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ABSTRACT

Precipitation is a primary climate forcing factor in catchment hydrology, and its spatial distribution is
essential for understanding the spatial variability of ecohydrological processes in a catchment. In moun-
tainous areas, meteorological stations are generally too sparse to represent the spatial distribution of pre-
cipitation. This study develops a spatial interpolation method that combines meteorological observations and
regional climate model (RCM) outputs. The method considers the precipitation—elevation relationship in the
mountain region and the topographic effects, especially the mountain blocking effect. Furthermore, using this
method, this study produced a 3-km-resolution precipitation dataset from 1960 to 2014 in the middle and
upper reaches of the Heihe River basin located on the northern slope of the Qilian Mountains in the
northeastern Tibetan Plateau. Cross validation based on the station observations showed that this method is
reasonable. The rationality of the interpolated precipitation data was also evaluated by the catchment water
balances using the observed river discharge and the actual evapotranspiration based on remote sensing. The
interpolated precipitation data were compared with the China Gauge-Based Daily Precipitation Analysis
product and the RCM output and was shown to be optimal. The results showed that the proposed method
effectively used the information from the meteorological observations and the RCM simulations and pro-
vided the spatial distributions of daily precipitations with reasonable accuracy and high resolution, which is

important for a distributed hydrological simulation at the catchment scale.

1. Introduction

Precipitation is the primary driver of the ecohydro-
logical processes in a watershed (Z. Li et al. 2013;
Kaptué et al. 2015). Because precipitation influences the
spatial organization of runoff, evaporation, and soil
moisture, consequently affecting the ecological process
(Taylor et al. 1997; Nykanen et al. 2001), the spatial
distribution of precipitation is important for under-
standing the spatial characteristics of ecohydrology at
the watershedvscale.
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Different spatial interpolation techniques are used
to obtain gridded precipitation data based on gauge
observations (Tabios and Salas 1985), including the
widely used Thiessen polygon (Thiessen 1911), the
methods of Inverse Distance Weighting (IDW; Shepard
1968) and Angular Distance Weighting (ADW;
Willmott et al. 1985), and the splines (Hutchinson 1995)
and kriging techniques (Phillips et al. 1992). A common
feature of these methods is the estimation of grid pre-
cipitation as the weighted average of the relevant gauge
observations (Willmott and Matsuura 1995); the differ-
ence among these techniques is the method used for
calculating the weight of each precipitation gauge. Pre-
cipitation is often affected by terrain changes (Basist
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et al. 1994; Lloyd 2005). In mountainous areas, pre-
cipitation on the top of the mountain may be signifi-
cantly different from the precipitation at the foot of the
mountain (Sanberg and Oerlemans 1983; Daly et al.
2008). Daly et al. (1994) did several studies on the re-
lationship between precipitation and topography uplift,
and proposed a linear precipitation—elevation relation-
ship. In high mountainous watersheds, there are few
meteorological stations located at high elevations; the
precipitation interpolation based on the stations at low
elevations is often unrepresentative at high elevations
(Daly et al. 2008). This is a common problem for pre-
cipitation interpolation based on the sparse observa-
tions in mountainous regions. To obtain the spatial
distribution of precipitation in mountainous regions,
information about the precipitation spatial pattern/
characteristics affected by the terrain is required.

To consider the effect of the terrain on precipitation,
interpolation methods such as kriging or splines have
added the elevation element (New et al. 1999,2000). Daly
et al. (1994) developed a method that uses a local re-
gression technique to consider the effect of terrain, called
the Parameter-Elevation Regressions on Independent
Slopes Model (PRISM). In this method, the key step is
estimating the precipitation—elevation relationship,
which is the basis for the annual or monthly precipitation
interpolation. To estimate the precipitation—elevation
relationship, the terrain is smoothed and divided into
the east-, south-, west-, and north-oriented (or flat) slope
facets. In each facet, the precipitation—elevation re-
gression function is developed based on the station pre-
cipitation data, and the precipitation—elevation gradient
is generated. Xie et al. (2007) developed a daily pre-
cipitation interpolation method using PRISM. This
method estimates the gridded daily precipitation based
on the station observations using the precipitation—
elevation relationship estimated by PRISM. Using this
method, a dataset of daily precipitation with a spatial
resolution of 0.25° over the mainland of China is gener-
ated from the observations of 2400 meteorological sta-
tions; these data are called the China Gauge-Based Daily
Precipitation Analysis (CGDPA) product (Shen and
Xiong 2016). Remarkably, PRISM relies on the
precipitation—elevation relationship for each facet that
was estimated according to the gauge measurements. To
obtain precise high spatial precipitation values, a sufficient
number of gauges in each facet is required. Unfortunately,
gauges are generally sparse in mountainous areas.

