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The southeastern part of the Tibetan Plateau (TP), one of the regions with the largest glacier distribution on the plateau, has been experiencing a significant loss in glacier mass balance (GMB) in recent decades due to climate warming. In this study, we used the Spatial Processes in Hydrology (SPHY) model and satellite data from LANDSAT to reconstruct the runoff components and glacier mass balance in the Niyang River basin (NRB). The measured river discharge data in the basin during 2000–2008 were used for model calibration and validation. Then, the validated model was applied to reconstruct the runoff components and GMB in the Niyang River basin for the period 1969–2013. Results showed that rainfall runoff (67%) was the dominant contributor to total runoff, followed by snowmelt runoff (14%), glacier melt runoff (10%), and baseflow (9%). The NRB experienced a severe loss in GMB, with a mean value of −1.26 m w. e./a (corresponding to a cumulative glacier mass loss of −56.72 m w. e.) during 1969–2013. During periods Ⅰ (1969–1983), Ⅱ (1984–1998), and Ⅲ (1999–2013) glacier mass loss was simulated at rates of −1.27 m w. e./a, −1.18 m w. e./a, and −1.33 m w. e./a, respectively. The annual loss of glacier mass in the northern region of the NRB (−1.43 m w. e./a) was significantly greater than that of the southern region (−0.53 m w. e./a) from 1969 to 2013, largely due to temperature variations, especially in summer months. These findings enhance our understanding of how different hydrological processes respond to climate change and provide a potential method to study runoff components and GMB in other glacierized catchments worldwide.
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1 INTRODUCTION
The Tibetan Plateau (TP), also known as the Third Pole (Qiu, 2008), is a vital source region for the major rivers in Asia, such as the Yangtze River, the Yellow River, the Mekong River, and the Yarlung Zangbo River (Immerzeel et al., 2010). The TP has the largest distribution of glaciers outside the polar regions and Greenland (Yao et al., 2012). The southeastern TP, which includes the Eastern Nyainqentanglha Ranges, Eastern Himalayas, and Western Hengduan Mountains, is notable for the largest maritime glaciers (∼74,000 km2) over the TP (Shi et al., 2008).
The TP has experienced significant climate warming over the past few decades, with a warming rate that is about twice the global average rate (Chen et al., 2015; Kuang and Jiao, 2016; Yao et al., 2019; You et al., 2021). As a result of climate warming, glaciers in the southeastern TP have been undergoing serious mass loss, which is about three times higher than the average across the entire TP (Gardner et al., 2013; Kääb et al., 2015; Brun et al., 2017; Shean et al., 2020). The southeastern TP is also known for experiencing the highest rate of terrestrial water storage depletion in the world due to the melting of long-term perennial snow and glacier caused by climate warming (Yao et al., 2012; Meng et al., 2019; Yi et al., 2020; Qiao et al., 2021). There is growing concern about the impact of the warming of the southeastern TP on various runoff components (e.g., rainfall runoff, glacier melt runoff, snowmelt runoff, and baseflow) of the rivers in this area (Immerzeel et al., 2013; Lutz et al., 2014).
Currently, glacio-hydrological models are the most commonly used method for quantifying and predicting various runoff components of rivers in the southeastern TP (Prasch et al., 2013; Lutz et al., 2014; Chen et al., 2017; Wijngaard et al., 2017; 2018; Zhang et al., 2020; Khanal et al., 2021). Using the PROMET watershed model (Mauser and Bach, 2009), Prasch et al. (2013) found that total runoff in the Lhasa River basin is dominated by monsoon precipitation and snowmelt, with glacier melt runoff being a minor runoff component and expected to continue being a minor component in the future. Chen et al. (2017) used a distributed hydrological model and found that snowmelt runoff and glacier melt runoff contributed 10.6% and 9.9%, respectively, to the total runoff of the Yarlung Zangbo basin during 2003–2015. Based on the VIC model (Liang et al., 1994), Zhang et al. (2020) found that glacier melt runoff showed a significant rising trend and it accounted for up to 41% of the increase of total runoff in the upstream of the Niyang River basin (NRB) during 1963–2012. Compared with the various methods (Prasch et al., 2013; Chen et al., 2017; Zhang et al., 2020), the Spatial Processes in Hydrology model (SPHY), a physics-based fully-distributed hydrological model involving cryosphere processes, is well-suited for quantifying runoff components at high-resolution spatial-temporal scales (Lutz et al., 2014; Wijngaard et al., 2017; Wijngaard et al., 2018; Khanal et al., 2021). Lutz et al. (2014) used the SPHY model to project total runoff in the Yarlung Zangbo basin and found that the total runoff will increase at least until the mid-21st century, mainly due to an increase in precipitation. Using the SPHY model, Wijngaard et al. (2018) found that although the total runoff in the Yarlung Zangbo basin is expected to increase due to the increase of monsoon precipitation, the associated increase in water demand by the economic development will likely lead to a crisis in water resources during the 21st century. The SPHY model has been widely used to investigate the evolution of cryosphere hydrologic processes (Lutz et al., 2014; Wijngaard et al., 2018) and GMB (Wijngaard et al., 2017; Khanal et al., 2021) in the southeastern TP in response to climate change.
