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Abstract. Temperature and precipitation variations during the freezing-thawing period affect snowmelt and accompanying 

nitrogen export in a complex manner. These influences can be long-lasting, superimposed, and strengthened. Daily discharge 

and nitrate nitrogen NO3
--N concentrations were monitored during the snowmelt periods of 2015 and 2016 in an agricultural 

watershed in northeastern China. The SWAT model was used to simulate the water and NO3
--N export during the snowmelt 

period of 1951–2014 to identify the controlling climate factors and confirm their suitable combination that facilitates 15 

snowmelt water and NO3
--N export. Our results show that the SWAT model performs well for Re values in simulating the 

daily snowmelt runoff and NO3
--N export, but poorly for NSE and R2 values in simulating NO3

--N export. This is attributed 

to the absence of snowmelt water refrozen and hysteresis modules. The number of days and precipitation of the stable 

freezing period and the stating day of snowmelt period are controlling factors of daily snowmelt runoff, while daily NO3
--N 

export are mostly affected by precipitation during the snowmelt period. The combinations of climatic factors favored by 20 

snowmelt runoff and NO3
--N export were different. Years with longer stable freezing periods, later snowmelt period starting 

days, and higher rainfall during snowmelt, more readily generated high snowmelt runoff. Correspondingly, later appeared, 

higher and concentrated rainfall events, and higher temperatures between these rainfall and snowmelt events favored the 

NO3
--N export. Finally, this study is of great importance for the prevention of spring floods and water pollution during 

snowmelt periods. 25 

1. Introduction  

Snowmelt water is a major water source for cold regions (Sterle et al., 2019; Heggli et al., 2022), and is used for domestic 

purposes (Cao et al., 2013), agricultural irrigation (Qin et al., 2020), recreation (Ligare et al., 2012), hydropower generation 

(Rheinheimer et al., 2014), and groundwater recharge (Lone et al., 2021). Snowmelt is consistently accompanied by 

remarkable nitrogen export in seasonally frozen agricultural watersheds (Zhao et al., 2017; Zhao et al., 2022), which may 30 
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result in significant nitrogen losses and adverse impacts on terrestrial and aquatic ecosystems (Corriveau et al., 2011; Rattan 

et al., 2017).  

Water and nitrogen sources and migration paths during the snowmelt period are notably affected by variations in climatic 

factors. A 0.8–1.2 °C increase in global air temperature has occurred compared with the pre-industrial levels (IPCC, 2018), 

and the precipitation has been predicted to increase during winter over some cold regions of the Northern Hemisphere 35 

(Räisänen and Eklund, 2011; Rasouli et al., 2015). During the freezing period, higher temperatures decrease the proportion 

of snowfall to total precipitation (Irannezhad et al., 2017; Romshoo et al., 2022), increase the occurrence of rain-on-

snowmelt events (Dou et al., 2021), and change the storage form of surface water (ice or snow) (Zhao et al., 2021). This 

results in reduced snow cover area, snow cover duration, snow water equivalent, and nitrogen wet-deposition, and may 

finally alter the available water and nitrogen sources to generate before snowmelt in space and time (Clement et al., 2012; 40 

Klein et al., 2016; Aygun et al., 2020; Zhao et al., 2021). Moreover, the depth of snow cover influences soil temperatures 

owing to its insulating property, while also influencing the freezing and thawing of soil (Li et al., 2022). This can alter the 

water and nitrogen storage in the surface soil since soil freezing can result in an upward movement of soil water (Bing et al., 

2015; Ireson et al., 2013), reduced soil evaporation, and restrained infiltration capacity (Appels et al., 2018; Ploum et al., 

2019; Zhang et al., 2019). During the thawing period, a warmer climate advances the occurrence time of snowmelt events 45 

(Uzun et al., 2021; Vorkauf et al., 2021; Yang et al., 2022). Temperature and precipitation variations can also affect the 

migration of water and nitrogen by altering the thawing depth of frozen soil, which markedly influences the infiltration, flow 

paths, and groundwater table variability (Koch et al., 2013; Koch et al., 2015; Wright et al., 2010).  