Currently, there are two primary types of precipitation
products, satellite observation precipitation and radar
observation precipitation, which can provide the spatial
distribution of precipitation (Berne and Krajewski 2013).
However, because of the low spatial resolution, satellite
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precipitation products, such as TRMM (Huffman et al.
2007) and CMORPH (Joyce et al. 2004), are often unable
to meet the demand in many ecohydrological models
with high spatial resolution (Hofstra et al. 2008). Radar
precipitation observations often have large uncertainties
in mountainous areas because of the interference of
complex terrain in radar observations (Young et al. 1999;
Lietal. 2014); in addition, there are no radar observations
in many mountainous areas.

Regional climate models (RCM) can provide the out-
put of meteorological elements, including precipitation,
with a high spatial resolution (Diallo et al. 2012). RCMs
utilize the output from global climate models (GCMs) as
the lateral boundary conditions (Dickinson et al. 1989;
Giorgi and Bates 1989) and downscale the GCM output
to the regional scale based on the physical processes and
local features (such as atmospheric dynamics, local to-
pography, and vegetation cover). RCMs have been ap-
plied and intensively evaluated in different regions of the
world in previous studies (Liang et al. 2004; Maurya and
Singh 2016; Maraun and Widmann 2015). RCMs provide
valuable information about the spatial distribution of
precipitation (Xiong et al. 2009; Xiong and Yan 2013;
Laux et al. 2011; Feldmann et al. 2013) that is potentially
useful for the interpolation of gauge precipitation
measurements.

Therefore, this study aims to develop an interpolation
method for the gauge-sparse mountainous area by uti-
lizing the spatial distribution information provided by
the RCM output with fine spatial resolution and to apply
this method to the middle and upper reaches of the
Heihe River basin to generate high-resolution gridded
data of daily precipitation from 1960 to 2014. The in-
terpolation method is introduced in detail in section 2.
Application to the Heihe River basin is presented in
section 3, which includes the introduction of the study
area and the data description. In section 4, the method
validation is presented, followed by a comparison of the
interpolation result with other precipitation datasets;
furthermore, the rationality of the precipitation in-
terpolation is evaluated using water balance analysis.
Finally, the conclusions are listed in section 5.

2. Interpolation method

The primary steps of the interpolation method can be
described as follows. The first and most important step is
to generate the gridded daily climatological precipitation,
which represents the spatial distribution of long-term
mean daily precipitation. The second step is to calculate
the gridded ratio of daily precipitation to the daily cli-
matological precipitation by interpolating the ratio values
at the stations. Finally, gridded daily precipitation is
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FIG. 1. Primary steps of the interpolation method.

estimated as the product of the daily climatological pre-
cipitation and the daily precipitation ratio. Figure 1 shows
the diagram of the proposed method.

a. Generating the gridded daily climatological
precipitation

The stations provide accurate precipitation values at a
point scale, while the RCM provides gridded pre-
cipitation data from which the spatial distribution pat-
tern of precipitation can be extracted. Therefore, the
gridded daily climatological precipitation is generated
by merging a station’s daily climatological precipitation
and the spatial distribution characteristics estimated
from the RCM output.

The station’s daily climatological precipitation is defined
as the mean daily precipitation for each day of year
(DOY), which is calculated from long-term daily pre-
cipitation observed at stations. The long-term mean daily
precipitation for the 365 calendar days is calculated at each
station, and then a smooth curve of the long-term mean
daily precipitation is obtained and the high-frequency
noise is removed using the Fourier filtering process. The
filtering result is considered the daily climatological pre-
cipitation (see Fig. Al in the appendix for details).