GMB is one of the key glaciological parameters characterizing the accumulation and ablation of glaciers, which is sensitive to climate change (Yao et al., 2012). GMB is an important link between glaciers, climate, and water resources (Huss and Hock, 2018; Zemp et al., 2019). Several methods have been applied to estimate GMB in the southeastern TP at different spatiotemporal scales: in situ observations (−1.54 ± 0.30 m w. e./a to −1.1 m w. e./a, 1951–2020) (Yao et al., 2012; Yan et al., 2021), remote sensing technology including DEM difference (−0.30 ± 0.12 m w. e./a to −0.11 ± 0.14 m w. e./a, mid-1970s to 2000) (Zhou et al., 2018), satellite altimetry (−0.66 ± 0.02 m w. e./a, 2003–2020) (Zhao et al., 2022), satellite gravity (−0.67 ± 0.08 m w. e./a, 2002–2017) (Yi et al., 2020), and glaciation model (−0.90 m w. e./a to −0.76 m w. e./a, 2003–2010) (Yang et al., 2013; Yang et al., 2016).
Due to the complex topography of the southeastern TP, it is difficult to widely use field measurements, particularly the regional GMB (Zhao et al., 2022). Remote sensing technology has a high degree of uncertainty and low spatial resolution, and cannot explain the processes and mechanisms behind the response of glaciers to climate change (Paul et al., 2017; Li et al., 2021; Zhao et al., 2022). Glaciation models are a useful tool for reconstructing and predicting the GMB in regions where long-term field measurements are lacking (Gao et al., 2012; Yang et al., 2016; Azam et al., 2019; Shi et al., 2020). Yang et al. (2016) used an energy balance model to reconstruct the GMB history (1980–2010) of Parlung No.94 Glacier in the southeastern TP and explained it using macroscale atmospheric variables. Using a temperature index-based model, Shi et al. (2020) reconstructed and projected the GMB of the Dongkemadi Ice Field under different climate scenarios. However, there is a lack of research on changes in GMB and runoff components in response to climate change in the southeastern TP at a basin scale.
To address this research gap, this study chooses the glacierized NRB as the study area, which is a major tributary of the Yarlung Zangbo River located in the southeastern TP. The measured river discharge data in the Gengzhang station during 2000–2008 were used for SPHY model calibration and validation. Then the validated SPHY model was applied to reconstruct the runoff components and GMB in the NRB for the period 1969–2013. The objectives of this study are: 1) to quantify the contribution of different runoff components to total runoff and their evolution in response to climate change, 2) to reconstruct the temporal-spatial variations in GMB, and 3) to explore the driving factors of runoff and GMB changes and their internal relationships.
2 STUDY SITE AND DATA
2.1 Study site
The NRB (92°10′-94°35′E, 29°28′-30°31′N) is located in the southeastern TP and it originates from the west of the Mila Mountains (Figure 1). The Niyang River, the fourth largest tributary of the Yarlung Zangbo River, flows 307.5 km before joining the Yarlung Zangbo River in Linzhi City (Xuan et al., 2018). The NRB covers an area of 17,801 km2, with an altitude range from 2,924 to 6,857 m (Figure 1).
[image: Figure 1]FIGURE 1 | Study area description. (A) The location of Niyang River basin (NRB) in the TP; (B) Overview of the NRB and locations of the hydrological and meteorological stations. TP: Tibetan Plateau; YZB: Yarlung Zangbo basin.
The NRB is located in a humid temperate climate zone, with the highest and lowest temperatures occurring in July and January, respectively (Zhang et al., 2011; Xuan et al., 2018). The summer climate of the NRB is influenced by the Indian monsoon, leading to a rainy season from May to October (Zhang et al., 2011). The mean annual precipitation of the NRB ranges from 600 to 900 mm, with 90% occurring from May to October (Zhang et al., 2011; Xuan et al., 2018). During 1969–2013, the annual mean temperature was found to be 5.39°C with a warming rate of 0.029°C/a (Figure 2). From 1969 to 2013, the annual mean precipitation in the NRB was recorded to be 705 mm with an increasing rate of 1.01 mm/a (Figure 2).
[image: Figure 2]FIGURE 2 | Interannual variations of annual mean temperature and annual precipitation in the NRB from 1969 to 2013.
The NRB is a typical glacierized basin, with an area of 953 km2 covered by glaciers (Zhang et al., 2011), representing approximately 5.3% of the basin’s total area, according to the Second Chinese Glacier Inventory (https://data.tpdc.ac.cn/en/data/f92a4346-a33f-497d-9470-2b357ccb4246/). According to a satellite sensors-based dataset, the glacier area shrunk by 30% between 1987 and 2013, with a decreasing rate of −0.8%/a during this period from 923 km2 in 1987 to 650 km2 in 2013 (Figure 3). Due to the high altitude and cold climate, the vegetation cover in the NRB is primarily composed of forest, shrub grass, and alpine meadow (Jin et al., 2019).
[image: Figure 3]FIGURE 3 | Temporal variations in the NRB highlight the reduction in glacier area from 1987 to 2013. (A) 1987; (B) 1994; (C) 1999; and (D) 2013.
2.2 Data
Annual mean temperature, monthly mean temperature, annual mean precipitation, and monthly mean precipitation were used to analyze the interannual and intra-annual variations of temperature and precipitation in the NRB during 1969–2013. Daily average, maximum, minimum temperature, and daily precipitation were the main forcing data for the SPHY model. Daily runoff was used to calibrate and validate the model’s performance. Daily temperature and precipitation during 1969–2013 were obtained from two national meteorological stations (Jiali and Linzhi, Figure 1) in the China Meteorological Information Center (http://data.cma.cn/). Daily runoff data at Gengzhang hydrological station (Figure 1) during 2000–2008 was obtained from Jin et al. (2019). Annual GMB data during 2006–2010 at the Parlung Glaciers (Table 1), located in the headwaters of the Palung Zangpo River (Figure 1), came from Yao et al. (2012).
TABLE 1 | Detailed information on the Parlung Glaciers (Yao et al., 2012).