The responses of snowmelt and the corresponding nitrogen export processes to temperature and precipitation variations 

during the freezing-thawing period are markedly different from those of rainfall runoff during warm periods (Chen et al., 50 

2012; Zhao et al., 2021; He et al., 2022; Zhao et al., 2022). The influence of rainfall on water and nitrogen export lasts only 

for days or tens of days, and weakens over time (Chen et al., 2012; He et al., 2022). The influence of climate variation during 

the freezing-thawing period on snowmelt can last for several months, and the influences may even be strengthened during 

the freezing period. For example, Pittman et al. (2020) found that antecedent moisture affected by autumn rain controls 

infiltration and flow initiation, timing, and magnitude in frozen macroporous soils. Zhao et al. (2021) discovered that high 55 

autumn rainfall and temperature rise during the stable freezing period induced a long-term, gradually increasing, and higher 

runoff ratio of the ice melt runoff process during the thawing period. These studies mostly focused on the hydrological and 

nitrogen generation processes induced by single climate variation events (rain-on-snow, temperature rise, or autumn rain), or 

the prediction of their response to future climate change by numerical models (Li et al., 2016; Wang et al., 2018; Dou et al., 

2020; Yang et al., 2022), but did not consider the interaction and superposition functions of changes in temperature and 60 

precipitation at different freeze-thaw periods on the sources and migration pathways of water and nitrogen during the 

snowmelt process. Further, it unclear whether there is a suitable combination of different climatic factors at different 

freezing-thawing periods that facilitates the production of water and nitrogen.  
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The lack of long-term monitoring data of daily water and nitrogen export during the snowmelt period in cold regions is the 

main reason for limiting research on the above questions. Therefore, using hydrological and water quality models, limited 65 

observed daily water and nitrogen generation data, and long-term climate data to expand the water and nitrogen export 

dataset is a compensatory solution to this dilemma (Shrestha et al., 2012; Dibike et al., 2021). Soil and Water Assessment 

Tool (SWAT) model is a physically-based hydrological model (Arnold et al., 2012). It contains a snowmelt and nitrogen 

migration and transformation module and is widely used in the modeling of snowmelt runoff and nitrogen export processes 

in cold regions (Bhatta et al., 2019; Shrestha and Wang, 2020; Zaremehrjardy et al., 2022). Ouyang et al. (2013) applied the 70 

SWAT model to quantify the non-point nitrogen variation induced by land-use change in a freeze-thaw area. Crusson et al. 

(2015) assessed the capability of the SWAT model to simulate snow cover and snowmelt dynamics over an alpine watershed, 

and found that SWAT produced a good spatial and temporal representation of the snow cover. Mukundan et al. (2020) used a 

modified version of the SWAT model to investigate the impact of climate change on nutrient loading in the Cannonsville 

Reservoir watershed of New York City. However, these studies mostly used the SWAT model to simulate the production of 75 

water and nitrogen annually and monthly; its suitability for the simulation of water, especially nitrogen export on a daily 

scale, needs to be further tested.  

In this study, daily discharge and NO3
--N concentration were monitored during the snowmelt period of 2015 and 2016 in the 

sub-basin of the Heidingzi watershed in northeastern China, and the SWAT model was used to simulate the water and 

nitrogen export during the snowmelt period of 1951–2014 to (1) evaluate the applicability of the SWAT model to simulate 80 

daily water and NO3
--N export; (2) identify the controlling climate factors of snowmelt and NO3

--N export and their 

influencing mechanism; and (3) confirm the suitable combination of different climate factors at different freezing-thawing 

periods that facilitate the production of water and NO3
--N.  

2 Material and methods 

2.1 Study area and data collection 85 

An agricultural watershed (6.84 km2) located in Shuangyang District, Changchun, Jilin Province, China--within the latitude-

longitude range of 125°34′27″–125°42′22″E, 43°22′48″–43°29′37″N--was selected for this study. The watershed elevation 

ranged from 234–380 m, with an average slope of 8.3°. The average annual temperature and precipitation (1951–2016) were 

4.8 °C and 624.7 mm (~8% snow and 92% rain), respectively. The freezing-thawing period lasts from mid-November to 

early March, and the mean temperature and precipitation during this period were −10.5 °C and 31.8 mm, respectively. Maize 90 

fields, rural areas, and forests are the major land uses, accounting for 80.4%, 16.7%, and 2.9% of the total area. The soils in 

the watershed are mainly meadow, white mud, and dark brown soils (Fig. 1). 

The basic datasets required to set the model input files were the topography, land use, soil, and climatic data. The digital 

elevation model (DEM) used in the study area was obtained from the International Scientific Data Service Platform 

(wist.echo.nasa.gov) with a resolution of 30 × 30 m. Land use data (30 × 30 m) were obtained from the Landsat thematic 95 
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mapper image data acquired in 2012. Soil data were obtained from the second soil survey conducted in Jilin Province. Daily 

climatic data (including precipitation, minimum and maximum temperatures, solar radiation, wind speed, and relative 

humidity) were obtained from the Shuangyang weather station which is 12 km away from the study area. The recording 

period was 1961–2016. Daily streamflow and NO3
--N load datasets during the thawing period of 2014–2015 and 2015–2016 

were obtained by flow discharge measurements and water sample collection and analysis at the watershed outlet. There was 100 

no point source pollution in the study watershed, and fertilizer and manure application rates were obtained through sampling 

surveys with farmers. 

