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A B S T R A C T   

Precipitation is the key driver of terrestrial hydrological cycle and the most important atmospheric input to land 
surface hydrological models. However, due to high elevation, complex terrain and inaccessibility, direct me
teorological observations are either sparse or nonexistent in many remote parts of Tibetan Plateau (TP), posting 
a great challenge in hydrological modelling studies in the TP. This is especially the case for the Upper 
Brahmaputra (UB) basin in southern TP. In this work, a gridded daily precipitation dataset with a spatial re
solution of 10 × 10 km for 1961–2016 is reconstructed for the entire UB by combining orographic and linear 
corrections of China Meteorological Administration (CMA) and Global Land Data Assimilation Systems (GLDAS) 
data based on 262 rain gauges. The inverse evaluation of the reconstructed precipitation with a glacier-hy
drology model demonstrates the accuracy and rationality of the reconstructed precipitation for hydrological 
modeling in the UB. The reconstructed precipitation greatly improved the precipitation estimates in the UB with 
the basin-averaged mean annual precipitation increased from 465 mm in the original data to 709 mm in the 
reconstructed data for 1961–2016. The monsoon-dominated UB basin exhibits an overall negative precipitation 
vertical gradient with apparent orographic effects only appearing at local scales or in small basins. Basin size and 
climate control should be considered when using the orographic correction approach to derive high mountain 
precipitation on the Tibetan Plateau. The improved precipitation estimates for the UB may best represent the real 
precipitation amount thus far in the UB basin and largely contribute to hydrological simulation and prediction 
studies in the basin.   

1. Introduction 

The Upper Brahmaputra (UB) (Fig. 1), also named the Yarlung 
Zangbo River, originates from the Gyima Yangzoin Glacier at an ele
vation of 5200 m in south-central Tibet and drains an area of about 
253,035 km2 (Fig. 1). It is the highest river in the world with an average 
elevation of greater than 4600 m. and the fifth largest river in China 
according to length (Guan et al., 1984). The UB is also the main fresh 
water source of the Tibet autonomous region and transport channels of 
moisture from the Indian Ocean to the inner region of the plateau (Yang 
et al., 1989). Like elsewhere on the Tibetan Plateau (TP), climate 
change has taken place in the UB (Khandu et al., 2017), with a mean 
annual temperature rise of 0.2–0.5 °C per decade and a mean annual 
precipitation increase of 3.3–8.4 mm per decade since the mid-1960s 
(You et al., 2007; Li et al., 2013; Yang et al., 2014; Kuang and Jiao, 

2016). Along with the warming climate, a series of climate-induced 
changes have occurred across the UB, such as glacier retreat (Yao, 2004; 
Yang et al., 2011; Yao et al., 2012), snow cover decrease (Chen et al., 
2018b; Li et al., 2018) and permafrost degradation (Wu and Zhang, 
2010; Guo et al., 2012; Li et al., 2012; Cuo et al., 2015), which may 
exert substantial impacts on the hydrological cycle of the basin. 

The recent changes in the UB point to the importance of under
standing the interactions between climate and hydrology systems. Land 
surface hydrological models have been widely used to study the hy
drological response to climate changes in TP river basins (Zhang et al., 
2013; Lutz et al., 2014; Su et al., 2016; Tong et al., 2016; Wang et al., 
2016; Kan et al., 2018). Precipitation is the key driver of the terrestrial 
hydrological cycle and the most important atmospheric input to land 
surface hydrology models, and therefore accurate precipitation inputs 
are essential for reliable hydrological predictions (Su et al., 2008; Ma 
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et al., 2018). However, due to the high elevation, complex terrain and 
inaccessibility, direct meteorological observations are either sparse or 
nonexistent in many remote parts of the TP (Tong et al., 2014b; Liu 
et al., 2017b; Tang et al., 2018). The sparse stations are inadequate to 
represent the real precipitation information for the entire basin, which 
hampers the effective use of hydrology models in the TP (Sorooshian 
et al., 2011; Chen et al., 2017; Liu et al., 2017a). This is especially true 
in the UB basin. 

A total of 16 national meteorological stations are available from the 
China Meteorological Administration (CMA) in the UB, most of which 
are located in the central and eastern valleys of the basin (Fig. 1). The 
gridded data obtained by interpolating observations at low altitudes 
tend to largely underestimate basin real precipitation due to the strong 
precipitation gradient created by orographic enhancements and wind- 
induced undercatch of solid precipitation (Immerzeel et al., 2015; Kan 
et al., 2018; Ma et al., 2015; Wortmann et al., 2018; Yang et al., 2005).  
Zhang et al. (2013) conducted flow simulations for major upstream 
river basins in the TP with the Variable Infiltration Capacity (VIC) 
hydrological model driven by gridded station data. They found a large 
flow underestimate in the UB compared with observed flow, due to a 
large underestimate in the gauge-based precipitation inputs. 

Many studies have attempted to evaluate the representation of 
precipitation in TP basins estimated from satellite-based precipitation 
(Gao and Liu, 2013; Tong et al., 2014a; Ma et al., 2016; Liu et al., 
2018), atmospheric reanalysis datasets (Wang and Zeng, 2012; Tong 
et al., 2014b; Bai et al., 2016; Chen et al., 2018a; Qi et al., 2018) and 
outputs of regional climate models (Maussion et al., 2014; Wortmann 
et al., 2018; Mimeau et al., 2019). 

Satellite-based precipitation datasets provide a potential alternative 
source of precipitation estimates in regions where conventional in situ 
precipitation measurements are not readily available (Su et al., 2008; 
Tong et al., 2014a). Various satellite-based precipitation datasets with 
different temporal and spatial resolutions are available and widely used 
in the TP basins (Gao and Liu, 2013; Tong et al., 2014a; Liu et al., 
2017a; Lu and Yong, 2018), such as the Tropical Rainfall Measuring 
Mission (TRMM) (Huffman et al., 2007), Global Precipitation Mea
surement (GPM) (Huffman et al., 2014, 2015), Climate Prediction 
Centre Morphing Algorithm (CMORPH) (Joyce et al., 2004), and Pre
cipitation Estimation from Remotely Sensed Information using Artificial 
Neural Networks-Climate Data Record (PERSIANN-CDR) (Ashouri 
et al., 2015). Most of the satellite-based precipitation datasets closely 
agree with the monthly variations of gauge estimates, mostly due to an 
inclusion of gauge adjustments (Su et al., 2008; Gao and Liu, 2013; 
Tong et al., 2014a). Purely satellite-based estimates without including 

any gauge corrections tend to overestimate gauge observations (Su 
et al., 2011; Tong et al., 2014a) due to errors resulting from the gaps in 
revisit times, sampling uncertainties and retrieval algorithms (Jiang 
et al., 2012; Gao and Liu, 2013; Ma et al., 2016; Wang et al., 2018b). 

