition of the
export coefficient. The input pathways of TN include application of

Frontiers in Environmental Science 04

nitrogen fertilizer, dry/wet deposition, and plant nitrogen fixation;
the export pathways of TN mainly include crop absorption,
ammonia nitrogen volatilization, infiltration, and surface rainfall
runoff loss. The export-input equilibrium equation of TN is
established as follows:

Il+12+13 = OI+OZ+O3 + O4 (1)

where I;: annual input of pure nitrogen (converted from
1

nitrogen fertilizer) per unit area of the planting land, kg/ha-a™;
I,: annual dry/wet nitrogen deposition per unit area of the planting
land, kg/ha-a™'; I5: annual plant nitrogen fixation per unit area, kg/
ha-a™; O;: annual nitrogen absorption of crops per unit area, kg/
ha-a™'; O,: amount of volatile nitrogen per unit area of the planting
land, kg/ha-a™'; Os: amount of nitrogen infiltrated into groundwater
per unit area per year, kg/ha-a™'; O,: annual total nitrogen runoff loss
per unit area, kg/ha-a™.

Based on the export-input equilibrium equation, the expression
of the TN export coefficient (En4) of agricultural drainage water in
the irrigation area can be obtained:

Ena =04 =11+,+I; -0, -0, - O3 (2)

To facilitate the follow-up study and calculation of agricultural
drainage water, the difference between deposition term I, and
volatile term O, 1is recorded as E,, representing the net
the
equation, the expression of the total nitrogen export coefficient of
farmland planting can be obtained:

settlement value. Based on export-input equilibrium

Ena =04 =1+I3+E;, - O, - O3 (3)

Considering the impact of driving forces on non-point source

pollution loads, researchers often improve models by
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Technical roadmap.

incorporating factors such as irrigation correction factors,
precipitation correction factors, and topographic influence
factors, thereby making simulation estimates more accurate
(Lu et al, 2012). The amount of water withdrawal from
farmland directly affects the strength of pollutant sources in
farmland irrigation areas. Zhao Xinyu analyzed the irrigation
amount and water withdrawal in the Qingtongxia irrigation area,
Ningxia, and found that the water withdrawal increased with the
increase in the irrigation amount with a strong correlation
between them (correlation coefficient: 0.73) (Xinyu et al,
2007). With high levels of irrigation, the surface water on
paddy fields will overflow over the ridges or infiltrate laterally,
increasing the amount of water withdrawn. Additionally, the
amount of pesticides, fertilizers, and other pollutants carried by
water withdrawal will also increase. Once the water withdrawn is
discharged into rivers, it will affect the water quality of the
receiving river bodies. Therefore, irrigation intensity affects
the specific TN and TP loads in the water bodies receiving the
agricultural drainage water. Both amount and intensity of
precipitation directly affect the export of non-point source
pollution, and there is a good correlation between non-point
source pollution and runoff in the watershed (Li et al., 2025). It is
seen that adding the precipitation factor to the ECM can help it
more accurately estimate the nitrogen and phosphorus pollutant
loads. Considering that the Ningxia irrigation area is located in
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the plain area and the agricultural drainage water mainly comes
from paddy fields, irrigation impact factor and precipitation
impact factor are used as model improvement inputs in this
research. The improved ECM is shown in Equation 4. The
technical route is shown in Figure 2.

L= a,BZANAi - Enai (4)

i=1

where L represents the output load of the pollutant, kg; a
factor; B
impact factor; Ana; represents

represents the
precipitation the farmland
planting area in the ith area, ha; and Ena; represents the TN

represents the irrigation impact

export coefficient of farmland planting in the ith area, kg/ha-a™".

2.3 Fundamental data acquisition

In this research, the data of precipitation, sown area, and yield of
rice, use of nitrogen and phosphate fertilizers in the farmland in
Ningxia irrigation area were obtained by referring to Ningxia
Statistical Yearbook and Water Resources Bulletin and by field
investigation. In addition, the basic data of agricultural
production and hydrological data in Ningxia irrigation area were
collected. The correlation coefficients were mainly sourced from the

references.
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TABLE 2 Annual pure nitrogen input per unit area of the cultivated land in the Ningxia irrigation district (unit: kg/ha-a™).