 

Fig. 1 Study site description. (a) Location of the watershed in China; (b) land uses, (c) soil, and (d) topography of the study 

watershed 105 

2.2 General research framework 

Figure 2 shows a technology route map of the study process. Meteorological data, observed daily water, NO3
--N export data 

during the snowmelt period of 2014–2015 and 2015–2016, and GIS data were used to setup the SWAT model. Application 

of the SWAT model to simulate daily snowmelt runoff and NO3
--N export was evaluated during the calibration and 

validation processes. Different freeze-thaw periods were divided using past climate data (1951–2014), corresponding climate 110 
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factors were calculated, and daily water and NO3
--N export were simulated. On this basis, the controlling climate factors of 

snowmelt and NO3
--N export were identified, and a suitable combination of different climate factors that facilitate the 

production of water and NO3
--N was confirmed. 

 

Fig. 2 Technology route map of the study process 115 

2.3 SWAT setup 

For modeling purposes, the SWAT model partitions a watershed into a number of sub-watersheds or sub-basins, which are 

further partitioned into a series of hydrologic response units (HRU) with unique land cover, soil, and agricultural 

management practice combinations. The generation of surface runoff, soil water, groundwater, sediment, and nutrients is 

calculated in every HRU and then routed through the river channel.  120 

Data from a 30-m DEM obtained from geospatial data cloud of Chinese Academy of Sciences were used to delineate and 

discretize the study watershed into sub-watersheds using the ArcSWAT interface, and the land use, soil, and slope maps 

were imported and overlaid to derive different HRUs. Since this study only simulated the freezing-thawing period, i.e., the 

fallow period, it did not involve the planting, management, and harvesting of crops, and only one fertilization event occurred 

before spring plowing around April 8 yearly. The amount of nitrogen fertilizer applied was 60 kg/ha. The amount of manure 125 
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added was 0.277 kg/(ha.day), and of this total amount of manure, 39.4% was produced by beef cows, followed by mutton 

sheep (23.6%), human (18.4%), pigs (11.6%), and poultry (0.7%). Input climatic datasets of daily precipitation, temperature 

(minimum and maximum), solar radiation, wind speed, and relative humidity were used to run the model. Initial values of 

soil moisture, soil nutrient, and groundwater depth of each year were set to be consistent with the monitoring data in the 

autumn of 2015. Finally, the following modeling options were implemented during the model setup: surface runoff was 130 

calculated using the curve number model on a daily timescale. Potential evapotranspiration was estimated using the 

Hargreaves method, which uses only temperature data (Hargreaves et al., 1985).  

2.4 SWAT calibration, and validation 

2.4.1 Sensitivity analysis 

Numerous parameters are used in the SWAT model. Sensitivity analysis was performed to identify the main influencing 135 

parameters. Potential impact parameters were obtained from papers focusing on hydrology and non-point nitrogen modeling 

using the SWAT model in cold regions. A sensitivity index was used to evaluate the sensitivity of the parameters. 

/
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Here, AFS  represents the sensitivity index; F and F  represent the parameter and percentage adjustment of the parameter 

being considered, respectively; and A  and A  represent the model output values predicted with F  and F F+  , 140 

respectively. The value of AFS  ranges from - ∞ to + ∞. A positive and negative sensitivity indicates that the parameter has 

the same and inverse effects on the prediction, respectively. Fifteen parameters that had the greatest impact on water 

discharge and NO3
--N export are shown in Tables A1 and A2. 

2.4.2 Statistical evaluation 

The performances of the modeling of water discharge and NO3
--N export were assessed according to three coefficients of 145 

accuracy: R2, NSE and Re as follows: 
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Where Oi and Pi represent the observed and predicted values, and Qavg and Pavg are the averages of the observed and 

predicted values, respectively. R2 represents the proportion of total variance in the observed data, which can be explained by 

the model. It ranges between 0.0–1.0; higher values indicate better performance. 150 
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NSE indicates how well the plot of observed values versus simulated values fits the 1:1 line (Nash and Sutcliffe, 1970). It 

ranges from -∞ –1, and larger values are indicative of better model performance.  
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Re is a measure of the accumulation of differences between the observed and simulated values for a particular period of 155 

analysis. 