Atmospheric reanalysis projects, based on the data assimilation 
system with a variety of physical and dynamical processes, produce 
long-term and continuous estimation of meteorological variables which 
have been extensively used in the TP (Wang and Zeng, 2012; Tong 
et al., 2014b; Qi et al., 2018; Wang et al., 2018b), such as ERA-40 
(Uppala et al., 2005) and ERA-Interim (Simmons et al., 2006) devel
oped by the European Centre for Medium-Range Weather Forecasts 
(ECMWF), Global Land Data Assimilation Systems (GLDAS) (Rodell 
et al., 2004), and Modern-Era Retrospective Analysis for Research and 
Application (MERRA) (Rienecker et al., 2011). However, reanalysis 
data tend to overestimate mean annual precipitation on the southern TP 
and overlook detailed regional information because of their relatively 
coarse grids (0.25°–2°) (You et al., 2015; Wang et al., 2017; Wortmann 
et al., 2018). 

Another type of precipitation product comes from regional climate 
models that downscale global products to finer resolutions, such as the 
High Asia Refined analysis (HAR), which provides detailed and process- 
based precipitation fields at a 10-km resolution for the TP (30 km for 
Central Asia) for Oct 2000–Oct 2014 (Maussion et al., 2014). Several 
studies have suggested high potentials of the HAR data in describing 
high-altitude water fluxes and spatiotemporal patterns of precipitation 
in the TP (Maussion et al., 2014; Curio et al., 2015). However, the 
utility of HAR precipitation in hydrological simulations in the TP basins 
has not been reported. 

The inherent uncertainties in current gridded precipitation products 
pose a great challenge to the hydrological simulation for TP basins. In 
addition, evaluation studies have suggested large inconsistencies 
among precipitation estimates from gauge observations, reanalysis 
data, and satellite retrievals in the UB (Table 1) (Zhang et al., 2013; 
Tong et al., 2014b; Huang et al., 2016; Qi et al., 2018), leaving actual 
areal precipitation information in the UB still unknown. 

A few attempts have been made to derive high mountain pre
cipitation estimates through different approaches for the TP basins, 
including: (1) inversed modeling approach based on glacier mass bal
ance (Immerzeel et al., 2015; Wortmann et al., 2018); (2) multiple 
precipitation datasets merging method (He and Yang, 2011; Chen et al., 
2017; Ma et al., 2018; Qi et al., 2018); (3) linear corrections based on 
two time series of precipitation and/or streamflow (Zhang et al., 2013; 
Zhou et al., 2014); and (4) orographic corrections (Dahri et al., 2016; 
Kan et al., 2018; Wang et al., 2018a). 

Fig. 1. Location and topography of the upper Brahmaputra (UB). The sequence numbers ①,②,③,④,⑤,⑥ and ⑦ denote the sub-basins of Lhatse (LZ), Lhatse-Nugesha 
(LZ-NGS), Shigatse (RKZ), Lhasa (LS), Nugesha-Yangcun (NGS-YC), Yangcun-Nuxia (YC-NX), and Nuxia-Pasighat (NX-BXK), respectively. The 16 national meteor
ological stations and hydrological stations are represented with black points and pushpins, respectively. Glaciers are indicated with white color. 
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Given the large area of the UB basin (253,035 km2), sparse stations, 
and complex terrain precipitation mechanisms, a single correction ap
proach may not fit the entire basin. Fortunately, a field research cam
paign has been carried out since 2017, with 12 rain gauges and 12 
temperature sensors at different altitudes, installed under the Second 
Tibetan Plateau Scientific Expedition and Research (STEP) project let 
by the Institute of Tibetan Plateau Research, Chinese Academy of 
Sciences (http://data.tpdc.ac.cn). In addition, monthly precipitation 
data from more than 200 rain gauges within the UB for 2014–2016 
were collected from the Tibet Autonomous Region Hydrology Bureau 
(TARHB). The newly installed and established rain gauges together 
with existing national meteorological stations, with elevations ranging 
between 1500 m and 5300 m, constitute a unique observation basis to 
derive reliable precipitation estimates in the UB basin. 

In this work, our intent is to reconstruct a reliable precipitation 
dataset for streamflow simulation in the entire UB by combining oro
graphic and linear correction approaches based on 262 gauge ob
servations. The reconstructed precipitation is used to drive the VIC 
hydrological model linked with a temperature-index model (VIC- 
Glacier) (Zhang et al., 2013; Su et al., 2016; Tong et al., 2016; Kan 
et al., 2018; Meng et al., 2019), and is inversely evaluated by com
paring with observed discharge, glacier area changes, and MODIS- 
based snow cover faction (SCF) data in the UB. The reconstructed 
precipitation is also compared with widely used estimates from dif
ferent data sources in the UB basin. The specific goal of this work is to 
provide reliable and accurate precipitation estimates for hydrological 
modeling and projection studies in the UB, and to provide a reference 
for deriving high mountain precipitation in the TP with complex terrain 
and climate controls and limited observations. 

2. Data and method 

In this work, the precipitation correction and reconstruction are at 
the sub-basin basis. The entire UB is divided into seven sub-basins from 
upstream to downstream on branches or river stems (Fig. 1; Table 2). 
They are the upstream basins of Lhatse (LZ), Shigatse (RKZ) and Lhasa 
(LS), the regions between Lhatse and Nugesha (LZ-NGS), between Nu
gesha and Yangcun (NGS-YC), between Yangcun and Nuxia (YC-NX) 
and the regions between Nuxia and Pasighat (NX-BXK). Among the sub- 
basins, the YC-NX has the largest runoff contribution (~51%) to total 
flows at the Nuxia hydrological station (Fig. 1; Table 2), followed by the 
LS, LZ-NGS, LZ, NGS-YC and RKZ sub-basins with contributions of 
3–16% to total flows at the Nuxia. Glacier coverages range from 0.27% 

to 9.84%, with the largest distributed in the downstream sub-basins of 
YC-NX and NX-BXK. The mean snow cover fraction (SCF) ranges be
tween 7% and 32% among the sub-basins with a mean SCF of 19% over 
the entire UB (Table 2). 