[image: Table 1]Other model input data include topographic data from the digital elevation model (DEM), soil physical parameters, land use data, and glacier contour data. The topographic data of the NRB was obtained from the SRTM DEM of the United States Geological Survey (USGS) with a spatial resolution of 30 m (https://earthexplorer.usgs.gov/). The Chinese soil dataset of the World Soil Database version 1.1 (HWSD V1.1) was used to obtain soil physical parameter maps at a spatial resolution of 500 m (http://soilgrids1km.isric.org/), which is provided by the National Cryospheric Desert Data Center. The land use data came from the Globcover dataset with different crop coefficients with a spatial resolution of 300 m (Ouellet Dallaire et al., 2019).
To explore changes in glacier area and obtain the input glacier maps for the SPHY model in different periods, Landsat 8-9 OLI/TIRS, Landsat 4-5 TM, and Landsat 8 satellite sensors-based dataset from Geospatial Data Cloud (http://www.gscloud.cn/) were used. Fortunately, in the years 1987, 1994, 1999, and 2013 (Figure 3), the selected study area was at the center of the ETM+ scenario and was hardly affected by scan line errors (Mir et al., 2017). Details of these satellite datasets are shown in Table 2. To analyze changes in different runoff components, the entire period (1969–2013) was divided into three time periods: (i) period Ⅰ, 1969–1983; (ii) period Ⅱ, 1984–1998; and (iii) period Ⅲ, 1999–2013. During 1969–2013, the climate of the studied basin (including temperature and precipitation) had undergone significantly different change patterns during the three stages: 1969–1983, 1984–1998, and 1999–2013 (Figure 2). During period Ⅰ (1969–1983), the temperature notably decreased at a rate of −0.067°C/a (Figure 2). During period Ⅱ (1984–1998), there was little change in both the temperature and precipitation (Figure 2). During period Ⅲ (1999–2013), the precipitation remarkably decreased with a rate of −9.68 mm/a (Figure 2). Therefore, we chose 1983 and 1998 as the dividing times for the three modeling periods. The main objective of dividing into three periods was to analyze the influences of varying climate conditions, such as temperature and precipitation variations, on glacier area, runoff components, and GMB in the NRB over the past decades. The glacier maps from 1987, 1994, and 1999 were used in the three simulation periods of the SPHY model for 1969–1983 (Ⅰ), 1984–1998 (Ⅱ), and 1999–2013 (Ⅲ), respectively (Figure 3).
TABLE 2 | Satellite dataset available for the study area.
[image: Table 2]3 METHODS
3.1 Glacio-hydrological model
The SPHY v2.2 model (Terink et al., 2015), a spatially distributed water balance model, was adopted to simulate four runoff components: rainfall runoff, glacier melt runoff, snowmelt runoff, and baseflow. The model is applicable on a grid-by-grid basis and is suitable for conceptually studying cryosphere-hydrological processes, allowing for the evaluation of spatial and temporal variations in fluxes (Terink et al., 2015). The SPHY model was simulated at a daily time step at 1.2 km × 1.2 km spatial resolution during 1969–2013. At any given time step in the model, the total runoff for each grid cell is the sum of the four runoff components (Terink et al., 2015):
[image: image]
where [image: image], [image: image], [image: image], [image: image], and [image: image] are the total runoff, rainfall runoff, glacier melt runoff, snowmelt runoff, and baseflow, respectively.
3.1.1 Rainfall and snowfall
In the SPHY model, precipitation is treated as either snowfall (solid form) or rainfall (liquid form) based on a temperature threshold (Terink et al., 2015):
[image: image]
where [image: image] (mm) represents the effective daily precipitation; [image: image] (mm) and [image: image] (mm) represent the daily snowfall and rainfall, respectively; [image: image] (°C) is the daily mean temperature and [image: image] (°C) is a calibrated temperature threshold used to determine whether precipitation falls as snowfall or rainfall.
3.1.2 Snowmelt and glacier melt runoff
The degree-day factor ([image: image]) method is used to simulate snowmelt runoff and glacier melt runoff. The actual daily snowmelt [image: image] is controlled by the daily mean temperature [image: image] and snow storage [image: image] at the end of the previous day [image: image] , and is calculated as (Terink et al., 2015):
[image: image]
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where [image: image] is the potential snowmelt on day [image: image], [image: image] (mm/°C/d) is the snow degree-day factor, [image: image] (°C) is the critical snowmelt temperature (0°C in the SPHY), and [image: image] is the frozen meltwater.
Snowmelt runoff ([image: image]) is generated when the daily mean temperature is higher than the melting point and no more meltwater can be frozen in the snowpack as (Terink et al., 2015):
[image: image]
The daily glacier melt ([image: image]) is obtained as (Terink et al., 2015):
[image: image]
where [image: image] (mm/°C/d) is [image: image] of glacier melt; and [image: image] is the fraction of glacier cover within a grid cell.
Only a fraction of glacier melt becomes runoff ([image: image]), while the other part percolates to the groundwater (Terink et al., 2015):
[image: image]
where [image: image] is the glacier melt runoff factor.
3.1.3 GMB calculation
Based on the water balance principle, the daily GMB (mm w. e./d/°C) can be obtained by [image: image] and [image: image] (Terink et al., 2015):
[image: image]
where [image: image] is the daily sublimation (mm), which is set to one-tenth of [image: image] in the study (Somers et al., 2019).
3.2 Model calibration and validation
The performance of the NRB model is evaluated with observed runoff and field GMB. The observed daily runoff comes from the Gengzhang hydrological station (Figure 1), which controls 90% of the NRB area (Zhang et al., 2011). The calibration period was set to be from 2000 to 2006 to obtain the sensitivity parameters for the model (Table 3). These parameters were then used for the runoff simulation during the validation period from 2007 to 2008. The field annual GMB data at the Parlung Glaciers during 2006–2010 (Yao et al., 2012) were used as the observed mass balance data to validate the sensitivity parameters in the model (Table 4). The model’s sensitivity parameters were calibrated through a stepwise approximation method (Tiel et al., 2020). We set the parameters’ maximum and minimum values before gradually narrowing the range until optimal [image: image], [image: image], [image: image], and [image: image] were achieved (Tiel et al., 2020).