2.4.3 Calibration and validation 

This study only simulated snowmelt runoff during the snowmelt period. Therefore, the observed datasets of water discharge 

and NO3
--N export during the snowmelt periods of 2014–2015 and 2015–2016 were used for calibration and validation, 

respectively. Simulation results are considered to be good if NSE values are greater than 0.75, and satisfactory for NSE 160 

values between 0.75–0.36. For Re and R2, values < ±20% and >0.5 are considered satisfactory (Levesque et al., 2008; Van 

Liew et al., 2003). For this study, R2 > 0.5, NSE > 0.5, and Re < ±20% were considered acceptable for daily snowmelt runoff 

simulation, and R2 > 0.4, NSE > 0.36, and Re < ± 20% were considered acceptable for daily NO3
--N export simulation. The 

process of parameter calibration and validation is illustrated in Fig. 3. 

 165 
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Fig. 3. Process of calibration and validation of daily snowmelt runoff and NO3
--N export. 

2.5 Statistical analyses 

Coefficients of principal component regression between climate factors and runoff, runoff coefficient, and NO3
--N export 

were calculated using SPSS17 to identify the major affecting factors. The Mann-Kendall (MK) test method was used to 

analyze the variation trend of climate factors, snowmelt runoff and NO3
--N export. A detailed calculation process of MK test 170 

method has been reported by Shi et al. (2019). 

3. Results 

3.1 Snowmelt water and NO3
--N export calibration 

Tables 1 shows the optimum parameter values used in the daily snowmelt runoff and NO3
--N export simulations. The 

observed and simulated daily runoff and NO3
--N export for the calibration period (2014–2015) and validation period (2015–175 

2016) are shown in Fig. 4. The statistical evaluation of the model performance based on the daily runoff and NO3
--N export 

is presented in Table 2. Simulated daily runoff mostly displays consistent variations with observed values during the 

snowmelt period of both 2014–2015 and 2015–2016. However, snowmelt runoff is always overestimated during some initial 

snow-melting days when the temperature drops to subzero. Meanwhile, snowmelt runoff is underestimated during the 

flowing temperature rise days. The NSE, R2, and Re values were 0.75, 0.78, and -12.76% for the daily snowmelt runoff 180 

calibration and 0.54, 0.51, and 15.65% for validation, respectively. The performance of SWAT in modelling daily NO3
--N 

export was not as good as that in modelling daily runoff. The NSE, R2, and Re values were -0.19, 0.44, and 2.7% for daily 

NO3
--N export calibration and 0.35, 0.28, and -13.79% for validation, respectively.  

Table 1. Optimum parameter values used in daily snowmelt runoff and NO3
--N export calibration 

Parameters Definition Optimal value 

CNFROZ A parameter to modify retention parameter for frozen conditions 0.000862 

SMFMN Minimum melt rate for snow during year (occurs on winter solstice) (mm/(℃.day) ) 4 

SMFMX Maximum melt rate for snow during year (occurs on summer solstice) (mm/(℃.day) ) 7 

SMTMP Snowmelt base temperature (℃) 0.5 

SNO50COV Fraction of SNOCOVMX that corresponds to 50% snow cover 0.12 

SNOCOVMX Minimum snow water content that corresponds to 100% snow cover (mm) 190 
TIMP Snowpack temperature gag factor 0.23 

ALPHA_BF Baseflow factor (day) 0.2 

GW_DELAY Delay time for aquifer recharge (days) 15 

ESCO Soil evaporation compensation factor 1 

OV_N Manning’s value for overland flow 0.14 

SURLAG Surface runoff lag time (day) 0.1 

CN2 SCS runoff curve number for moisture condition Ⅱ Maize field 56/ Forest 40 
CH_K(1) Effective hydraulic conductivity (mm/h) 2 

CH_N(1) Manning’s value for the tributary channels 0.04 

SDNCO Denitrification threshold water content 0.92 

SOL_NO3 Initial nitrate concentration in a soil layer (mg/kg) 15/10/5/3 

NPERCO Nitrogen percolation coefficient 0.7 

ANION_EXCL Fraction of porosity from which anions are excluded 0.2 

CDN Denitrification exponential coefficient 2.9 
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 185 
Fig. 4. Calibration and validation result of daily snowmelt runoff and NO3

- -N export. Shadow areas denote the differences 

induced by temperature varation.  