County/City 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Yinchuan Yinchuan City = 364.14 380.71 382.17 440.50 460.09 426.58 442.48 485.59 346.15 368.39 398.35 280.08 270.06
city
Yongning 263.71 262.46 25495 = 27437 25515 252.38 | 237.37 | 268.05 | 225.01 222.53 197.50 192.97 | 203.74
County
Helan County =~ 301.39 = 29729 = 29354 = 32464  275.55 248.72 | 232,53 | 258.00 | 250.14 = 253.72 231.87 213.36 | 210.22
Lingwu City 259.99 | 25422 26947 | 31567 = 323.28 336.83 | 34290 | 293.17 | 23943 243.51 228.08 23731 | 243.38
Shizuishan Shizuishan 41574 | 409.86 = 351.34 | 33942 = 31890 = 33579 | 307.82 = 349.87 | 30424 | 29582 278.86 267.17 | 238.72
city City
Pingluo 313.77 | 313.83 | 38396 | 398.37 40649 | 35548 | 41492 | 42242 | 39525 @ 415.04 406.07 396.08 | 356.25
County
Wuzhong Litong District | 345.15 | 34536 = 336.62 = 32222 302.31 290.08 | 216.69 | 24293 | 264.40 269.76 262.36 268.64 | 253.47
city
Qingtongxia 370.97 | 389.47 = 40831 | 406.84 = 35757 = 327.66 | 314.82 = 360.52 | 342.89 341.44 330.63 309.49 | 286.32
City
Zhongwei Shapotou 169.51 156.02 = 132.46 136.99 138.86 137.77 130.85 136.45 126.38 142.21 142.12 136.85 | 159.03
city District
Zhongning 311.34 | 31050 = 280.07 | 295.63 292,57 | 29041 306.19 | 399.71 37427 | 349.57 332.35 358.74 | 334.81
County
Average 311,57 | 31197 30929 | 32547  313.08 300.17 | 29466 | 321.67 & 286.82 290.20 280.82 266.07 | 255.60

3 Results and discussion

3.1 Estimate of agricultural drainage water
pollutant load in the irrigation area

3.1.1 Annual input of pure nitrogen (nitrogen
fertilizer converted to pure nitrogen) per unit area
of the planting land (/)

According to the data of agricultural fertilizer application amount
and crop sown area recorded in Ningxia Statistical Yearbook, the annual
input of pure nitrogen per unit area of the planting land in the Ningxia
irrigation area is calculated and weighted. At present, the relevant
information does not include the relevant situation and detailed data on
organic fertilizer application. In addition, according to the field
investigation, chemical fertilizer is mainly applied during the
planting season of major crops such as rice, wheat, and corn in the
Ningxia irrigation area. Therefore, the contribution of nitrogen in
organic fertilizers is not considered in this calculation. In addition,
arious nitrogen fertilizers are applied. According to the literature review,
the average purity conversion ratio of nitrogen content in fertilizers is
taken as 20% (Jia, 2024). Based on calculations, the annual pure
nitrogen input per unit area of cultivated land in the Ningxia
irrigation district decreased from 311.57 kg/ha/yr in 2010 to
255.60 kg/ha/yr in 2022, showing an overall downward trend, as
detailed in Table 2.