2.1. Precipitation data 

The data used for the precipitation reconstruction in the UB include 
daily precipitation data from 16 meteorological stations of CMA (Fig. 1) 
for 1961–2016, monthly precipitation data from 262 rain gauges for 
2014–2016 and the daily atmospheric reanalysis precipitation dataset 
(GLDAS) for 1961–2016 (Table 3). 

Gauge-based CMA data Most of the CMA stations (Fig. 1) are lo
cated in the downstream low valleys, with elevations of 2700–4500 m 
(70% of the UB is at elevations higher than 4500 m). The number of 
stations within each sub-basin is listed in Table 3, with the most (3–4 
stations) lying in the upstream basins of LS, NGS-YC and YC-NX and the 
least in the upstream basins of LZ and LZ-NGS (0–2 stations). These 
CMA station data are used as a basis for precipitation corrections, which 
are interpolated to 10 km × 10 km grids by the inverse distance 
weighting (IDW) method. 

Rain gauge data Monthly precipitation data from 262 rain gauges 
with elevations of 1500–5200 m are collected from the TARHB for 
2014–2016 (Table 3). The number of stations within each sub-basin 
ranges between 16 and 77 (Table 3), with the YC-NX has the most (77) 
followed by the LS (51). In spite of the short time span (three years) of 
these data, the relatively dense station coverage within each sub-basin 
allows a linear correction for the gridded CMA data at annual scales 
(See Section 3.2). 

GLDAS precipitation data The GLDAS is an atmospheric reanalysis 
precipitation dataset, which uses advanced land surface modeling and 
data assimilation techniques to generate optimal fields of land surface 
states and fluxes (Rodell et al., 2004). The 0.25°×0.25° 3-hourly 
GLDAS-2 precipitation data is obtained from https://hydro1.gesdisc. 
eosdis.nasa.gov/data/GLDAS/GLDAS_NOAH025_3H.2.0/doc/ 
README_GLDAS2.pdf. The GLDAS_NOAH025_3H_2.0 precipitation 
data for 1961–2010 and the GLDAS_NOAH025_3H_2.1 for 2011–2016 
are used as a basis for precipitation corrections for the LZ sub-basin (See  
Section 3.2). 

The mean annual precipitation of several widely used precipitation 
datasets are used to compare with reconstructed data in the UB basins, 
including the gauge-based APHRODITE (Yatagai et al., 2012), satellite- 
based PERSIANN-CDR (Ashouri et al., 2015) and GPM (Huffman et al., 

Table 1 
Summary of relevant studies on precipitation in the NX or entire UB basins.        

Relevant studies Mean annual precipitation 
(mm) 

Study area Period Data Data source  

Nie et al. (2012) 468.8 UB 1978–2009 27 CMA Station Data IDW Interpolation 
Zhang et al. (2013) 540 NX 1961–1999 Corrected CMA Correction by Linear Relationship between Annual 

Precipitation and Simulated Runoff 
Yang et al. (2014) 428.7 UB 1961–2010 6 CMA Station Data CMA Interpolation 
Li et al. (2015) 512.4 UB 1961–2014 16 CMA Station Data Thin Plate Spline Interpolation 
Bai et al. (2016) 478 NX 1979–2010 Monthly Grid-based Precipitation Data with 

a 0.5° Resolution from CMA 
CMA Interpolation 

Huang et al. (2016) 300–500 UB 1973–2013 CMA and GLDAS IDW Interpolation 
Tong et al. (2014b) 462.8 NX 1998–2009 TMPA  

360.4 1961–2007 APHRODITE 
897.5 1961–1990 UW Precipitation Data 
897.6 1961–2001 ERA-40 
1236.6 1979–2009 ERA-Interim 

Note: CMA = China Meteorological Administration; TMPA = TRMM Multi-satellite Precipitation Analysis; UW = University of Washington; IDW = Inverse Distance 
Weighting; APHRODITE = Asian Precipitation- Highly-Resolved Observational Data Integration Towards Evaluation of the Water Resources; ERA = reanalysis data 
set produced by the European Center for Medium-Range Weather Forecasts.  
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2014, 2015), reanalysis data of ERA-Interim (Simmons et al., 2006), 
and the outputs of the regional climate model HAR (Maussion et al., 
2014). The information of those precipitation products can be found in  
Supporting information Table S1. To facilitate direct comparisons be
tween reconstructed data and those widely used precipitation datasets, 
all the gridded data set were regridded to 10 × 10 km grids using the 
nearest neighbour method. 

2.2. Approaches of precipitation correction and reconstruction 

In this work, the precipitation reconstruction for the UB is con
ducted by combing the orographic and linear correction approaches. 

2.2.1. Orographic correction 
Here, we first analyze the relationship between mean annual pre

cipitation estimates with the 262 rain gauges in 2014–2016 (Table 3) 
and elevation over the seven sub-basins (Fig. 1, Table 2). If a significant 
positive relationship is observed in a certain basin, the orographic 
correction is applied when the CMA station data is interpolated from 
low elevations to 10 × 10 km grids in the basin: 

For grid i and year s, 

= + × × =P P P P Ele Ele PG i n( / ( ) ( 1, 2, , )i i i annual
s

grid i
'

where Pi
' is corrected daily precipitation (mm) of grid i; Pi is original 

CMA interpolated daily precipitation (mm) of grid i; Pannual
s is CMA in

terpolated annual precipitation of grid i in year s; Elegridis mean ele
vation (m) of grid i; Eleiis the elevation (m) of rain gauge; PG is the 
precipitation gradient; and n is the number of rain gauges. 

2.2.2. Linear correction 
Linear correction is applied to the basins where orographic lifting 

effects are not observed and at least one CMA station is within the basin 
(Table 3). In this approach, linear regressions are performed between 
mean annual precipitation from the interpolated CMA data at 
10 km × 10 km grids and the TARHB gauges fall into the same grids for 
each sub-basin. Where there are at least two gauges in the pixel of 
gridded product, we used the average value of the gauges to correct the 
corresponding gridded precipitation data. A linear relationship is thus 
developed based on the regression results in the basin: y = a × x + b, 
where y is annual corrected precipitation; x is annual CMA gridded 
data. 