 Table 2. Performance evaluation of SWAT model 

Model evaluation statistics 
Calibration （2014–2015） 

 

Validation（2015–2016） 

Runoff NO3
--N Export 

 
Runoff NO3

--N Export 

ENS 0.75 -0.19 (0.66)a 
 

0.54 0.35 (0.48) a  

R2 0.78 0.44 (0.46) a 
 

0.51 0.28 (0.41) a 

Re -12.76% 2.7%  15.65% -13.79% 

a NSE and R2 values when simulated values during the initial snowmelt period were put off a day 

3.2 Variation in climatic factors and the export of water and nitrogen 190 

The variation and MK test values of modeling runoff, runoff coefficient, NO3
--N export, starting Julian day, number of days 

of different freezing-thawing periods, corresponding accumulated precipitation, and average temperature from 1951–2014 

were calculated (Fig. 5). The average runoff, runoff coefficient and NO3
--N export in this watershed during the snowmelt 

period were 27758.5 m3, 0.055, and 281.0 kg, respectively (Fig. 5a). The UF value of runoff was mostly between 0–1.96 

from 1985–2014, which indicates that the trend of runoff increased since 1985, but was not obvious (Fig. 5f). The variation 195 

trend of the runoff coefficient was similar to that of runoff. The UF value of NO3
--N export was mostly below 0 and even 
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lower than -1.96, thereby indicating that NO3
--N export exhibited a decreasing trend during this period. Similarly, the 

average temperature of the three periods showed an increasing trend, and the increasing trend of the unstable and stable 

freezing periods reached a significant level (α = 0.05) around 1990 (Fig. 5g). Affected by the temperature rise trend, the 

stating days of stable freezing and snowmelt period (SD-SFP, SD-SMP) was advanced, and the advancement of the SD-SMP 200 

reached a significant level (α = 0.05) since 1996 (Fig. 5c and 5g). As a result, the number of days for the snowmelt period 

(ND-SMP) has significantly increased since 2000, and the number of days for the unstable and stable freezing periods (ND-

USFP and ND-SFP) exhibit a decreasing trend (Fig. 5d and 5h). Accumulated precipitation has shown an increasing trend 

during the unstable, stable freezing, and snowmelt periods since 2009, 2009, and 1980, respectively. 

  205 

(a) (f)

(b)

(c)

(d)

(e)

(g)

(h)

(j)

(g)

(h)

(i)
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Fig. 5. Variation and MK test values of climatic factors during unstable freezing-thawing period (USFP), stable freezing-period 

(SFP), snowmelt period (SM) and the export of water and nitrogen during snowmelt period from 1951–2014. 

3.3 Relationships between climate factors and the export of water and nitrogen 

The relationships between the climatic factors are shown in Fig. 6. SD-SMP was significantly positively correlated with ND-

SFP and average temperature during the snowmelt period (T-SMP) (p < 0.001), and negatively correlated with the average 210 

temperature of the stable freezing period (T-SFP) (p < 0.001). The ND-SFP was significantly positively correlated with 

precipitation during the stable freezing period (P-SFP) and T-SMP (p < 0.001), and negatively correlated with the negative 

cumulative temperature of the stable freezing period (p < 0.001). These relationships are graphically represented in Fig. 7. 
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Fig. 6. Co-relationships between precipitation (P), starting day (SD), number of day (ND), and average temperature (T) of the 215 
unstable freezing period (USFP), stable freezing period (SFP), and snowmelt period (SMP).  

  

Fig. 7. Relationship between climatic factors. 

Due to the strong collinearity between climate factors, the coefficients of principal component regression between climate 

factors and runoff, runoff coefficient, and NO3
--N export were calculated to evaluate the magnitude of their impact (Fig. 8). 220 

All of the fits reached significance levels (p < 0.001 for runoff and runoff coefficient, and p < 0.05, for NO3
--N export); 

therefore, the magnitude of the regression coefficients can be used to characterize the impact of climate factors on runoff, 

runoff coefficient, and NO3
--N export. The P-SFP, precipitation ratio of the stable freezing period (PSFP/PFT) (PR-SFP), SD-

SMP, and ND-SFP had greater positive effects on runoff and runoff coefficients, whereas ND-USFP and SD-SFP had 

greater negative effects on them (Fig. 8). The precipitation and precipitation ratio of snowmelt periods (P-SMP and PR-SMP) 225 

had greater positive effects on NO3
--N export, while the precipitation and precipitation ratio of the unstable freezing period 

(P-USFP and PR-USFP) had greater negative effects on the same. The ND-SFP and PR-SMP are the most important factors 

affecting the runoff/runoff coefficient and NO3
--N export, respectively. 
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Fig. 8. Coefficients of principal component regression between runoff, runoff coefficient, NO3
--N export, and climate factors 230 

[precipitation (P), precipitation ratio (PR), starting days (SD), number of days (ND), and average temperature (T)] in the unstable 

freezing period (USFP), stable freezing period (SFP), and snowmelt period (SMP). 