TABLE 3 | List of model parameters and sensitivity of total runoff and GMB to each parameter.
[image: Table 3]TABLE 4 | Field GMB (m w.e./a) for the Parlung Glaciers (Yao et al., 2012).
[image: Table 4]The Nash-Sutcliffe Efficiency ([image: image]), flow rate volumetric error ([image: image]), and the coefficient of determination ([image: image]) were used to evaluate the efficiencies of calibration and validation (Nash and Sutcliffe, 1970; Zhao et al., 2019; Zhang et al., 2020). A daily runoff calibration is considered to be acceptable if [image: image] > 0.5, [image: image] > 0.5, and [image: image] (Santhi et al., 2001).
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where [image: image] is the time step of daily observed runoff and daily simulated runoff, [image: image] (m3/s) and [image: image] (m3/s) are the daily observed runoff and daily simulated runoff at time step [image: image], respectively.
The Root Mean Square Error ([image: image]) and the coefficient of determination ([image: image]) were also applied to assess the GMB (Azam et al., 2019; Zhang et al., 2020). The [image: image] value is smaller and [image: image] is closer to 1, which indicates the simulated GMB is closer to the observed GMB (Azam et al., 2019; Zhang et al., 2020). The [image: image] based on GMB is given as:
[image: image]
where [image: image] is the time-step of annual observed GMB and annual simulated GMB, [image: image] (m w. e./a) and [image: image] (m w. e./a) are the observed annual GMB and simulated GMB at time step [image: image] , respectively.
3.3 Model sensitivity analysis
The relative sensitivity of the main sensitive parameters was evaluated by re-running the model, changing each parameter according to the corresponding reasonable range (maximum parameter value, [image: image], and minimum parameter value, [image: image]) and keeping other parameters unchanged (Azam et al., 2019). These sensitivity tests for the NRB were performed by calculating the daily total runoff and annual GMB averaged over the period 1969–2013, following the method described by Oerlemans et al. (1998):
[image: image]
[image: image]
Where [image: image] and [image: image] are annual average glacier mass balance and annual average runoff during 1969–2013, using the maximum/minimum value [image: image].
4 RESULTS
4.1 Performance of the SPHY model
The performance of the SPHY model in simulating the daily runoff of the NRB is shown in Figure 4. The model exhibits reasonably simulated runoff, with an [image: image] of 0.81, a [image: image] of 0.82, and a [image: image] of −7.1% during the calibration period. The calibrated model reproduced the observed runoff satisfactorily during the validation period, as indicated by the high [image: image] and [image: image] as well as low [image: image] values of 0.85, 0.80, and 3.7%, respectively. These results of calibration and validation indicate that the SPHY model is able to accurately simulate daily runoff in the NRB.
[image: Figure 4]FIGURE 4 | Comparison of simulated and observed daily runoff. (A) Calibration period from 2000 to 2007; (B) validation period from 2007 to 2009.
Figure 5 shows a comparison between field GMB at the Parlung Glaciers (Table 4) and modeled annual GMB during 2006–2100. The comparison shows good agreement between the modeled and measured annual GMB, with a [image: image] of 0.39 and a [image: image] of 0.51 m w. e./a during 2006–2010. The modeled cumulative GMB (−7.47 m w. e., corresponding to −1.49 m w. e./a) is in close agreement with the field cumulative GMB (−5.61 m w. e., corresponding to −1.10 m w. e./a) during the same period.
[image: Figure 5]FIGURE 5 | Comparison of modeled GMB with field GMB from 2006 to 2010. (A) Comparison of annual GMB; (B) Comparison of cumulative GMB. Black error bars represent the standard deviations of the mean.
The simulated model sensitivities of parameters for runoff and GMB are given in Table 3. For runoff [image: image], (0.766 km3/a) is the most sensitive parameter, followed by [image: image] (−0.763 km3/a) and [image: image] (0.684 km3/a). Results of this sensitivity analysis indicate that GMB is most sensitive to [image: image] (−0.714 m w. e./a), followed by [image: image] (−0.391 m w. e./a) and [image: image] (0.041 m w. e./a) (Table 3).
4.2 Reconstructing temporal and spatial variations of runoff components
Each runoff component, reconstructed in Figure 6, had a large interannual variation in response to climate change (Figure 2). During 1969–2013, annual total runoff showed a slightly increasing trend with a rate of 0.086 km3/a (Figure 6A). However, due to the decrease in precipitation since 1999 (Figure 2), annual total runoff showed an obvious decreasing trend (−0.42 km3/a) during 1999–2013 (Figure 6A). Rainfall runoff (Figure 6B) fluctuated similarly to precipitation variation (Figure 2). The changing rates of rainfall runoff were 0.32 km3/a, 0.12 km3/a, and −0.45 km3/a during 1969–1983, 1984–1998, and 1999–2013, respectively (Figure 6B). In general, the total runoff was largely influenced by the changing pattern of rainfall runoff (Figure 6B). Glacier melt runoff showed a decreasing trend (−0.02 km3/a, Figure 6C) during 1969–1983 due to a decrease in temperature (Figure 2). Whereas glacier melt runoff increased from 1.64 km3 in 1984 to 2.54 km3 in 2013, with an increasing rate of 0.037 km3/a and 0.048 km3/a over the two periods of 1984–1998 and 1999–2013 (Figure 6C). Although the warming climate (Figure 2) produced more glacier melt runoff, the overall glacier melt runoff slightly decreased from 1969 to 2013 (−0.006 km3/a, Figure 6C) due to the sharp reduction of glacier area (Figure 3). The warming climate (Figure 2) led to a decrease in snowfall, and snowmelt runoff showed a weak decreasing trend (−0.005 km3/a, Figure 6D) during 1969–2013. During 1969–1983 and 1984–1998, increasing precipitation (Figure 2) also led to an increase in snowmelt runoff (Figure 6D). Baseflow, which is mainly produced by groundwater recharged from precipitation and a fraction of glacier melt (Wu et al., 2021), is strongly correlated with precipitation (Figure 2). The baseflow showed a slightly increasing trend (0.003 km3/a, Figure 6E) during 1969–2013. Among the four runoff components, baseflow is the most stable component with relatively small interannual fluctuations (Figure 6E).