For the LZ sub-basin (Fig. 1) where there are no CMA stations 
(Table 3), the gridded GLDAS precipitation data is used in the LZ to 
compare with the TARHB gauge data because of its long-term series 
(1961–present). 

2.3. Hydrological model 

The VIC model (Liang et al., 1994, 1996) is a semi-distributed 
macroscale land surface hydrological model, which parameterizes the 
dominant hydrometeorological processes taking place at the land sur
face-atmosphere interface. The model solves both surface water and 
energy balance within the grid cell. In this study, the VIC linked with a 
simple degree-day glacier melt algorithm (Hock, 2003), called the VIC- 
Glacier model, is used to evaluate the accuracy of the reconstructed 
precipitation in the UB. The VIC-Glacier model has been previously 
used in flow simulations for major river basins in the TP (Zhang et al., 
2013; Su et al., 2016; Tong et al., 2016; Kan et al., 2018; Meng et al., 
2019). Here, the modeling framework at a three-hourly time step and 

Table 2 
Characteristics of seven sub-basins in the UB.            

LZ LZ-NGS RKZ LS NGS-YC YC-NX NX-BXK  

Hydrological station Lhatse Nugesha Shigatse Lhasa Yangcun Nuxia  Pasighat 
Location Latitude (°) 29.05 29.32 29.25 29.63 29.28 29.47  28.1 

Longitude (°) 87.38 89.71 88.88 91.15 91.88 94.57  95.53 
Drainage area (km2) 50,553 45,327 11,064 26,235 26,599 41,770  51,507 
Basin average elevation (m) 5370 4983 5353 5272 4767 4937  3711 
Period of streamflow 1980–2000 1980–2000 1980–2000 1980–2000 1980–2000 1980–2000  – 
Discharge (m3/s) 172.18 202.15 55.16 300.02 163.87 920.31  – 
Contribution to the total runoff (%) at the Nuxia station 9.17 11.09 3.76 15.98 8.99 51.01  – 
Glacier coverage (%) * 1.49 0.27 1.11 0.89 1.64 2.52  9.84 
Snow cover fraction (%) ** (2001–2014) 15.58 7.12 6.98 23.08 10.21 24.25  31.97 

*Glacier data is from the Tibetan Plateau Glacier Datasets in 2013 (Ye et al., 2017), http://www.tpedatabase.cn. 
**Snow cover fraction is from the Moderate Resolution Imaging Spectroradiometer (MODIS)10C2, https://nsidc.org/data.  

Table 3 
Information of rain gauge observations for the UB basins.              

LZ LZ-NGS RKZ LS NGS-YC YC-NX NX-BXK UB  

National meteorological stations from the 
CMA (1961–2016) 

Number  2 2 3 4 3 2 16 
Elevation (m)  4000 3800–4100 3000–4200 3500–4400 2900–3300 2700–4500 2700–4500 
Longitude (°E)  87.38–89.09 88.96–89.59 90.93–91.75 90.12–91.77 92.56–94.48 93.26–95.91 87.38–95.91 
Latitude (°N)  29.05–29.68 28.91–29.18 29.61–30.49 28.93–29.45 29.13–29.58 29.98–30.65 29.05–30.65  

Rain gauges from the TARHB 
(2014–2016) 

Number 16 25 32 51 39 77 22 262 
Elevation (m) 3900–5200 3800–5000 3800–4600 3600–4800 3500–4700 2800–4800 1500–5000 1500–5200 
Longitude (°E) 84.76–88.16 86.94–89.52 88.58–89.74 90.93–92.33 89.72–91.50 91.95–94.46 93.17–96.29 84.76–93.17 
Latitude (°N) 28.80–29.81 28.84–29.75 28.45–29.25 29.63–30.68 28.98–30.04 28.68–30.35 29.49–30.71 28.80–30.71  

Rain gauges from the STEP (2017–2018) Number 4  2 2  4  12 
Elevation (m) 4300–5300  4400–4500 4300–4800  3200–4500  3200–5300 
Longitude (°E) 82.44–87.23  89.35–89.61 92.05–92.57  92.33–93.66  82.44–93.66 
Latitude (°N) 29.30–30.60  28.18–28.45 30.43–30.96  29.71–29.88  29.30–30.96 

Note: CMA = China Meteorological Administration; TARHB = Tibet Autonomous Region Hydrology Bureau; STEP = Second Tibetan Plateau Scientific Expedition 
and Research Project.  
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1/12° × 1/12° (around 10 km × 10 km) spatial resolution in the UB 
was adopted from Zhang et al. (2013). The required climate forcing 
data in the VIC model include daily precipitation, maximum and 
minimum temperature and wind speed. The temperature data from the 
16 CMA stations are adjusted by lapse rates of −0.80 °C/100 m in 
January–March, −0.70 °C/100 m in April–May, −0.56 °C/100 m in 
June, −0.40 °C/100 m in July–September, and 0.58 °C/100 m in Oc
tober–December in the gridding process. The land surface characteristic 
files of soil texture, topography, and vegetation types are from Zhang 
et al. (2013). 

Observed streamflow, glacier area changes, and satellite-based snow 
cover extent data are used to calibrate and validate the VIC-Glacier 
model driven by the reconstructed precipitation. Monthly observed 
streamflow data at the Lhatse, Shigatse, Nugesha, Lhasa, Yangcun and 
Nuxia hydrological gauge stations on the tributaries and main stream of 
UB for 1980–2000 are from the Qinghai and Tibetan hydrological bu
reaus. The Moderate Resolution Imaging Spectroradiometer (MODIS) 
10C2 reporting the maximum percentage of snow cover during an 8-day 
period in 0.05° resolution grid (Hall et al., 2002) (https://nsidc.org/ 
data) is used to calculate the snow cover fraction (SCF) and to compare 
with VIC-Glacier model simulations in the UB. 

Glacier data in the first Chinese Spatial Glacier Inventory from the 
“Environment & Ecological Science Data Center for west China” 
(http://westdc.westgis.ac.cn/glacier) is used to provide the initial gla
cier distribution in the VIC-Glacier model. Ye et al. (2017) generated 
glacier area coverages on the Tibetan Plateau based on Landsat satellite 
images from three epochs: 263 in the mid-1970s, 150 in 1999–2002, 
and 148 in 2013–14. The most frequent year in each period was defined 
as the reference year for the three mosaics (M1976, M2001 and M2013) 
(Ye2017 hereafter). The volume-area scaling approach (Bahr et al., 
1997) is used to update the calculated glacier area and volume in the 
VIC-Glacier model every year. 