The relationship between runoff, runoff coefficient, and NO3
--N export with precipitation during different freeze-thaw 

periods is shown in Fig. 9. The runoff and runoff coefficients during the snowmelt period increased exponentially and 

linearly with increasing precipitation during the freezing-thawing period and stable freezing periods (Fig. 9a, 9b, 9d, and 9e), 235 

respectively. NO3
--N export increased linearly with increasing precipitation during the freeze–thaw and snowmelt periods 

(Fig. 9c and 9f). Additionally, the fit coefficients of runoff, runoff coefficient, and NO3
--N export with P-SFP and P-SMP 

were higher than those with precipitation during the freezing-thawing period. 
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Fig. 9. Relationship of runoff, runoff coefficient, and nitrogen export with climatic factors. 240 

4. Discussion 

4.1 Applicability of SWAT model to simulate daily water and NO3
--N export  

SWAT model performs well in simulating the daily snowmelt runoff, and NSE and R2 values are 0.75 and 0.78 for 

calibration, and 0.54 and 0.51 for validation, respectively (Fig. 4 and Table 2). The difference between simulated and 

observed values was mostly induced by overestimation of snowmelt runoff during some early snow-melting days when 245 

temperature dropped to <0 ℃, and underestimation of the same during the flowing warmer days during both the calibration 

period (2014–2015) and validation period (2015–2016). This is because the runoff is mostly from surface flow, and interflow 

above frozen soil at the beginning of snowmelt (Zhao et al., 2017; Zhao et al., 2021). This surface water and near-surface 

soil water would be refrozen as ice when an in-between temperature drop event (<0 °C) occurred. Subsequently, the 

formation of ice would block the flow paths, which reduced or even restrained the generation of snowmelt runoff (Bengtsson, 250 

1982; Zhao et al., 2022). The refrozen of snowmelt water was not considered in the SWAT model; therefore, these processes 

were not captured. However, these processes only changed the distribution of runoff over time but had little influence on the 

total amount of runoff. The Re values were -12.76% and 15.65% for daily snowmelt runoff calibration and validation, 

respectively. This indicates that the SWAT model shows good performance in modeling the amount of snowmelt water.  
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NSE, and R2 values of daily NO3
--N export simulation are -0.19 and 0.44 for calibration, and 0.35 and 0.28 for validation, 255 

respectively, which are lower than those of daily snowmelt runoff simulation (Table 2). The lower NSE and R2 values were 

mainly attributed to two reasons. As discussed above, the SWAT model does not consider the refrozen snowmelt water, 

which results in over- and underestimated NO3
--N export during temperature drop and rise days during the initial snowmelt 

period (Bengtsson, 1982; Nie et al., 2017). The beginning of water and NO3
--N export was earlier and higher in modeling 

value (Fig. 3) because the SWAT model did not involve the hysteresis effect of snow cover in the river channel on snowmelt 260 

runoff (Ouyang et al., 2013; Nie et al., 2017). If the simulated values of daily NO3
--N export during the initial snowmelt 

period were put off a day and then compared with the observed values, the NSE and R2 could reach 0.46 and 0.66 for 

calibration, and 0.41 and 0.48 for validation (Table 3), respectively. Only the total amount of NO3
--N export was considered 

in the latter parts, and the Re values were 2.7% and -13.79% for daily NO3
--N export calibration and validation, respectively. 

Hence, the SWAT model is considered suitable for simulating daily NO3
--N export during the snowmelt period.  265 

4.2 Combination of different climate factors that facilitate snowmelt runoff  

The snowmelt runoff and the runoff coefficient during the snowmelt period were significantly positively correlated with ND-

SFP, PR-SFP, P-SFP, and SD-SMP, and negatively correlated with ND-USFP, ND-SMP, and SD-SFP (Figs. 8 and 9). This 

could have occurred because the earlier SD-SFP and later SD-SMP were always accompanied by colder and longer stable 

freezing periods (Figs. 6 and 7b), which led to lower negative cumulative temperature (Fig. 7d) and higher accumulated 270 

precipitation during the stable freezing period (Fig. 7e). A lower negative cumulative temperature induces more soil water to 

move upward during the soil freezing process (Butler et al., 1996; Wu et al., 2019). This is associated with higher 

accumulated precipitation to increase the amount of surface water available for runoff generation during the snowmelt period. 