3.1.2 Wet/dry N deposition (/5) and N volatile
amount (O,) of the planting land per unit area
Dry/wet N deposition and N volatile per unit area of the planting
land need to be measured dynamically for many years. Due to the lack
of relevant monitoring data in the Ningxia irrigation area, they are
obtained by consulting relevant literature. Liang Ting et al. monitored
the input of dry/wet deposition at the five monitoring points in the four
ecological regions of Shaanxi Province to explore the temporal-spatial
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variation of atmospheric nitrogen dry/wet deposition. The results
showed that the TN dry/wet deposition in Yulin, Luochuan, Xi ‘an,
Yangling, and Ankang regions was 4.7 kg/ha-a™', 11.9 kg/ha-a™', 25.8 kg/
ha-a™', 31.9 kg/ha-a™', and 19.2 kg/ha-a™" respectively, with an average
value of 18.7 kg/ha-a™' during the monitoring period (Liang et al., 2014).
From June 2016 to May 2018, Liang Yayu conducted a 2-year test on
nitrogen dry/wet deposition in Dongyang and Yangqu, suburbs of
Taiyuan City, Shanxi Province by using rain gauge, automatic
precipitation and dust sampler, and Delta system. The monitoring
results showed that the annual total deposition in Dongyang and Hecun
was 12.9 kg/ha-a™' and 15.8 kg/ha-a™' respectively (Liang et al., 2019).
Considering the similarity between the Ningxia irrigation area and the
above areas, the N load of dry/wet deposition into the farmland in the
Ningxia irrigation area is selected to be 15.8 kg/ha-a™".

According to statistics, approximately 54 x 10° tons of ammonia
nitrogen enter the Earth’s atmosphere annually through various
pathways. The majority (approximately 93%) returns to terrestrial
surfaces via dry and wet deposition—thus calculated as roughly
50 x 10° tons. Additionally, lightning contributes approximately
435 x 10° tons of ammonia nitrogen to the Earth each year
(Schlesinger and Bernhardt, 2013). Based on the total nitrogen
balance process in farmland, the net annual deposition flux E, is
estimated at 0.10 kg/ha-a™".

3.1.3 Annual nitrogen fixation per unit area of
planting land (/5)

Biological nitrogen fixation refers to the process in which
nitrogen-fixing microorganisms reduce nitrogen in the
atmosphere to ammonia in the soil through fixation by roots.
Biological nitrogen fixation plays a very important role in
agricultural production. Plants absorb and utilize nitrogen from
the atmosphere through nitrogen fixation, among which biological
nitrogen fixation plays a major role. Therefore, biological nitrogen

fixation accounts for a certain proportion of the total annual TN

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1626677

Yang et al.

TABLE 3 Nitrogen absorption of the planting land in irrigation districts (O;).

10.3389/fenvs.2025.1626677

Year Unit yield of Basic soil Yield increase because of Grain nitrogen stem/grain (o}
grain (r fertility data/kg/ fertilization/kg/ha-a™ content ratio  nitrogen content  /kg/
ha.a™ ratio ha-a™
2010 8,416 4,167 4,249 0.0369 05329 240.34
2011 8,429 4,167 4,262 0.0369 05329 241.08
2012 8,457 4,167 4,290 0.0369 05329 242.66
2013 8,387 4,167 4,220 0.0369 05329 238.70
2014 7,923 4,167 3,756 0.0369 05329 212.45
2015 8,172 4,167 4,005 0.0369 05329 226.54
2016 8,394 4,167 4,227 0.0369 05329 239.10
2017 8,491 4,167 4,324 0.0369 05329 244.58
2018 8,531 4,167 4,364 0.0369 05329 246.85
2019 8,095 4,167 3,928 0.0369 05329 222.18
2020 8,122 4,167 3,955 0.0369 05329 223.71
2021 8,064 4,167 3,897 0.0369 05329 220.43
2022 8,053 4,167 3,886 0.0369 05329 219.81

input of planting land. Nitrogen fixation varies greatly with different
crop species. Wang Xin conducted systematic sampling on paddy
soil and estimated the rate of biological nitrogen fixation in the
paddy soil in Yixing City by using the acetylene reduction method.
The research found that the biological nitrogen fixation per unit area
of paddy surface soil in Yixing City was 0.75 kg/ha-a'-46.85 kg/
ha-a™', with an average of 8.04 kg/ha-a™' (Wang et al, 2020).
According to the research by Smil (1999), the nitrogen fixation
factors differ with different crops; for instance, that of rice is
20-50 kg/ha-a™' and that of wheat, corn, etc., is 5-20 kg/ha-a™’
(SMIL, 1999). In this research, the biological nitrogen fixation in the
cultivated land in the irrigation area is 10 kg/ha-a™".