Two categories of model parameters are needed to calibrate in the 
VIC-Glacier model: (1) The degree day factors (DDFs) of both snow 
(DDF_snow) and glaciers (DDF_glacier) for simulating the meltwater in 
glacierized areas; and (2) the parameters of the VIC model for simu
lating runoff process in nonglacierized areas. 

The initial values of DDF_glaciers are derived from previous studies 
based on observed glacier mass balance data in the sub-basins of UB, 
and are then further adjusted to match the observed glacier area 
changes in 1970–2016. The DDF_glacier for the LZ, LZ-NGS and RKZ 
sub-basins is set to 10.97 mm°C−1 day−1 based on Yala Glacier 
(Kayastha, 2001); 9.2 mm°C−1 day−1 in the LS and NGS-YC based on 
Zhadang Glacier (Wu et al., 2010); and 6.2 mm°C−1 day−1 in the YC- 
NX and NX-BXK based on Yanlongba Glacier (Liu and Zhang, 2018). 
The DDF_snow is set to 5.3–5.6 mm°C−1 day−1 among the sub-basins 
based on the relationship between DDF_glacier and DDF_snow (Singh 
et al., 2000; Zhang et al., 2006; Kumar et al., 2016). 

In the VIC model, the first and second soil layers depth (D1, D2) and 
the infiltration parameter (B_inf) have been identified as the most 
sensitive parameters (Su et al., 2005; Zhang et al., 2013). The B_inf 
which defines the shape of the Variable infiltration capacity curve has a 
common range of 0–0.4. A top thin soil layer depth (D1) of 
0.05–0.10 cm is usually used, as suggested Liang et al. (1996) to im
prove evapotranspiration simulation in arid climates. Previous studies 
have suggested a much larger sensitivity of D2 than the other two 
parameters (Zhang et al., 2013). In this work, the topsoil layer depth 
(D1) for each grid cell is set to 0.1 m, and the B_inf is set to 0.2 without 
further calibration. The second soil layer depth D2 mainly determines 
the moisture storage capacity in the model. The D2 is usually calibrated 
at basin scales to match observed streamflow, and therefore, is highly 
dependent on the precipitation input. Driven by the reconstructed 
precipitation and carefully determined parameters of DDFs, the final 

values of D2 are 0.8–1.3 m among the sub-basins. The correlation 
coefficient (R), Nash-Sutcliffe efficiency (NSE) and relative error (Bias, 
%) are used to evaluate the agreement between the VIC-Glacier model 
simulations and observations. 

3. Correction and reconstruction of precipitation in the UB 

3.1. Orographic correction of precipitation in the RKZ sub-basin 

Fig. 2 shows scatter plots of mean annual precipitation (2014–2016) 
from the 262 TARHB gauges against elevation in the seven sub-basins 
and the entire UB. The sub-basins of LZ, LZ-NGS and NGS-YC with 
drainage areas of 26,000–51,000 km2 (Table 2) are located in the main 
stream of the UB (Fig. 1). These three basins show weak decreasing 
tendencies of annual precipitation with elevation, as reflected by a very 
low negative slope of −2 to −7 mm/100 m (Fig. 2a, b, e). However, 
local signals of orographic lifting are observed in certain elevation 
bands in these basins. For example, mean annual precipitation sig
nificantly increases with elevation at 9.2 mm/100 m (R of 0.62) at the 
altitudes of 4200–4500 m in the LZ, 17.2 mm/100 m (R of 0.87, 
p  <  0.1) at 4500–4900 m in the LZ-NGS and 11.2 mm/100 m (R of 
0.62, p  <  0.1) at 4200–4700 m in the NGS-YC sub-basin. 

The YC-NX, also lying in the main stream of UB with a drainage area 
of 41,770 km2 (Fig. 1, Table 2), displays two contrasting patterns of 
precipitation gradient (Fig. 2f). One group, consisting of 30 rain gauges 
and lying on the north of YC-NX, exhibits a significantly decreasing 
trend with elevation (-13 mm/100 m, R of 0.69, p  <  0.01), while 
another group, consisting of 47 rain gauges and lying on the south of 
YC-NX, shows a significantly increasing trend of annual precipitation 
with elevation (5 mm/100 m, R of 0.55, p  <  0.01). 

The RKZ and LS are two independent branches of the UB, with RKZ 
in the south of UB and LS in the north (Fig. 1). The southern tributary 
RKZ, with an area of 11,064 km2, shows a strong increasing trend of 
annual precipitation (13 mm/100 m, R of 0.75, P  <  0.01) with ele
vation (Fig. 2c), similar to the change pattern of the southern YC-NX 
(Fig. 2f). However, the northern basin LS, with an area of 26,235 km2, 
presents a general weak decreasing trend (-3 mm/100 m, R of 0.37) of 
precipitation (Fig. 2d), mimicking the change tendency of northern YC- 
NX sub-basin (Fig. 2f). 

The NX-BXK sub-basin lies in the very downstream of the UB 
(Fig. 1), with mean annual precipitation of 600–2000 mm based on 22 
TARHB gauges in 2014–2016. Basin precipitation displays a statistically 
significant decrease with elevation (−28 mm/100 m, R of 0.64, 
P  <  0.01) (Fig. 2g). 

For the entire UB, two groups of rain gauges with distinct change 
patterns are also identified (Fig. 2h). One group with mean annual 
precipitation of more than 700 mm, mostly from the rain gauges in the 
NX-BXK and northern YC-NX, shows a significantly decreasing trend of 
precipitation (−28 mm/100 m, R of 0.75, p  <  0.01). While another 
group with mean annual precipitation < 700 mm, mainly from the rain 
gauges in the southern YC-NX and its upstream sub-basins, exhibits a 
slightly decreasing trend of precipitation with elevation (−4 mm/ 
100 m, R of 0.22). 

In summary, mean annual precipitation generally shows decreasing 
trends with elevation in all the basins except for the RKZ (Fig. 2c), while 
local signals of orographic lifting exist in certain elevation bands in the 
UB basins. Precipitation in the UB is mostly affected by the prevailing 
atmospheric circulation combined with the effects of local elevation 
and terrain (Liu et al., 2007; Zhang et al., 2016). The overall negative 
precipitation vertical gradient in the UB may be associated with a de
creasing trend of large-scale water vapor transport from the Indian 
Ocean with the increased elevation that overwhelms the terrain effects 
(Sun et al., 2020). Hence, the orographic correction with a gradient of 
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Fig. 2. Scatterplots of mean annual precipitation from rain gauges against elevation for 2014–2016 in the UB and its sub-basins.  