Low-temperature cold also induces severe freezing soil, prevents the infiltration of snowmelt water, and prolongs surface 

and interflow processes (Zhao et al., 2017). Furthermore, the number of days of stable freezing was significantly positively 275 

correlated with the average temperature of the snowmelt period (Fig. 7f), thereby indicating that a longer stable freezing 

period is always accompanied by warmer temperatures during the snowmelt period. Therefore, the accumulated snow melts 

in a shorter time period and induces a more significant snowmelt runoff (Zhao et al., 2021). These combined effects 

increased the runoff coefficient and finally increased the snowmelt runoff. Therefore, the relationship between the runoff 

coefficient and precipitation during the stable freezing period was even better than that with precipitation during the 280 

freezing-thawing period (Fig. 9).  

To verify this conjecture, the variation in climate factors during the freezing-thawing period and daily snowmelt runoff 

during the snowmelt period for years with the highest runoff coefficient are shown in Fig. 9 of which four years had the 

highest runoff (Fig. 9a–9d). The average ND-SFP and SD-SMP of these 8 years was 112.62 and 73.25 days, which were 

17.20 days longer and 8.95 days later, respectively, than the average value of the same in 1951–2014. In addition, the 285 

average PR-SFP of these eight years was 41.34%, which was 1.48 times of the average value for 1951–2014. On this basis, 
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runoff and runoff would be quite high if rain-on-snowmelt events occurred during the snowmelt period (Fig. 9a–9d). 

Therefore, based on the analysis of runoff and climate factor data from long series and typical years, it can be concluded that 

the years with a longer stable freezing period, later snowmelt period starting day, and higher rainfall during snowmelt are 

more likely to generate high snowmelt runoff.  290 

 

Fig. 10. Variation of climate factors and daily snowmelt runoff during freezing-thawing period for years with highest runoff (Fig. 

9a–9d) and runoff coefficient (Fig. 9a–9h). 

4.3 Combination of different climatic factors that facilitate NO3
--N export  

The daily NO3
--N export during the snowmelt period had a poor relationship with snowmelt runoff (Fig. A1) and 295 

precipitation during the entire freezing-thawing period (Fig. 9c). Meanwhile, they were significantly positively affected by 

P-SMP and PR-SMP (Figs. 8and 9f), which indicates that NO3
--N may be mainly exported during runoff generated by 

rainfall during the snowmelt period.  

Variations in climate factors and daily NO3
--N export during the freeze-thaw period with the highest NO3

--N export are 

shown in Fig.11. The average T-SMP, P-SMP, and PR-SMP of these years were 5.32 ℃, 50.63 mm and 64.70%, which were 300 

1.46, 1.51 and 12.3 times the average value of 1951–2014, respectively. Furthermore, most of the precipitation during the 

snowmelt period in these years occurred after April 20, and the time between rainfall and snowmelt was long and the 

temperature during this time was high. This was because the temperature was lower during the freezing and early snowmelt 

periods, and the soil air permeability was restricted by frozen soil and snowmelt water (Larsbo et al., 2019), which would 

inhibit the activity of nitrifying bacteria, enhance the activity of denitrifying bacteria, and finally inhibit the formation of 305 

NO3
--N (Zhao et al., 2019; Jiang et al., 2020). The limited NO3

--N was mostly flushed into rivers by snowmelt during the 

early snowmelt period, and the watershed may have been short of NO3
--N for a period of time immediately after snowmelt 
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events (Zhao et al., 2017). The nitrate-nitrogen concentration decreased exponentially with increasing runoff (Fig A2). 

Therefore, later rain events and higher temperatures between the snowmelt and rain events would create a soil environment 

with warmer temperatures and higher air permeability, which is favored by the formation of NO3
--N (Zhao et al., 2019; Xu, 310 

2022). Furthermore, fertilizer application between April 5th and 20th during the spring plowing event further increased the 

NO3
--N content in the watershed. High and concentrated rainfall events during the late snowmelt period provided a driving 

force for the export of NO3
--N. Therefore, later appeared (after April 20), higher and concentrated rainfall events, and higher 

temperatures between these rainfall events and snowmelt events favored the combination of NO3
--N export. 

  315 

Fig. 11. Variation of climate factors, daily snowmelt runoff, and daily NO3
--N export during the freezing-thawing period of years 

with highest NO3
--N export.  