3.1.4 Crop nitrogen uptake per unit area per
year (Oy)

The nitrogen uptake by rice plants is mainly from the nitrogen
contained in chemical fertilizers, and the application of fertilizers in
rice paddy fields contributes to increased yield. Nitrogen absorption
per unit area of planting land (O;) can be calculated based on the
yield increase. The annual total nitrogen absorption is equal to the
product of the increase in fertilizer yield and the sum of the nitrogen
content ratios of grains and stems, where the increase in fertilizer
yield is equal to the actual grain yield minus the base soil
fertility yield.

Yield contributed by basic soil fertility refers to the grain yield
per hectare harvested by traditional farming practices without the
use of chemical fertilizers. Referring to the research by Li et al.
(2022), the yield contributed by basic soil fertility of grain crops
(represented by rice, wheat, and maize) in the Ningxia irrigation area
is 4,167 kg/ha-a™'; the grain nitrogen content ratio refers to the ratio
of nitrogen content of harvested grains to the total weight of grains,
which is 0.0369; the stem/grain nitrogen content ratio refers to the
ratio of stem and leaf nitrogen content to grain nitrogen content of
mature crops, which is taken as 0.5329 in this paper. From 2010 to
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2022, the annual nitrogen uptake per unit area of crops in Ningxia
irrigation districts decreased from 240.24 kg/ha-a'-219.81 kg/
ha-a™!, as detailed in Table 3.

3.1.5 Amount of N infiltrated into groundwater per
unit area per year (Oz)

The nitrogen contents in water infiltration are different at
different nitrogen application rates: when the nitrogen
application rates are 120 kg/ha, 240 kg/ha, and 360 kg/ha,
respectively, the nitrogen contents in water infiltration are
approximately 13.87%, 16.32%, and 19.28%, respectively (Stephan
and Endreny, 2016). The annual nitrogen input (nitrogen
application rate) in this research is close to 360 kg/ha. Therefore,
the nitrogen content in water infiltration is selected to be 19.28%.

3.1.6 Annual TN loss via runoff per unit area (Oy)

As the precipitation is small and the concentration of
phosphorus and nitrogen in rainwater is low in the irrigation
area, they basically have no impact on the TN and TP pollutant
loads in agricultural drainage water. Therefore, the nitrogen
pollutant load of rainfall input is not considered in this research.
By balancing Equation (1), the annual total nitrogen loss per unit
area from runoff in the Ningxia irrigation area was determined to be
26.85 kg/ha-a™', as detailed in Table 4.

3.2 Estimation of correction factors for
return flow pollution load in irrigation
district farmland

3.2.1 Irrigation impact factor

By analyzing the correlation between irrigation amount and
agricultural non-point source pollutant load in the irrigation area,
the relationship function between them is established, which will be
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TABLE 4 Calculation results of the TN export coefficient of farmland planting (unit:kg/ha-a™).

Annual Annual deposition  Nitrogen fixation Crop Infiltration Export

nitrogen Annual deposition by farmland absorption (O;) loss (O3) coefficient (Oy)

input (/4) net value (E>)
2010 311.57 0.1 10 240.34 50.85 30.48
2011 311.97 0.1 10 241.08 50.91 30.08
2012 309.29 0.1 10 242.66 50.48 2625
2013 325.47 0.1 10 238.7 53.12 43.75
2014 313.08 0.1 10 212.45 51.09 59.64
2015 300.17 0.1 10 226.54 48.99 34.74
2016 294.66 0.1 10 239.1 48.09 17.57
2017 321.67 0.1 10 244,58 52.50 34.69
2018 286.82 0.1 10 246.85 46.81 3.26
2019 290.2 0.1 10 222.18 47.36 30.76
2020 280.82 0.1 10 223.71 45.83 21.38
2021 266.07 0.1 10 220.43 4342 12.32
2022 255.6 0.1 10 219.81 4171 4.18

Average 297.49 0.10 10 232.19 4855 26.85

used to calculate the irrigation impact factor. The annual pollutant
load and the annual non-point source irrigation amount are
expressed in the functional expression, as shown below:

M; = f(R) (5)

where M; presents the pollutant load exported by the irrigation
area in the ith year, kg/a; and R; presents the irrigation amount of the
irrigation area in the ith year, m’.