Fig. 3. Scatterplots between mean annual precipitation from rain gauges and the corresponding CMA gridded data (GLDAS for the LZ) in six sub-basins of the UB for 
2014–2016. 
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13 mm/100 m is only applied in the RKZ sub-basin where precipitation 
presents significant vertical gradients (Fig. 2c). 

3.2. Linear correction of precipitation 

Fig. 3 shows the scatterplots of mean annual precipitation from the 
TARHB gauges against the corresponding CMA gridded data for 
2014–2016 in all the sub-basins except for the RKZ. For the LZ, the 
GLDAS gridded precipitation data is used to compare with the TARHB 
gauge data. 

There is generally good correspondence between the TARHB gauges 
and CMA grids with R of 0.91–0.96 (p  <  0.01) among the basins 
(Fig. 3). However, the gridded CMA precipitation data tend to under
estimate the TARHB gauge estimates in the LZ-NGS, LS, NGS-YC, YC- 
NX, and NX-BXK by 10–32% (Fig. 3b–f). The underestimates increase 
from upstream to downstream with the largest underestimation oc
curring in the very downstream YC-NX and NX-BXK (30–32%). On the 
other hand, the GLDAS gridded data tend to overestimate the TARHB 
gauges by more than 100% in the LZ (Fig. 3a). 

The linear regression equations derived from the scatterplots 
(y = 0.99x−348 for LZ, y = 1.07x + 39 for LZ-NGS, y = 1.74x−243 
for LS, y = 1.70x−166 for NGS-YC, y = 2.20x-318 for YC-NX and 
y = 5.97x−3123 for NX-BXK) are thus used to correct the CMA/GLDAS 
gridded data in the corresponding basins (Fig. 3a–f). Together with the 
orographic correction of CMA data in the RKZ, a daily gridded pre
cipitation dataset at 10 km × 10 km grids is reconstructed covering the 
entire UB for 1961–2016. 

Fig. 4 shows seasonal cycle and mean annual precipitation estimates 
from the reconstructed precipitation and the original gridded CMA data 
(GLDAS for the LZ) in the seven sub-basins and the entire UB for 
1961–2016. Overall, the corrections greatly increase the precipitation 
estimates in the UB from a mean annual precipitation of 465 mm in the 
original estimates to 709 mm in the reconstructed data, which is also 
much larger than the previous gauge-based estimates in the UB 

(428–469 mm, Table 1). Regarding the sub-basins, the corrections re
duced about 50% of the original GLDAS estimates in the LZ, resulting in 
mean annual precipitation of 366 mm after the linear correction 
(Fig. 4a). In the other basins, the corrections generally increase the 
original CMA gridded estimates by 17–78% among the basins, resulting 
in a mean annual precipitation of 439–1325 mm from upstream to 
downstream UB. All the sub-basins show similar precipitation regimes 
with 70–90% of annual totals occurring in June–September and 
10–30% in the other months, reflecting the dominant effects of mon
soon systems and occasional intrusions of westerlies. 

4. Hydrological evaluation of the reconstructed precipitation 

The reliability of hydrological simulations is highly dependent on 
the accuracy of precipitation input. Hydrological models have been 
adopted as a useful tool in verifying catchment-wide precipitation es
timates by calibrating them to available hydrological observations 
(Duethmann et al., 2013; Immerzeel et al., 2015; Wortmann et al., 
2018). In this section, the VIC-Glacier model is driven by the daily re
constructed precipitation, and the model simulations are compared 
with observed streamflow, glacier area changes and snow cover extent 
to inversely evaluate the rationality of the reconstructed precipitation 
in the UB. 

4.1. Streamflow simulation 

Precipitation plays a dominant role in runoff generation in the UB, 
with a high correlation between the annual variation of precipitation 
and streamflow (R of 0.74, p  <  0.01) during 1961–1999 (Zhang et al., 
2013). Therefore, the accuracy of simulated streamflow can reflect the 
rationality of precipitation input to a large extent in the monsoon 
dominated UB basin. 

Fig. 5 shows the VIC-Glacier simulated mean monthly streamflow of 
each sub-basin (Fig. 5a–f) and the entire region upstream of the Nuxia 

Fig. 4. Seasonal cycle and mean annual precipitation estimate from the gridded CMA and reconstructed precipitation data in the seven sub-basins and entire UB for 
1961–2016. 
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station (NX, Fig. 5g), forced by the reconstructed precipitation for 
1980–2000. For the purpose of comparison, the model results forced by 
the original precipitation data are also included. The reconstructed 
precipitation-driven model results can successfully reproduce both 
monthly (Fig. S1) and seasonal patterns (Fig. 5) of observed streamflow 

in the UB basins, with NSE of 0.7–0.9 and bias of mostly within  ±  5%. 
The flow simulations are significantly improved when compared with 
those forced by the original data, where there is a positive bias of 208% 
in the LZ (Fig. 5a) and negative bias of 20–60% in other basins 
(Fig. 5b–f). 

Fig. 6 shows the contributions of rainfall, snowmelt and glacier 
runoff to the total annual flow of each sub-basin and the entire domain 
of the UB for 1980–2000 based on the model results forced by the re
constructed precipitation. The rainfall runoff contribution ranges from 
40% to 86% among the sub-basins, with an average of about 49% for 
the entire UB, suggesting a dominant water source of rainfall runoff in 
the UB. The contribution of snowmelt is about 11–33% among the sub- 
basins, with an average of about 18% for the entire UB. Relatively 
larger snowmelt contributions (15–33%) are presented for the down
stream basins of LS, NGS-YC, YC-NX and NX-BXK. Glacier runoff con
tributions range from 2% to 45% among the sub-basins, with the least 
in the LZ-NGS and the most in the NX-BXK, consistent with the glacier 
coverage within each basin (Table 2). On average, about 33% of annual 
total runoff comes from glacier runoff in the entire UB. 

4.2. Glacier area change 

Remotely sensed glacier coverage data offer a valuable alternative 
to ground observation in the evaluation of glacier-hydrological models. 
Here the glacier area coverage (%) in the UB basins in 1976, 2001 and 

Fig. 5. Mean monthly streamflow simulated with the reconstructed precipitation and original gridded data in the six sub-basins and the entire domain (NX) for 
1980–2000. 