[image: Figure 6]FIGURE 6 | Interannual variation of simulated runoff components from 1969 to 2013. (A) Total runoff; (B) rainfall runoff; (C) glacier melt runoff; (D) snowmelt runoff; (E) baseflow.
The spatial distribution of different runoff components and their contribution to the average annual total runoff from 1969 to 2013 is reconstructed in Figure 7. Rainfall runoff was the most important component, accounting for 67% of the total runoff in the entire basin. The contribution increased to 85% at the outlet of the basin (Figure 7A). Glacier melt runoff had a generally small contribution (10%), especially in the upper and lower reaches of rivers. However, in the northeast of the basin, a region with more glaciers, glacier melt runoff accounted for more than 70% of the total runoff (Figure 7B). Snowmelt runoff contributed more than 20% of total runoff in the upper reaches and gradually decreased in the lower reaches, with an average value of 14% (Figure 7C). The contribution of baseflow to the total runoff changed similarly to that of snowmelt runoff, which was higher in the upper reaches and gradually decreased in the lower reaches, with an average value of 9% (Figure 7D).
[image: Figure 7]FIGURE 7 | Runoff components of the average annual total runoff during 1969–2013. (A) Rainfall runoff; (B) glacier melt runoff; (C) snowmelt runoff; (D) baseflow. The size of the points represents the magnitude of the total annual runoff, and the color indicates the relative contribution to the total annual runoff.
Temperature and precipitation in the NRB exhibited significant seasonal characteristics, and the four runoff components responded differently to changes in temperature and precipitation. Figure 8 shows the seasonal changes in rainfall runoff, glacier melt runoff, snowmelt runoff, and baseflow, along with the mean monthly precipitation (rain and snow) and temperature for different periods in the NRB.
[image: Figure 8]FIGURE 8 | Monthly precipitation (snow and rain), monthly temperature, and different monthly runoff components for different periods. (A) 1969–2013; (B) 1969–1983; (C) 1984–1998; (D) 1999–2013.
During 1969–2013, 91% of the annual precipitation was in the form of rain, with the majority (70%) falling between June and September (Figure 8A). The seasonal characteristics of total runoff clearly corresponded to that of precipitation and rainfall runoff, with the months of highest precipitation also experiencing the highest rainfall runoff and total runoff (Figure 8A). The early total runoff was primarily generated by rainfall runoff, which started in April and peaked in July (1,196 m3/s) and September (1,335 m3/s) during 1969–2013 (Figure 8A). Monthly glacier melt runoff mainly occurred from May to October when the monthly mean temperature was over 0°C, with peaks in July (207 m3/s) and August (257 m3/s) corresponding to the highest temperature in July (12.3°C) and August (12.1°C) during 1969–2013 (Figure 8A). During 1969–2013, 9% of the annual precipitation was in the form of snowfall, with the majority (73%) falling between January and April (Figure 8A). Snowmelt runoff mainly occurred from April to August when the monthly mean temperature was above 0°C, with June (508 m3/s) being the largest month for snowmelt runoff during 1969–2013 (Figure 8A). The variation of monthly baseflow was relatively smooth, reaching the maximum value in October (98 m3/s), which shows a three months delay during 1969–2013 as the maximum rainfall appeared in July (Figure 8A).
The monthly total runoff increased slightly during 1984–1998, mainly due to an increase in rainfall runoff (Figures 8A, C). The monthly rainfall runoff increased significantly during 1984–1998 and 1999–2013, particularly after July (Figures 8C, D). The peak of monthly rainfall runoff increased from 1,189 m3/s (1969–1983) in August to 1,489 m3/s (1984–1998) and 1,466 m3/s (1999–2013) in September with more precipitation in the last two periods (Figures 8B–D). The monthly glacier melt runoff in the latter two periods decreased slightly compared with the period of 1969–1983 due to rapid glacier retreats (Figures 8B–D). The variations in monthly snowmelt runoff and baseflow were not obvious.
4.3 Reconstructing temporal and spatial variations of GMB
The annual GMB as well as cumulative GMB over the period 1969–2013 are reconstructed in Figure 9. The mean GMB was −1.26 m w. e./a with a cumulative GMB of −56.72 m w. e. during 1969–2013, which is close to the observed GMB (−1.12 m w. e./a, Figure 5A). The severe mass wastage over the 45 years (Figure 9) was mainly due to the temperature continuing to rise during 1969–2013 (Figure 2). The annual mean GMB was −1.27 m w. e./a during 1969–1983, with a slightly increasing trend (0.005 m w. e./a) during this period (Figure 9). However, since 1984, the annual GMB showed a significant decreasing trend, reaching −0.021 m w. e./a and −0.030 m w. e./a in the periods 1984–1998 and 1999–2013, respectively (Figure 9). Climate warming (Figure 2) exacerbated the loss of glacier mass in the NRB over the 45-years period.