The precipitation—elevation relationship at the monthly
time scale is estimated from RCM output and is used
to represent the spatial distribution characteristics of
the precipitation in the mountainous areas. To estimate
the precipitation—elevation relationship, three steps are
taken as follows.

The first step is to divide the entire terrain into facets.
This study uses a digital elevation model (DEM) with

the same projection and resolution as the RCM. Based
on the DEM, the entire terrain is divided into facets. The
adjacent grid cells with the same major orientation (east,
south, west, north, or flat) are grouped into one facet.
However, the facets derived from the DEM are proba-
bly fragmentary, and thus a smoothing process is ap-
plied. In the smoothing process, the elevation of each
grid cell in the DEM is updated as follows:

ele, , =0.5ele,  +0.125(ele +ele

m—1,n m+1,n

+ele  +ele
mun—1

N m,n+1)’ (1)

where ele,,, is the elevation of the grid cell at row m and
column n. Repeating this smoothing process using
Eq. (1), the terrain of the entire study area is smoothed
to contain the major graphical features. As suggested by
Daly et al. (1994), multiple-of-8 cycles of the smoothing
process [8, 16, 24, 32, 40 repeated cycles of Eq. (1)] are
performed. By judging the number of the fragment
facets that contain five or fewer grid cells and the dis-
tortion degree of the terrain, the most suitable terrain
after certain cycles of the smoothing process is selected.

The second step is to estimate the precipitation—elevation
gradient in each facet using a regression analysis based on
the RCM monthly precipitation. The regression is per-
formed in a facet that contains more than five grid cells. In
the remaining facets, which contain five or fewer grids, the
precipitation—elevation gradient is calculated as the mean
values of the surrounding facets.

The third step is to adjust the precipitation—elevation
gradient according to station observations. A bias may
exist in the absolute value of the precipitation—elevation
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gradient calculated from the RCM output, and it can be
adjusted according to the station observations. The mean
precipitation—elevation gradient for the entire mountain
area is estimated from the RCM output and the station
observations, denoted G and Gj, respectively. The ratio
of Gy and G; is used to correct the systematic bias of
the precipitation—elevation gradient estimated from the
RCM output in each facet. The gradient value is esti-
mated in the monthly scale, and it is assumed that the
daily gradients in a month have the same value.

Based on the climatological precipitation at stations
and the precipitation—elevation gradient, the gridded
daily climatological precipitation is interpolated. The
interpolation method used in this study is a modified
ADW (Willmott et al. 1985; New et al. 2000; Yang et al.
2004) with a consideration of the precipitation—
elevation gradient. To interpolate the daily climatolog-
ical precipitation at a grid cell (m, 1) Pgi(n ), the nearest
stations within a distance of x, centered at the target grid
cell (up to eight stations) are selected, and x is a cor-
relation decay distance with a range of 350-500 km
(New et al. 2000). The distance weight for the station i
is calculated as follows:

WO(m,n),i = (e_)dx(J )t > (2)

where x is the distance from the target grid cell (m, n) to
the station i, xq is the correlation decay distance (xo =
500km), and ¢ is an adjustable parameter (usually set to
4; New et al. 2000). The distance weight is adjusted ac-
cording to the relative direction among the stations. The
adjustment coefficient aj,, ), is calculated as follows:

nos

IZi WO(m,n),l[1 - COSBm’n(i, l)]
i ~ , 14, (3)
[:21 WO(m,n),l

where 6, ,(i, I) is the separate angle of stations i and / to
the target grid cell (m, n), Wo(,. ), is the distance weight
of station /, and nos is the number of stations used to
interpolate the target grid cell (m, n). The angular dis-
tance weight is finally modified as follows:

W(m,n),i = WO(m,n),i[1 + a(m,n),i]' (4)
Then, the daily climatological precipitation of the grid
cell at row m and column 7 [i.e., Pji(n,n] is calculated as
follows:

nos

Pcli(m,n) = { l:z{ W(m,n),i X [Pcli,i + S(m,n),i

nos

X (elemn — elei)]} z W ) i® (5)
; = o),
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where Py, is the daily climatological precipitation at the
ith station; ele,,, is the elevation of the target grid cell;
ele; is the elevation of the ith station; and g(m,,,),i is the
average precipitation—elevation slope between the ith
station and the target grid cell (m, n), which is estimated
as follows:

_ nog—1
S(m’n)’i ={ ZI [gradj X (ele].Jrl - elej)]} /(elem’n —ele,),
(6)

where nog is the number of grid cells located along the
direction from the ith station to the target grid cell
(m, n); j is the serial number of the nos grid cells, where
the grid cell with j equal to 1 is the grid cell where the ith
station is located and the grid cell with j equal to nog is
the target grid cell (m, n); and grad, is the gradient value
of the facet where the jth grid is located.

b. Interpolating the ratio of the daily precipitation to
the daily climatological precipitation from the
station to the grid

First, the ratio of the daily precipitation to the daily
climatological precipitation is estimated at each station
as follows:

P,
tio, = — 7
ratio; = -, @)

cli,i

where P; is the daily precipitation at station i and P;;
is the daily climatological precipitation at station i.
Then, we interpolate the ratios at the stations into
gridded ratios with the same spatial resolution of the
gridded climatological precipitation using the ADW
method.

During the ratio interpolation, the mountain blocking
effect on precipitation is considered. The precipitation is
larger on the upwind side of the mountain than that on the
opposite side. When a grid cell (m, n) is being interpolated,
the weight of the stations located in the same side of the
mountain as the target grid is increased as follows:

l'l’(m,n),i = B X w(m,n),i’ (8)

where w,, ), is the adjusted weight considering the
mountain blocking effect; w(,, »); is the original weight of
the ith station calculated by Egs. (2)—(4); and B is an
adjusting coefficient, which is larger than 1. The value of
B is determined according to the coefficient of de-
termination R*> of the generalized cross validation
(GCV) result (Willmott and Matsuura 1995). In the
GCV process, each station is used to validate the in-
terpolation result from the other stations. A different
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value of B generates a different GCV result (i.e., R?),
and the average value of R for all stations is calculated.
The appropriate value of B is selected, which corre-
sponds to the maximum R?. For the stations located on
the different side of the mountain as the target grid,
Moy 18 €qual to Wiy, ) -

After the weight is adjusted, the ratio of the grid cell at
row m and column # is calculated as follows:

nos nos
ratio, = z{ Py X ratlol} / 21 Binmyir (9
i= i=

where nos is the number of stations within a distance of
500km (up to eight stations are used), ratio; is the daily
ratio value at the ith station of the number of stations,
and p,, ), is the adjusted weight of the ith station.

The ADW method may cause false precipitation. Thus,
the ratio should be adjusted using a rain/no-rain dis-
crimination. In this study, a threshold parameter « is
adapted, and the original ratio in each grid (i.e., ratio,,,)
is adjusted as follows:

k
ratio;, , =0 |ratio, < min (a X ratio,)

’ o=l , (10)
ratio), , = ratio,( in other cases)

where ratio,, , is the adjusted ratio of the grid cell (m, n),
k is the number of show-precipitation stations in the nos
utilized to interpolate the grid precipitation (the ratios in
these k stations are greater than 0), and ratio; is the ratio
value at the ith station of the & stations. The parameter
« ranges from 0 to 1 and is determined according to the
false alarms and misses of the interpolation precipitation.

c¢. Generating the daily gridded precipitation

Finally, the daily gridded precipitation is calculated by
multiplying the daily climatological precipitation by the
daily ratio. The daily precipitation of the grid cell at row
m and column # (ie., P,,,) is estimated as follows:

P =P

m,n cli(m,n)

X ratio), , (11)
where P ) is the daily climatological precipitation in grid
(m, n), which is calculated using Eq. (5); ratio), , and is the
adjusted daily ratio value for grid cell (m, n), which is cal-
culated using Eq. (9) first and then adjusted using Eq. (10).