Fig. 6. Contributions of rainfall, snowmelt, and glacier runoff to the total an
nual runoff for the seven sub-basins and entire UB basins for 1980–2000. 
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2013 derived from Landsat satellite images in Ye et al. (2017) is used to 
compare with the VIC-Glacier model simulated glacier areas (Fig. 7). 

In the data of Ye2017, the glacier area generally shows a decreasing 
trend in the UB basins from 1976 to 2013, with glacier area reductions 
of 4–47% in 2001 and 7–51% in 2013 relative to 1976 data, resulting in 
a mean glacier area shrinkage of 5% and 8% in the UB in 2001 and 
2013, respectively (Table S2). The largest glacier shrinkage tends to 
occur in the basins with the least glacier coverage (e.g., LZ-NGS), while 
the least shrinkage is observed in the basins with the largest glacier 
coverage (e.g., NX-BXK) (Table S2). The VIC-Glacier simulated glacier 
areas exhibited a close agreement with the Ye2017 in 1976, 2001, and 
2013 with relative bias mostly < 10% in the basins (Fig. 7, Table S2). 
The VIC-Glacier model also simulated a decreasing trend of glacier area, 
with glacier area reductions of 5–40% in 2001 and 7–53% in 2013 
relative to the 1976 data among the basins (Table S2). The good 
agreement between the two completely independent estimates from the 
Ye 2017 data and VIC-Glacier model partly confirms the rationality of 
the reconstructed precipitation as the model input. 

4.3. Snow cover fraction 

There is a large spatial heterogeneity of snow cover in the UB, with 
mean annual snow cover fraction (SCF) ranging from 7% to 32% among 

the sub-basins in terms of the MODIS data, with the heaviest snow 
concentrated in the very downstream basins (Table 2). The sub-basins 
of LZ, LS, YC-NX and NX-BXK, which account for about 95% of total 
MODIS-estimated snow-covered area in the UB (Table 2), were chosen 
to evaluate the VIC-Glacier model SCF simulations (Fig. 8). 

Fig. 8 shows the annual cycle of MODIS and VIC-Glacier model si
mulated SCF (%) forced by the reconstructed precipitation in the LZ, LS, 
YC-NX and NX-BXK for 2001–2014. For the purpose of comparison, the 
model results forced by the original precipitation data are also in
cluded. There is a strong seasonal variation in the MODIS SCF with the 
highest appearing in October–March (15–55%) and lowest in Ju
ne–August (< 6–8%) in the selected basins (Fig. 8). Both the model 
simulated SCF forced by the reconstructed and original precipitation 
can follow the seasonal variation of the MODIS with R of 0.77–0.97 
(p  <  0.01, Fig. 8) in the four basins. However, the simulated SCF 
forced by the reconstructed precipitation tends to underestimate the 
MODIS with a mean negative bias of 17–43%, with the largest under
estimate in the YC-NX and the least in the LZ. The underestimates 
mostly appear in summer in the LZ, and in spring and winter seasons in 
the other three basins (Fig. 8). On the other hand, the simulated SCF 
forced by the original precipitation exhibits even larger biases, with a 
positive bias of 182% in the LZ (Fig. 8a) and a negative bias of 69–82% 
in the other basins (Fig. 8b–d) relative to the MODIS. This can be 

Fig. 7. Glacier coverage (%) from the VIC-Glacier model simulation and satellite-based observation in the seven sub-basins and entire UB in 1976, 2001, and 2013, 
respectively. 
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explained by the large overestimates in the GLDAS precipitation in the 
LZ and underestimates in the original CMA data in other basins (Fig. 4). 
The apparent improvements of SCF simulations with the reconstructed 
precipitation demonstrate an improvement of precipitation input in 
hydrological modelling in the UB. 

5. Comparison of reconstructed precipitation with other datasets 

Evaluation studies have highlighted the striking differences in pre
cipitation estimates from different data sources (e.g., the gauge-based, 
satellite-based, and reanalysis data, etc.) in the TP basins (Yin et al., 
2008; Wang and Zeng, 2012; Gao and Liu, 2013; Tong et al., 2014b; 
You et al., 2015). Table 4 compares the mean annual precipitation of 
reconstructed data with the widely used precipitation datasets in the UB 
basins, including the gauge-based APHRODITE, satellite-based PERSI
ANN-CDR and GPM, reanalysis data of GLDAS and ERA-Interim, and 
the outputs of the regional climate model HAR. 

Considerable disagreement is observed among the precipitation esti
mates, with mean annual precipitation average in the UB ranging from 
500 mm in the APHRODITE to 1465 mm in the ERA-Interim (Table 4). The 
widely used gauge-based APHRODITE tends to underestimate the re
constructed precipitation (22–43%) in all the sub-basins, resulting in a mean 
negative bias of 32% (Table 4). The GPM and HAR tend to underestimate 
the reconstructed precipitation in most of the sub-basins (except for the LZ 
and NX-BXK), with the largest underestimates seen in the LS and YC-NX 
(24–50%). On the other hand, the reanalysis data ERA-Interim and infrared- 
based PERSIANN-CDR largely overestimate the reconstructed precipitation, 
with the largest bias of 127–162% in the ERA-Interim (Table 4). No con
sistent pattern is presented in the GLDAS, with four basins having a positive 
bias of 62–113% and three with negative bias of 11–38%, resulting in a 
mean positive bias of 11% in the UB (Table 4). 

The large variety of mean annual precipitation estimates in Table 4 
suggests that high mountain precipitation is still not well represented in 
either satellite-based precipitation, reanalysis or regional climate 
models. Given the large number of gauges involved and the validation 
through hydrological model simulations, the reconstructed precipita
tion in this study best represent the real precipitation amount thus far in 
the UB basin. 

6. Discussion 

6.1. Impact of precipitation input on estimates of meltwater contribution 

Glacier and snow melt are important hydrological processes which 
can significantly modify streamflow regimes (Immerzeel et al., 2010; 
Zhang et al., 2013). However, the relative contribution of meltwater to 
runoff differs fundamentally under different precipitation estimates 
(Bookhagen and Burbank, 2010; Zhang et al., 2013; Su et al., 2016). 