The model is mainly used to predict the multi-year average load
of non-point source pollution in the watershed. Therefore, the
multi-year average pollutant load in the irrigation area can be
calculated by using the following equation:

M= f(R) 6)

where M presents the average pollutant load in the irrigation
area, kg/a; and R presents the average irrigation amount in the
irrigation area, m’.

Based on the pollutant load exported by the irrigation area and
the average pollutant load, the irrigation impact factor («) can
be obtained:

o= M,/M (7)
Based on the equation including the agricultural irrigation
amount and non-point source TN load in Ningxia obtained in

the research by Yang Shujing et al., the TN load is calculated (He
et al.,, 2022):

y = 13017¢>07* (8)

where y is the TN load, t; and x is the irrigation amount, 10° m’.
Substituting the irrigation amounts from 2010 to 2023, the
annual non-point source TN load in the irrigation area can be
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calculated; by substituting the annual average irrigation amount of
6.0404 billion m? the multi-year average of non-point source TN
load in the irrigation area can be obtained. In this way, the irrigation
impact factors in the Ningxia irrigation area from 2010 to 2023 can
be calculated, with the results shown in Table 5.

3.2.2 Precipitation impact factor

The impact of the spatial distribution of precipitation on non-
point source pollution mainly refers to the difference in non-point
source pollution caused by different precipitation in different
regions in a certain year. The precipitation impact factor (B) is
expressed as follows:

>U||23

p= ©)

where, 8 presents the precipitation impact factor; R; presents the
precipitation amount of the watershed in the jth year, mm; and R
presents the average precipitation amount in the whole
watershed, mm.

The monthly precipitation amounts in the Ningxia irrigation
area (provided by Yongning County Meteorological Station) in a
whole year are shown in Table 6.

It is shown in Table 3 that the precipitation amounts in June, July,
and August in Ningxia irrigation area are larger than those in other
months of the same year. The field-steeping period and the effective
tillering period in the irrigation area are May and June, and the jointing
and booting period are July and August, respectively. It is seen that the
precipitation amount accounts for more than 70% of the whole year
during the growth of rice. Therefore, precipitation will have a certain
impact on agricultural drainage water and pollutant load. The average
precipitation amount in the Ningxia irrigation area from 2010 to 2022 is

19545 mm. Based on the precipitation amounts from 2010 to
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TABLE 5 Irrigation impact factors in the Ningxia irrigation area from 2010 to 2023.

Irrigation amount/108 m?

Non-point source TN load/t

10.3389/fenvs.2025.1626677

TN irrigation impact factor

2010 66.402 21136.28 1.045
2011 66.980 21225.65 1.049
2012 62.431 20532.31 1.015
2013 65.040 20927.13 1.034
2014 60.962 20313.35 1.004
2015 61.560 20402.21 1.008
2016 55.949 19583.42 0.968
2017 56.356 19641.74 0.971
2018 56.254 19627.15 0.970
2019 59.118 20041.70 0.991
2020 58.131 19897.83 0.984
2021 55.668 19543.37 0.966
2022 55.410 19506.50 0.964
2023 55.362 19499.50 0.964

TABLE 6 Monthly precipitation amounts in the Ningxia irrigation area in a whole year.