4. Conclusion 

This study evaluated the application of the SWAT model to simulate the daily water and NO3
--N export during the snowmelt 

period, identified the controlling climate factors, and confirmed their suitable combination to facilitate snowmelt water and 320 

NO3
--N export. We found that the SWAT model performed well for Re values in simulating the daily snowmelt runoff and 

NO3
--N export, but poorly for NSE and R2 values in simulating NO3

--N export. ND-SFP and P-SFP controlled daily 

snowmelt runoff, while daily NO3
--N export was mostly affected by P-SMP. The combinations of climatic factors favored by 

snowmelt runoff and NO3
--N export were different. Years with longer ND-SFP and later SD-SMP were always accompanied 
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by higher P-SFP and lower negative cumulative temperature, which increased the amount of surface water available for 325 

runoff generation and the runoff coefficient. These combined effects increased the snowmelt runoff. Later appeared rainfall 

and higher temperature favored the formation of NO3
--N during snowmelt period. High and concentrated rainfall events 

during the late snowmelt period provided a driving force for the export of these NO3
--N. This research provides new insights 

into the effects of climate change on snowmelt runoff and accompanying NO3
--N generation. 
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Appendix 

Table A1. Description and range of parameters used in the calibration of hydrology  490 

Order Parameters Definition Range Default 

SAF 

Parameters 

+20% 

Parameters 

-20% 

1 CN2 SCS runoff curve number for moisture condition Ⅱ 30–95 - 3.70  -1.43  

2 CNFROZ 
A parameter to modify retention parameter for frozen 

conditions 
- 

0.00086

2 
-0.51  0.76  

3 SNOCOVMX 
Minimum snow water content that corresponds to 100% snow 

cover (mm) 
- 1 -0.33  0.52  

4 SNO50COV Fraction of SNOCOVMX that corresponds to 50% snow cover 0.01–0.99 0.5 -0.36  0.51  

5 SMFMX 
Maximum melt rate for snow during year (occurs on summer 

solstice) (mm/(℃.day) ) 
0–10 4.5 0.47  -0.40  

6 TIMP Snowpack temperature gag factor 0.01–1.0 1 0.44  -0.33  

7 SMFMN 
Minimum melt rate for snow during year (occurs on winter 

solstice) (mm/(℃.day) ) 
0–10 4.5 0.30  -0.25  

8 OV_N Manning’s value for overland flow 0–30 0.14 0.16  0.16  

9 SURLAG Surface runoff lag time (day) - 2 0.07  0.16  

10 SMTMP Snowmelt base temperature (℃) -5–5 0.5 -0.08  0.13  

11 ESCO Soil evaporation compensation factor 0–1 0.95 - -0.08  

12 GW_DELAY Groundwater delay time (day) - 31 -0.07  0.07  

13 CH_K(1) Effective hydraulic conductivity (mm/h) - - 0.03  0.02  

14 ALPHA_BF Baseflow factor (day) 0.1–1.0 0.048 0.02  -0.03  

15 CH_N(1) Manning’s value for the tributary channels 0–30 0.014 0.02  - 
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Table A2. Description and range of parameters used in the calibration of nitrogen export  

Order Parameters Definition Range Default 

SAF 

Paramete

rs +20% 

Parameters 

+20% 

1 CN2  SCS runoff curve number for moisture condition Ⅱ - - 5.86  -1.10  

2 SDNCO Denitrification threshold water content - 1.1 0.63  -4.58  

3 CNFROZ 
A parameter to modify retention parameter for frozen 

conditions 
- 0.000862 -0.61  1.02  

4 SOL_NO3 Initial nitrate concentration in a soil layer (mg/kg) - - 0.93  0.93  

5 NPERCO Nitrogen percolation coefficient 0.01–1.0 0.2 0.77  -0.81  

6 TIMP Snowpack temperature gag factor 0.01–1.0 1 0.69  -0.74  

7 SMFMX 
Maximum melt rate for snow during year (occurs on 

summer solstice) (mm/(℃.day) ) 
0–10 4.5 0.44  -0.46  

8 SMFMN 
Minimum melt rate for snow during year (occurs on 

winter solstice) (mm/(℃.day) ) 
0–10 4.5 0.33  -0.35  

9 SNOCOVMX 
Minimum snow water content that corresponds to 

100% snow cover (mm) 
- 1 -0.30  0.33  

10 SNO50COV 
Fraction of SNOCOVMX that corresponds to 50% 

snow cover 

0.01–

0.99 
0.5 -0.25  0.25  

11 SMTMP Snowmelt base temperature (℃) -5–5 0.5 -0.18  0.14  

12 ESCO Soil evaporation compensation coefficient 0–1 0.95  0.07  

13 ANION_EXCL Fraction of porosity from which anions are excluded 0–1 0.5 0.06  0.00  

14 CDN Denitrification exponential coefficient 1.4 1.4 -0.01  0.04  

15 GW_DELAY Delay time for aquifer recharge (days) - 31 -0.03  -0.02  
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Fig. A1. Relationship of snowmelt runoff and NO3
--N export. 495 
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