With the same VIC-Glacier model driven by gridded CMA data 
multiplied by a correction factor of 1.33, Zhang et al. (2013) estimated 
a contribution of 11.6% from glacier runoff to total flow at the Nuxia 
station (NX) for 1961–1999. This estimate is less than the contribution 
of 13.5% estimated from current work for the same period, although 
the mean annual precipitation averaged in the NX was nearly the same 
used in Zhang et al. (2013) (540 mm) and in this work (544 mm). A 
close inspection shows that large differences exist in sub-basins be
tween mean annual precipitation estimates from Zhang et al. (2013) 
and the current study (Table S3), which may explain the discrepancy in 
glacier runoff contribution from the two studies. 

Chen et al. (2017) and Zhao et al. (2019) also estimated glacier 
runoff contributions of 9.9% and 5.5% to total runoff of NX, respec
tively, with either different hydrological models or different precipita
tion correction approaches. However, the exact amount of precipitation 
input used in the studies was not clearly indicated at any time scales. 
Although other factors (e.g., temperature and models) also affect flow 
composition simulations, accurate precipitation inputs are still the 
prerequisite to acquire reasonable model parameters and reliable model 
results (Zhang et al., 2013). 

To investigate how precipitation affects runoff components simu
lation, the NX-BXK sub-basin where glacier and snow melt account for 
about 45.3% and 15.1% of total runoff (Fig. 6), respectively, is selected 
for sensitivity analysis with the VIC-Glacier model (Fig. 9). The con
tribution from glacier runoff shows a decreasing trend with the increase 
of precipitation, while snowmelt and rainfall contributions tend to in
crease with precipitation, suggesting an overestimate/underestimate of 
precipitation being compensated by an underestimate/overestimate of 
glacier melt in the model simulation. 

We observed that the contribution of glacier and rainfall runoff tend to 
have a larger sensitivity to precipitation decrease than to precipitation 
increase. For instance, the contribution of glacier runoff would increase 
about 7–10% with the unit decrease of mean annual precipitation, while it 
would decrease about 4–5% with the unit increase of precipitation (Fig. 9). 
Therefore, the widely recognized underestimates in current gridded pre
cipitation datasets for high mountains (Immerzeel et al., 2015; Dahri et al., 
2016; Kan et al., 2018) may result in large uncertainties in meltwater 
contribution calculations in glacier-affected basins. 

6.2. Two correction approaches for high mountain precipitation 

In this work, orographic correction approach is used in the RKZ, 
while linear correction in the other basins. There are total 10 rain 
gauges in the RKZ and there is a good correspondence in mean annual 
precipitation estimates between rain gauges and the corresponding 
CMA grids (Fig. 10a). We find that the linear correction approach is also 
suitable to the RKZ, which results in comparable precipitation 
(429 mm/yr) and streamflow estimates (NSE = 0.82, Bias = −2.1%) 
with the orographic correction approach (439 mm/yr) in the basin 
(Fig. 10b, c). However, linear correction approach highly relies on an 
acceptable station density. Fig. 10d shows that the linearly corrected 
mean annual precipitation would decrease from 429 mm to 409 mm 
when the number of rain gauges reduce from 10 to 4 in the basin. 

The orographic correction approach has been widely used in deriving 
high mountain precipitation from low elevations (Alijani, 2008; 
Bookhagen and Burbank, 2006; Dahri et al., 2016; Kan et al., 2018). 
However Sun et al. (2020) demonstrate that precipitation gradients show 

Fig. 8. Annual cycle of MODIS and VIC-Glacier simulated SCF (%) in the LZ, LS, 
YC-NX and NX-BXK sub-basins for 2001–2014. 
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contrast characteristics between westerlies- and monsoon-dominated 
river basins in the TP. Precipitation enhancement due to orographic 
lifting is apparent in the westerly basins (i.e. upper Yarkant, upper Indus, 
upper Amu Darya, upper Syr Darya), while mean annual precipitation 

generally shows decreasing trends with elevation in the monsoon basins, 
i.e. upper Yangtze, upper Yellow, Lancang, Nujiang, upper Brahmaputra 
basins (Sun et al., 2020). The orographic effects on precipitation are only 
observed at relatively smaller scales in the monsoon basins, such as, the 
very source regions of the upper Lancang and Nujiang (Sun et al., 2020), 
consistent with the findings in this work. Therefore, basin size and cli
mate control should be considered when using the orographic correction 
approach to derive high mountain precipitation from low elevations. 
Along with the progress of the Second Tibetan Plateau Scientific Ex
pedition and Research, more meteorological observations will be estab
lished, which is expected to benefit reliable precipitation estimates and 
hydrological studies in the region. 

7. Conclusion 

In this work, a gridded daily precipitation dataset (10 km × 10 km) 
is reconstructed in the UB for 1961–2016, based on 262 rain gauges 
through combining orographic and linear corrections of CMA and 
GLDAS data, and the reconstructed precipitation is inversely evaluated 
by the VIC-Glacier hydrological model. The main results of the study 
are summarized as below:  

1. The corrections greatly improved the precipitation estimates in the 
UB and the basin-averaged mean annual precipitation increased 
from 465 mm in the original data to 709 mm in the reconstructed 

Fig. 9. Sensitivity of glacier, snowmelt and rainfall runoff contribution to the 
changes of precipitation for 1980–2000 in the NX-BXK sub-basin. 

Fig. 10. Scatterplot of mean annual precipitation from rain gauges against the corresponding CMA gridded data for 2014–2016 (a), corrected precipitation with 
linear and orographic corrections (b), simulated streamflow with two corrected precipitation inputs (c), and corrected precipitation estimates with linear correction 
with different number of rain gauges (d) in the RKZ sub-basin. 
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data for 1961–2016. The inverse hydrological model evaluation 
demonstrates the accuracy and rationality of the reconstructed 
precipitation as input for hydrological modeling in the UB.  

2. Large uncertainties exist in mean annual precipitation estimates in 
the UB with a range of 500–1465 mm among seven datasets. The 
reconstructed precipitation from this work involves a large number 
of rain gauges and extensive hydrological validation and may best 
represent the real precipitation amount thus far in the UB basin.  

3. The monsoon-dominated UB basin exhibits an overall negative 
precipitation vertical gradient, with apparent orographic lifting only 
appearing at local scales or in small basins. Basin size and climate 
control should be considered when using the orographic correction 
approach to derive high mountain precipitation, and combining 
different correction approaches is recommended. 
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