3. Application to the Heihe River basin
a. Study area

The Heihe River basin (HRB) is the second-largest
inland river basin in China; it originates from the
northern slope of the Qilian Mountains located in the
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FIG. 2. Study area and locations of hydrological stations, mete-
orological stations, and experimental stations. The names of the
hydrological stations identified by numbers are 1) Zhulongguan,
2) Hongshan, 3) Dahe, 4) Pingchuan, 5) Sunan, 6) Kangle, 7) Gaoya,
8) Hongsihu, 9) Liuba, 10) Ligiao, 11) Xiakouyi, 12) Dahuangshan,
13) Maying, 14) Binggoutai, and 15) Biandukou.

northeastern Tibetan Plateau, flows through the Hexi
Corridor, and ends in Ju Yanhai Lake (Fig. 2). The
precipitation in the HRB has a highly spatial and tem-
poral variability (Xiong and Yan 2013; Pan et al. 2015).
The upper reach has an abundant precipitation amount
of approximately 700-200 mmyr ', while in the middle
and lower reaches the annual precipitation is only ap-
proximately 200-50 mm. For the annual precipitation
distribution, nearly 60% of the annual precipitation falls
in the summer from June to September (Ding et al. 1999;
Gao et al. 2016). The upper reaches located in the Qilian
Mountains with an elevation above 1700m are the
source areas that supply the water resources to the
middle reaches for social economic development and to
the downstream area for sustaining the ecosystem (Yang
et al. 2015; Gao et al. 2016).

The upper reaches of the Heihe River consist of sev-
eral subbasins. The largest subbasin located in the east,
which is gauged at the Yingluoxia hydrological station,
has a drainage area of 10009 km? and generates nearly
70% of the basin’s total runoff (Yang et al. 2015). After
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F1G. 3. The division of facets according to the main slope di-
rection based on the DEM after 16 times cycles of smooth pro-
cessing, a total of 61 facets.

the Yingluoxia station, the main river flows through the
Zhangye Plain and finally flows downstream via the
Zhengyixia station. In addition to the main stream, an-
other major subbasin is the Beidahe River in the west; its
upstream has a drainage area of 6966 km?” at the Bingou
hydrological station. This tributary flows to the middle
stream via the Binggou station and, finally, to the
downstream via the Yuanyangchi station. In addition,
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FIG. 4. Comparison of the mean precipitation-elevation gradi-
ents for the entire study area derived from the station observations
and RCM output: (a) change of the precipitation with the elevation

and (b) monthly precipitation-elevation gradients.
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FIG. 5. Monthly precipitation-elevation gradient derived from
the RCM output and the observations in the Hulugou experimental
catchment.

small mountain rivers flow into the main stream or
Beidahe River (Fig. 2).

b. Data used

The data used in this study include DEM data and
precipitation data. The DEM data are obtained from the
SRTM database (Jarvis et al. 2008). Precipitation data
include gauge precipitation data and the RCM simula-
tion result.

1) GAUGE PRECIPITATION DATA

The gauge data used in this study are the daily pre-
cipitation values observed at 15 national meteorological
stations and 25 hydrological stations in the upper and
middle reaches of the HRB. The national meteorologi-
cal stations record the meteorological elements of pre-
cipitation, air temperature, relative humidity, sunshine
hours, pan evaporation, atmospheric pressure, and
wind speed. The daily data are obtained from the
China Meteorological Data Sharing Service System

gradient (mm/km) #*

. 240

40

FIG. 6. The annual precipitation—elevation gradients in
different facets.
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FI1G. 7. Precipitation interpolation results (an example for 1 Jul 2014): (a) daily climatological precipitation at the
stations, (b) gridded value of the daily climatological precipitation, (c) precipitation observed at stations, (d) ratio
of daily observed precipitation to the climatological precipitation at the locations of the stations, (e) the gridded
ratio of daily observed precipitation to the climatological precipitation, and (f) the interpolated daily grid

precipitation.

(http://data.cma.cn). The hydrological stations observe
hydrological elements, including river flow and water level,
as well as precipitation and air temperature. Remarkably,
most of the meteorological stations and hydrological sta-
tions are located in low-altitude areas, while only a few
gauges are located in the mountainous areas (Fig. 2).