[image: Figure 9]FIGURE 9 | Simulated GMB and accumulative GMB in the NRB during 1969–2013.
Taking the main channel of the Niyang River as the boundary, the NRB was divided into two regions: the northern region and the southern region (Figure 10). The spatial GMB was reconstructed in Figure 10. Results showed that the GMB was mainly negative during 1969–2013 (Figure 10A). The annual GMB was as high as −1.43 w. e./a and −0.53 w. e./a in the northern and southern regions, respectively (Figure 10A). The averaged mass balance was analyzed for different periods to determine the spatial distribution of the GMB. The annual GMB showed a slight increase during 1984–1998, mainly due to the increase in precipitation (Figure 2) during this period, which contributed to the accumulation of glacier mass (Figure 10C). During 1999–2013, the GMB decreased sharply (Figure 10D) due to the increase in temperature and the decrease in precipitation (Figure 2).
[image: Figure 10]FIGURE 10 | Spatial distribution of annual GMB in the NRB during different periods. (A) 1969–2013; (B) 1969–1983; (C) 1984–1998; (D) 1999–2013.
Aspects affect light, wind, and precipitation that a glacier can receive, which has significant impacts on GMB (Luo et al., 2022). Therefore, studying GMB in different aspects can help investigate the impact of climate change on glaciers. The proportion of glacier area in different aspects of the northern and southern regions during 1969–2013 was reconstructed in Figure 11. On the whole, the glacier mass loss in all aspects in the northern region was much higher than that in the southern region.
[image: Figure 11]FIGURE 11 | Glacier area proportion in different aspects for the northern (A–D) and southern regions (E–H) of the NRB in different periods (The length represents the area proportion and colors represent GMB). Northern region: (A) 1969–2013, (B) 1969–1983, (C) 1984–1998, (D) 1999–2013; Southern region: (E) 1969–2013, (F) 1969–1983, (G) 1984–1998, (H) 1999–2013.
In the northern region, the glacier area proportion in each aspect was similar, at around 12% (Figure 11A). The GMB in all aspects in the northern region was mainly negative during 1969–2013 (Figure 11A). In the northern region, compared with the 1969–1983 period, the proportion of glacier area in the −1 to 0 m w. e/a range increased in some aspects between 1984 and 1998, such as in the southwest (SW), west (W) and northwest (NW) aspects, increasing by 0.45%, 0.86%, and 0.59% during 1984–1998, respectively (Figures 11B, C). Compared with the 1969–1983 period, the proportion of glacier area in the less than −2 m w. e./a range increased significantly during 1999–2013 due to higher temperature in the period, with an average increase of 1.32% across all aspects (Figures 11B, D).
In the southern region, the distribution of glacier area in each aspect was highly uneven, and the glacier area was mainly concentrated in the northwest (NW), north (N), and northeast (NE) aspects. In particular, the proportion of glacier area in the N aspect reached 21.4% during 1969–2013 (Figure 11E). In the southern region, the GMB was mainly concentrated at -1-0 m w. e./a in all aspects (Figure 11E). In the southern region, compared with the 1969–1983 period, the glacier retreated significantly in the NE and east (E) aspects during 1984–1998 (Figures 11F, G).
5 DISCUSSION
5.1 Influence of climatic factors on runoff
The NRB relies heavily on climate factors such as precipitation and temperature (Lutz et al., 2014; Xuan et al., 2018; Zhang et al., 2020). Rainfall plays a major role in maintaining rivers in the NRB, with an annual average contribution of 67% to total runoff (Figure 7A). The interannual variations of total runoff and rainfall runoff are highly consistent (Figures 6A, B), indicating that future variation of total runoff will largely depend on the variation of rainfall. In addition, due to climate warming, the recharge and regulation effects of meltwater (glacier/snow) on runoff are continuously weakened, and the influence of rainfall on runoff is gradually strengthened in the NRB. Since regional rainfall is characterized by significant fluctuations, uncertainty about future runoff changes is increasing and there is an increased risk of disasters such as floods and droughts caused by rainfall changes (Wu et al., 2021).
Meltwater (glacier/snow) and evapotranspiration are extremely sensitive to changes in temperature (Kraaijenbrink et al., 2021). The annual average contribution of melt (glacier/snow) runoff to total runoff in the NRB is about 24%, which demonstrates the importance of melt runoff in the study area (Figures 8B, C). While rising temperatures may increase glacier melt runoff in the short term, glacier melt runoff may rapidly decrease due to glacier retreat in the long term (Lutz et al., 2014). Glacier melt runoff plays a crucial role in maintaining total runoff, especially during the warm season (Zhao et al., 2019). The earlier arrival of snowmelt runoff peak and reduction of snowmelt runoff due to warming temperatures may negatively impact the sustainability of spring irrigation and threaten overall local food security in the entire NRB (Elias et al., 2015; Qin et al., 2020). Extreme warming can also lead to increased evapotranspiration, which reduces rainfall runoff to some extent in the NRB (Meng et al., 2016; Qin et al., 2017). In addition, topographic factors also affect total runoff to some extent. Total runoff generated at high elevations strongly depends on snowmelt runoff and glacier melt runoff, while total runoff generated at low elevations is dominated by rainfall runoff and baseflow processes (Figure 7) (Khanal et al., 2021; Yao et al., 2021).