Jan. Whole year

2010 0 117 1.9 9.9 35.7 37 17 34 429 9.4 0 0 168.9
2011 18 02 0 43 29 1 16 56.2 40.7 134 26.1 0 188.7
2012 2.7 0 1.2 28.2 124 429 137.1 21 44 48 05 03 295.1
2013 07 0 0 55 445 263 30.5 16.9 213 26 0 0 1483
2014 0 47 0 30.8 0.8 467 211 57 13.1 16.6 53 0 196.1
2015 03 0.1 0 287 8.6 52 7.8 16.1 76.1 17.6 25.4 9.6 1955
2016 0.1 8.9 222 16.2 26.5 8.8 71.6 52.8 63 285 0 0 241.9
2017 0 93 18.1 42 62 36 41 39.8 14.1 36.3 0 03 205.3
2018 4 0 25 29.1 20.5 29 73.7 79.1 34.1 6.8 17 1.9 256.3
2019 11 0 0 9.1 114 100.6 53 43 28.8 145 19 02 1772
2020 12 0 0 0.6 8.6 421 17.6 713 27.7 0.9 7 1 178

2021 0 33 255 136 154 12.1 0.9 123 50.1 62 145 0 153.1
2022 02 56 13 32 55 219 37.7 38.1 6.6 119 44 0 136.4

2022 provided in the table, the precipitation impact factor can be
calculated. See Table 7 below for details.

3.3 Discussion

3.3.1 Estimation of TN total pollution load in
agricultural drainage water

Previous scholars, when improving the ECM, often incorporated
rainfall and topographic factors to account for land use diversity and
terrain complexity. However, this study considers that the Ningxia

Frontiers in Environmental Science

irrigation district is a plain area with a flat terrain, and that the
primary crop generating farmland drainage water is rice. Given the
significant impact of irrigation volume on pollutant export in
farmland drainage, this study employed irrigation and rainfall
factors as correction factors for the ECM. This approach better
reflects the actual conditions of pollution export from farmland
drainage in the Ningxia irrigation district. Using the improved ECM
and rice cultivation area data, the estimated multi-year average TN
pollution load in the Ningxia irrigation district was 2064.95 t (see
Table 8 for details). The corrected multi-year average TN pollution
load increased by 133.76 t compared to the uncorrected value,
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TABLE 7 Precipitation impact factors in the Ningxia irrigation area from 2010 to 2022.

Year Precipitation amount/mm Precipitation impact factor
2010 168.9 0.86
2011 188.7 0.97
2012 295.1 1.51
2013 1483 0.76
2014 196.1 1.00
2015 1955 1.00
2016 2419 1.24
2017 205.3 1.05
2018 256.3 131
2019 177.2 091
2020 178 091
2021 153.1 0.78
2022 136.4 0.70

TABLE 8 Total pollutant load of TN in the Ningxia irrigation area.

Year Export coefficient/kg/ Rice planting Irrigation impact Precipitation impact Corrected TN
ha- a™ area/ha factor factor pollutant
total load/t

2010 3048 83158.51 1.045 0.86 2,277.91
2011 30.08 83942.70 1.049 0.97 2,569.26
2012 26.25 84339.48 1.015 1.51 3,393.15
2013 4375 82144.87 1.034 0.76 2,824.18
2014 59.64 78044.43 1.004 1.00 4,673.19
2015 34.74 74343.49 1.008 1.00 2,603.35
2016 17.57 80865.14 0.968 1.24 1705.42
2017 34.69 81083.38 0971 1.05 2,867.77
2018 326 78009.61 097 1.31 323.15
2019 30.76 68056.58 0.991 0.91 1887.87
2020 21.38 60814.95 0.984 0.91 1164.27
2021 12.32 50839.16 0.966 0.78 471.93
2022 4.18 29374.52 0.964 0.70 82.86

Average 26.85 71924.37 — — 2064.95

representing an increase of 6.48%. This result is relatively close to the
5% reduction in relative error for TN load estimation using an
improved model reported by Shu-jing et al. (2009). Both the
irrigation and precipitation correction factors are driving factors
influencing pollution loads in farmland drainage within
irrigation districts. Although irrigation water volume and
precipitation may decrease, the concentration of pollutants in
farmland drainage may increase. Consequently, the pollution
load does not decrease proportionally with reduced water
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volumes but instead shows a slight increase. This further
that the
approximates real-world conditions.