An experimental watershed, namely, the Hulugou
watershed (Chen et al. 2013), is located at the northern

slope of the mountain in the western tributary, close to
the Zhamashike hydrological station (Fig. 2), with an
elevation range of 2960-4800m and a drainage area of
approximately 25 km?. In this watershed, meteorological
and hydrological observations, including precipitation,
atmospheric pressure, air temperature, relative humid-
ity, sunshine hours, evaporation, soil temperature, and
frozen soil depth, were recorded during the experimental
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TABLE 1. Indicators to characterize the false alarm and miss rate.

Interpolation result

Gauge observation Precipitation No precipitation

Miss
Correct negative

Precipitation Hit
No precipitation False alarm

period (Chen et al. 2013). This research is supported by a
major research plan, the Integrated Research on the
Ecohydrological Processes of the Heihe River Basin,
funded by the National Natural Science Foundation of
China since 2010 (Cheng et al. 2014). In the Hulugou
watershed, there are four precipitation stations lo-
cated at different elevations (Chen et al. 2014). The
precipitation—elevation gradient estimated in the Hu-
lugou watershed was used for verification.

The station with an elevation of 2980 m is located at the
outlet of the Hulugou experimental watershed. A 3-yr
(2011-13) observation of the daily precipitation at this
station is used for validation. Another meteorological
station, namely, the Arou Sunny Slope station (see Fig. 2)
with an elevation of 3529 m, was established in 2013 (Liu
et al. 2011) by the Heihe Watershed Allied Telemetry
Experimental Research (HIWATER; X. Li et al. 2013),
which is a research project of the major research plan of
Integrated Research on the Ecohydrological Processes of
the Heihe River Basin. The daily precipitation recorded
in 2014 at this station was also used for validation.

2) PRECIPITATION DATA FROM AN RCM
SIMULATION

RCMs were applied to the HRB in many previous
studies (Gao et al. 2006; Liu et al. 2007), and some
studies focused on precipitation simulations (Xiong and
Yan 2013; Pan et al. 2015). Xiong and Yan (2013)
constructed a 3-km-resolution RCM in the HRB based
on Regional Integrated Environment Modeling System,
version 2.0 (RIEMS2.0; Xiong et al. 2009). The dynamic
core of the model was a no-hydrostatic version of the
Fifth-generation Pennsylvania State University-NCAR
Mesoscale Model (MMS5); in addition, the RCM in-
cluded the Biosphere—Atmosphere Transfer Scheme
(BATS; Dickinson et al. 1993), the cumulus convective
parameterization (Fritsch and Chappell 1980; Grell
1993), and the radiative transfer scheme used in the
Community Climate Model, version 3 (CCM3; Kiehl
et al. 1996). The observational and remotely sensed data
are used to recalibrate the model’s important parame-
ters to gain a high spatial resolution to accurately
simulate the precipitation. The vegetation types and
distribution and the soil parameters were updated
using the datasets provided by the Environmental and
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FIG. 8. GCV results: (a) annual MRE and (b) annual MAE.

Ecological Science Data Center for West China, Na-
tional Natural Science Foundation of China (http://
westdc.westgis.ac.cn). The lateral boundary conditions
for temperature, water vapor, wind, and surface pres-
sure are extracted from the National Centers for Envi-
ronmental Prediction Final (NCEP FNL) reanalysis
data (Kalnay et al. 1996) with a spatial resolution of 1°.
The lateral boundary conditions were provided via an
exponential relaxation scheme. The simulated domain
encompassed the entire HRB region, centered at
40.30°N, 99.50°E; the horizontal mesh consisted of 181
and 221 grid points in the longitudinal and latitudinal
directions, respectively. A 3-km-resolution precipitation
product for the HRB from 1980 to 2010 was generated
based on the model, and the product was validated
by the meteorological observations that had a high ac-
curacy in simulating annual, seasonal, and daily pre-
cipitations at most of the grids where the gauges were
located (Xiong and Yan 2013).

c. Interpolation of the 3-km gridded daily
precipitation data in HRB

In the HRB, a DEM with the same resolution (3 km)
and the same projection (Lambert conformal conic
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TABLE 2. GCV results at each meteorological and hydrological station.