5.2 Possible drivers for GMB changes
GMB is considered a fundamental climate variable and is regarded as one of the most direct indicators of climate change (Zemp et al., 2013). Summer (May-September) temperature and precipitation have been found to be the main contributors to GMB fluctuation in the glacierized region of the southeastern TP (Wu et al., 2019; Zhao et al., 2022). Using summer temperature and precipitation data from Linzhi and Jiali meteorological stations, we analyzed potential drivers of GMB changes in the northern and southern regions of the NRB during 1969–2013 (Figure 12). Results show that summer average temperature increased at rates of 0.203°C/10a and 0.184°C/10a in the northern and southern regions, respectively, which are nearly twice the average global warming rate for the same period (0.12°C/10a, 1951–2012) (IPCC et al., 2013). Figure 12 shows that the summer average temperature in the southern region (12.0°C) was higher than that of the northern region (11.49°C), indicating that the glacier ablation in the southern region was more intense during summer from 1969 to 2013. Summer precipitation showed a weak increasing trend in both the northern and southern regions (0.32 mm/a and 0.25 mm/a), which contributed little to the accumulation of glacier mass (Figure 12). Previous studies suggest that GMB for glaciers in the southeastern TP is more sensitive to temperature than precipitation (Wu et al., 2019; Zhao et al., 2022). Therefore, it can be concluded that temperature rise may be an important factor in glacier mass loss in the NRB.
[image: Figure 12]FIGURE 12 | Annual variations of average temperature and precipitation (from May to September) for the northern and southern regions of the NRB during 1969–2013.
There are other factors that may affect the difference in GMB between the northern and southern regions. Snowfall is very limited (9% of total precipitation, Figure 8A) in the high-elevation areas of the NRB (Zhang et al., 2022). Besides, most of the snowfall is direct melting and litter snowfall becomes a glacial accumulation. Snowfall in the ablation and accumulation zones plays a limited role in the difference in GMB between the northern and southern regions. Yang et al. (2013) found that the annual mean sublimation of the Parlung No.94 Glacier in the southeast TP was only −0.07 m/a, which is negligible for the GMB loss. Compared with the north aspect, the south aspect could get more solar radiation, which may cause higher snow melting and sublimation rates in the south aspect (Zhang et al., 2004; Guo et al., 2017). As a result, aspect is an important factor that affects the spatial variations of GMB in the NRB (Figure 11). Wind speed and solar radiation will change with elevation, which will lead to higher snow sublimation rate in the high elevation areas (Pomeroy et al., 2003). The mean elevation of the glacierized area in the southern region (5,441 m) is higher than that of the northern region (5,326 m), which is another important factor contributing to the spatial difference in the GMB in the NRB. King et al. (2019) found that whether there was debris cover on the glacier’s surface has no significant influence on the change of GMB based on GMB in the Himalayas.
5.3 Comparison with other studies
Previous studies have found that the composition of runoff in the Yarlung Zangbo basin varies significantly due to the use of different models and data (Bookhagen and Burbank, 2010; Immerzeel et al., 2010; Bookhagen, 2012; Zhang et al., 2013; Lutz et al., 2014; Chen et al., 2017; Tian et al., 2020; Khanal et al., 2021; Yao et al., 2021). The annual average rainfall runoff, melt (glacier and snow) runoff, and baseflow contributed 62%–78% (Zhang et al., 2013; Tian et al., 2020; Khanal et al., 2021), 15%–35% (Bookhagen and Burbank, 2010; Immerzeel et al., 2010; Zhang et al., 2013; Lutz et al., 2014; Chen et al., 2017; Tian et al., 2020; Khanal et al., 2021), and 11%–27% (Lutz et al., 2014; Zhang et al., 2020; Khanal et al., 2021; Yao et al., 2021), respectively, to total runoff in the Yarlung Zangbo basin. The relatively low contribution of baseflow (9%) may be due to the steeper topography in the NRB than that of the Yarlung Zangbo basin (Zhang et al., 2020). Other runoff components (Figure 7) have been found to be consistent with previous studies (Bookhagen and Burbank, 2010; Immerzeel et al., 2010; Zhang et al., 2013; Lutz et al., 2014; Chen et al., 2017; Tian et al., 2020; Khanal et al., 2021).
Studies on GMB of the NRB mainly focused on the central Nyainqentanglha Range (eastern of the NRB) (Yao et al., 2012; Brun et al., 2017; Wu et al., 2019; Yi et al., 2020; Jakob et al., 2021) and southeastern TP (including northern of the NRB) (Hugonnet et al., 2021; Zhao et al., 2022). Using DEM difference or satellite data, the mean glacier mass loss rates of −0.60 ±0.20 m w. e./a (2000–2013) (Wu et al., 2019), −0.62 ± 0.23 m w. e./a (2000–2016) (Brun et al., 2017), −0.66 ± 0.02 m w. e./a (2000–2019) (Zhao et al., 2022), −0.67 ± 0.08 m w. e./a (2002–2017) (Yi et al., 2020), and −0.98 ± 0.22 m w. e./a (2010–2019) (Jakob et al., 2021) in the Nyainqentanglha Range or southeastern TP were estimated. Yao et al. (2012) studied the GMB of four glaciers in the Palong Zangbo River basin by glaciological measurements and obtained the GMB as −1.1 m w. e/a during 2006–2010 (southeast of the NRB, Table 4). The simulated GMB in this study was slightly more negative for the periods 1969–1983 (−1.27 m w. e/a), 1984–1998 (−1.18 m w. e/a), and 1999–2013 (−1.33 m w. e./a), compared with the previous studies (Wu et al., 2019; Yi et al., 2020; Zhao et al., 2022). We attribute the difference to the use of calibrated GMB data by Yao et al. (2012), which were significantly higher than those from other studies (Wu et al., 2019; Yi et al., 2020; Zhao et al., 2022).