demonstrates improved ECM more accurately

3.3.2 Temporal variation characteristics of TN
pollution load in agricultural drainage water from
irrigation districts

From 2010 to 2022, the TN output load from the irrigation
district in Ningxia experienced significant fluctuations. It initially
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Total TN export load in the Ningxia irrigation area from 2010 to 2022.
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FIGURE 4
Fertilizer application intensity scatter plot.

increased from 2,277.91t/a in 2010, reaching a peak of 4,673.19 t/a in
2014, followed by a substantial decline to a minimum of 82.86 t/a in
2022. Overall, the trend was characterized by fluctuation with a
general downward trajectory. For detailed information, please refer
to Figure 3.

The TN pollution load in farmland drainage within the
irrigation district is influenced by several factors, including

nitrogen fertilizer application intensity, planting area,
irrigation water volume, and rainfall. The calculated
correlation coefficients are 0.81, 0.67, 0.57, and 0.25,

respectively. These results indicate that nitrogen fertilizer
application intensity and planting area are the primary
contributing factors to TN pollution load in farmland
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drainage. Detailed trend analyses are presented in Figures
4-7. In recent years, with the total control of water
resources in the Yellow River and the contradiction between
water supply and demand in Ningxia, the planting structure
has undergone significant changes. The area of rice planting
has been on a downward trend since 2017, especially in 2022,
when the area of rice planting was relatively large, a 64%
decrease compared to that in 2010. The irrigation district in
Ningxia is a semi-arid area with low rainfall. The average
rainfall from 2010 to 2022 was less than 200 mm, and the
irrigated water volume is relatively small. The impact on the
total nitrogen output load of the irrigation district in Ningxia is
relatively minimal.
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3.3.3 The spatial variation characteristics of TN
pollution load in agricultural drainage water within
irrigation districts

The TN total pollution load in different districts and counties of the
Ningxia irrigation area varies considerably, influenced by factors such as
rice cultivation area, fertilizer application intensity, irrigation volume,
and precipitation in the region. The distribution of the TN pollution
load in 2010, 2015, and 2020 is shown in Figure 8.

Based on the distribution of total pollution load, the irrigation
areas of Ningxia can be categorized into zones of high, moderate,
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and low agricultural return flow pollution load. Efforts should be
intensified to prevent non-point source pollution in high-load zones
through a “source-migration-sink” approach, thereby reducing the
impact of agricultural return flow on water pollution in the Yellow
River Basin.

3.3.3.1 High-pollution load zones (total load >150 t/a)

In 2010, high-pollution load zones were distributed across
7 regions: Xingqing District, Yongning County, Helan County,
Lingwu City, Pingluo County, Qingtongxia City, and Shapotou

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1626677

Yang et al.

10.3389/fenvs.2025.1626677

350

300

250

200

150

Rainfall /mm

100

50

0 1 1 1 1

y =0.0085x + 177.83
R?=0.0613

500 1000 1500 2000

2500 3000 3500 4000 4500 5000

TN pollution load /t/a

FIGURE 7
Rainfall scatter plot.

2010 2015

2020

Legend Legend
Total nitrogen loads (Tons) Total nitrogen loads (Tons) Total nitrogen loads (Tons)
I 161.42- 408.48 I 160.32- 486.75 I 19158 - 32169
[ 13065 - 15000 I 6765 - 150.00 I 54.10 - 150,00
| S | S
o " 1.07-5000 o " 3615000 515000
FIGURE 8

Distribution of the TN total pollution load in the Ningxia irrigation area.

District; in 2015, distributed across 8 regions: Xingqing
District, Yongning County, Helan County, Lingwu City,
Pingluo County, Litong District, Qingtongxia City, and
Shapotou District; and in 2020, distributed across 2 regions:
Helan County and Pingluo County. Overall, the number of
high-load zones showed an initial increase followed by
a decrease.

3.3.3.2 Moderate-pollution load zones (total load: 50 t/
a—150 t/a)

In 2010, moderate-pollution load zones were distributed across
3 regions: Xixia District, Litong District, and Zhongning County; in
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2015, distributed across 2 regions: Xixia District and Zhongning
County; and in 2020, distributed across 6 regions: Xingqing District,
Yongning County, Lingwu City, Litong District, Qingtongxia City,
and Shapotou District.

3.3.3.3 Low-pollution load zones (total load <50 t/a)

In 2010, low-pollution load zones were distributed across
3 regions: Jinfeng District, Dawukou District, and Huinong
District; in 2015, distributed across 3 regions: Jinfeng District,
Dawukou District, and Huinong District; and in 2020, distributed
across 5 regions: Xixia District, Jinfeng District, Dawukou District,
Huinong District, and Zhongning County.
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4 Conclusions and prospects
4.1 Conclusion

Based on the estimation of TN pollution load from agricultural
drainage water in the Ningxia irrigation area and the study of its
spatiotemporal variation characteristics, the following main
conclusions were drawn.

1) Using the improved ECM, the multi-year average values of the
TN export coefficient and total export load from farmland
drainage in the Ningxia irrigation area during 2010-2022 were
estimated as 26.85 kg/ha-a™" and 2064.95 t/a, respectively. The
improved total export load increased by 6.48% compared to
the original ECM.

2) The TN total pollution load from agricultural drainage water

in the Ningxia irrigation area showed an overall downward

trend from 2010 to 2022, with the lowest load recorded in 2022

(82.86 t/a). The primary reason for this change was the

dramatic decline in rice cultivation area caused by
significant shifts in crop structure.

3) Spatial distribution characteristics of the TN total pollution

load were similar across the three periods (2010, 2015, and

2022), exhibiting distinct spatial heterogeneity. The load was

unevenly distributed overall, with localized concentration.

Areas with high pollution loads showed a trend of initially

increasing and then decreasing. Key areas requiring

management were mainly distributed in Pingluo County,

Helan County, and Lingwu City.

4.2 Prospects

The mechanism of agricultural drainage pollution export in
irrigation districts is complex and highly dependent on regional
characteristics and input data accuracy. Although this paper adopts
an improved ECM that comprehensively considers influencing factors
such as meteorology, hydrology, and crop cultivation—identifying
irrigation as the primary factor affecting pollution load—it develops
a non-point source pollution load estimation model suitable for large-
and medium-sized basins. This model is particularly adapted to areas
with insufficient hydrological and water quality monitoring data and
relatively weak research foundations, such as the Ningxia irrigation
district. But the improved model itself remains largely empirical or
semi-empirical. Consequently, it struggles to fully capture complex
biogeochemical processes and lacks detailed characterization of
nitrogen loads under extreme conditions, including heavy rainfall,
abnormally high/low temperatures, sudden irrigation events, or
fertilization errors. Furthermore, the scarcity of fine-scale data, such
as farmland microclimate, effluent water quality, and actual
fertilization/irrigation practices, impedes the model’s sensitivity
analysis and uncertainty quantification.

To comprehensively address the complexity inherent in agricultural
drainage water pollution processes, future studies could leverage the
efficiency and macroscopic advantages of the ECM to enhance the
detailed characterization of key mechanisms when integrated with
process-based models. For instance, the improved ECM could be
coupled with distributed hydrological models or biogeochemical
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models possessing a stronger physical foundation. To mitigate data
limitations, remote sensing technologies (e.g., hyperspectral, thermal
infrared, and radar) can be widely employed to invert key parameters
such as crop growth status, soil moisture, land surface temperature, and
evapotranspiration rates, thereby compensating for the scarcity of
Ultimately,
methodological framework and associated key parameter system,

ground-based  observations. an improved ECM
specifically tailored for arid and semi-arid irrigation regions, can be
developed and refined. This will provide valuable reference for
quantifying and managing agricultural drainage water pollution in
analogous study areas. In addition, drawing upon the full life cycle
theory, it is possible to examine the influence of factors such as climate
change on the dynamic load of nitrogen in various forms, thereby
enabling an analysis of the spatiotemporal distribution characteristics of
nitrogen pollution loads (Ugural et al., 2024).
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