Regional climate variations play a decisive role in the change of GMB in the TP (Yang et al., 2013; Wu et al., 2019; Liu et al., 2021; Xu et al., 2022; Zhao et al., 2022). Based on an energy-mass balance model, Yang et al. (2013) found that Parlung No. 94 Glacier in the southern TP was more sensitive to changes in air temperature than to changes in annual precipitation over the past 40 years. Liu et al. (2021) showed that GMB changes in the western TP heavily relied on changes in precipitation, whereas GMB changes in the eastern TP were strongly linked to changes in air temperature. The GMB changes within the central Nyainqentanglha Range exhibited spatial and temporal variability and displayed a significant correlation with climate warming and decreased precipitation (Wu et al., 2019). Xu et al. (2022) cautiously inferred that anomalous rise of temperature may be an important factor contributing to GMB loss of the Haxilegen Glacier No. 51 in the eastern Tien Shan over the past several decades. Zhao et al. (2022) found that glaciers in the southeastern TP encountered a significant loss of mass in 2009 due to the simultaneous occurrence of high air temperature and low precipitation.
5.4 Uncertainties and limitations
The simulated runoff components and GMB in the NRB have several uncertainties along with limitations, thus the results of this study should be carefully treated. The uncertainties and limitations are mainly caused by the accuracy of meteorological data, lack of measured data, as well as the setting of the glacier boundary and sensitivity parameters of the SPHY model.
Temperature and precipitation observation data that are interpolated were used to force the hydrological model. The NRB region has a complex topography, but there are only two meteorological stations available, which are unevenly distributed in the study area. Measured meteorological data are lacking in many parts of the study area, especially in high-altitude areas. In addition, the interpolation method is based on the altitude gradient of temperature and precipitation, which inevitably leads to uncertainty of model outcome (Wu et al., 2021). The SPHY model simulates the absolute amount of glacier melt, which is sensitive to the initial glacier area and volume (Khanal et al., 2021). This study corrected the glacier boundaries based on remote sensing images with the snow effect, which will have led to some uncertainties for the simulated results (Paul and Andereassen, 2009).
The parameters of the SPHY model contribute to uncertainties in this study. The calibration of the SPHY model resulted in a uniform parameter set for the NRB, which actually varies greatly with space and time. For example, the critical temperature separating rain and snow fluctuates widely in the TP, so setting it to be a fixed value will have caused great uncertainties (Wu et al., 2021). Although the DDF method is relatively simple and has been widely used, it does not consider the radiation effect that has a large spatial variation (Hock, 2003; Pellicciotti et al., 2005; Heynen et al., 2013).
Furthermore, uncertainties can also be caused by the simplified physical process of the SPHY model. For instance, the model adopts a simple elevation-dependent sublimation function to simulate snow sublimation (Lutz et al., 2014; Terink et al., 2015; Wijngaard et al., 2017). It does not account for the effects of wind speed and dry air, which also have impacts on sublimation. Another disadvantage is that the glacier module in the model was set as a fixed boundary based on the glacier map, which prevents it from accurately quantifying the retreat or advance of glaciers in response to climate change (Terink et al., 2015). Previous studies (Niu et al., 2010; Liu et al., 2011; Zhao et al., 2019) found that accelerated future permafrost thawing under a warming climate will lead to increased baseflow to total runoff (Zhao et al., 2019; Zhang Y. et al., 2022). The groundwater modules in the current model do not adequately represent the permafrost processes, which may result in an underestimation of baseflow contributions, particularly in spring (Zhang T. et al., 2022). There are also uncertainties associated with the field GMB data used in the model calibration. The field GMB data points are far away from the study area with a short time and a small number. The lake of filed GMB in the NRB will lead to some uncertainties in the results.
6 CONCLUSION
Using the observed hydrometeorological data and multi-period glacier remote sensing data, the SPHY model was used to reconstruct the contributions of runoff components to total runoff, along with the variation of the GMB in the NRB during 1969–2013. Comparisons of simulated daily runoff with measured daily runoff (Figure 4), as well as the simulated annual GMB and field annual GMB (Figure 5), indicated that the results of the SPHY model are credible.
Increased precipitation led to an increase in both rainfall runoff and baseflow from 1969 to 2013. In contrast, the trend for snowmelt runoff and glacier melt runoff was not significant, implying that the steady rise in total runoff between 1969 and 2013 was due to increased rainfall. The reconstructing results demonstrate that rainfall runoff was the primary contributor to total runoff in the NRB, with an average annual contribution of 67%, followed by 14%, 10%, and 9% from snowmelt runoff, glacier melt runoff, and baseflow, respectively, during 1969–2013. As the glacier area decreased and the temperature rose, glacier melt runoff and snowmelt runoff showed a decreasing trend during 1969–2013. Compared with 1969–1983, the peak monthly rainfall runoff increased significantly in 1984–1998 and 1999–2013 due to the continuous precipitation increase.
The reconstructing annual GMB showed a severe loss, with an average value of −1.26 m w. e./a (corresponding to a cumulative glacier mass loss of −56.72 m w. e.) during 1969–2013. Compared with the 1969–1983 period, the annual glacier mass loss was relatively small due to more snow and glacier mass accumulation in 1984–1998, but glacier retreat accelerated during 1999–2013 due to sharply rising temperatures. The annual glacier mass loss in the northern region of the NRB (−1.43 m w. e./a) was much higher than that in the southern region (−0.53 m w. e./a) during 1963–2013. This significant difference in GMB between the northern and southern regions was mainly affected by the temperature variation, especially in summer.
The results of this study provide a deeper understanding of variations in the hydrological regime in the NRB under a changing climate, including the contributions of different runoff components and the changes in GMB. This study can serve as a reference for hydrological simulation in cryosphere areas, such as in the TP and other similar regions. The spatial and temporal characteristics of GMB in this study can also be used to calibrate and validate glaciological and hydrological models.
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