Station name R? for daily data R? for monthly data POD FAR EST
Jiuquan 0.40 0.84 0.74 0.30 0.54
Gaotai 0.65 0.90 0.81 0.27 0.60
Tuole 0.42 0.70 0.64 0.28 0.45
Yeniugou 0.53 0.80 0.80 0.12 0.66
Zhangye 0.69 0.85 0.84 0.19 0.68
Qilian (meteorological station) 0.93 0.99 0.88 0.01 0.84
Shandan 0.60 0.83 0.81 0.21 0.63
Gaoya 0.64 0.90 0.89 0.09 0.79
Sunan 0.73 0.93 0.87 0.21 0.63
Qilian (hydrological station) 0.99 0.93 0.94 0.01 0.90
Shuangshusi 0.65 0.78 0.88 0.17 0.67
Binggoutai 0.50 0.83 0.88 0.33 0.52
Yingluoxia 0.59 0.89 0.85 0.05 0.78
Yuanyangchi 0.58 0.76 0.84 0.29 0.56
Ligiao 0.69 0.91 0.88 0.10 0.75
Hongsihu 0.77 0.74 0.84 0.12 0.68
Pingchuan 0.45 0.88 0.76 0.22 0.59
Liuba 0.67 0.84 0.89 0.11 0.76
Liyuanbu 0.72 0.91 0.89 0.27 0.61
Xindi 0.54 0.75 0.73 0.10 0.63
Dahe 0.49 0.64 0.80 0.17 0.62
Hongshahe 0.60 0.68 0.81 0.20 0.63
Biandukou 0.60 0.89 0.87 0.19 0.62
Zhamashike 0.67 0.94 0.90 0.09 0.76
Zhengyixia 0.55 0.77 0.87 0.19 0.70
Hongshan 0.39 0.70 0.76 0.28 0.55
Dahuangshan 0.72 0.72 0.82 0.17 0.63
Xiakouyi 0.51 0.77 0.89 0.29 0.59
Fenglehe 0.91 0.83 0.86 0.11 0.77
Kangle 0.32 0.55 0.73 0.22 0.53
Maying 0.62 0.84 0.91 0.48 0.45
Zhulongguan 0.40 0.60 0.65 0.57 0.29

projection) as the RCM is used in order to directly
utilize the RCM output. Sixteen cycles of smooth
processing of the DEM are selected after comparing
other cycle numbers, and the facets are divided based
on the smoothed terrain (Fig. 3). Then, the
precipitation—elevation gradient is calculated in each
facet.

There are a total of 18 precipitation observation sites
(including meteorological and hydrological stations) in
the mountain areas of the HRB, and these stations are
distributed at elevations from 1700 to 3400 m. The annual
precipitation—elevation gradient estimated from the sta-
tions is 170mmkm ! (see Fig. 4a) and 330 mmkm ! es-
timated from the RCM output in the elevation range of
1700-3400m (see Fig. 4b). Therefore, the precipitation—
elevation gradients estimated from the RCM output for
all facets are uniformly adjusted by the ratio of 170/330.
Moreover, the precipitation—elevation gradient observed
in the Hulugou experimental catchment is compared with
the gradient from the RCM output, and a similar ratio is
obtained (see Fig. 5).

Using the adjusted annual precipitation—elevation
gradient shown in Fig. 6, the gridded daily pre-
cipitation climatology is generated using Eq. (5), and
then the gridded ratio of daily precipitation to daily
climatological precipitation is estimated using Egs. (7)-
(10). Finally, the daily gridded precipitation is generated
using Eq. (11).

Figure 7 shows an example of generating the gridded
precipitation on 1 July 2014. First, by combining the
station’s daily climatological precipitation on 1 July
(Fig. 7a), the gridded climatological precipitation on
1 July (Fig. 7b) is generated using Eq. (2) based on the
precipitation—elevation gradient given in Fig. 6 and the
elevation given in Fig. 2. Then, based on the station
precipitation on 1 July 2014 (Fig. 7c) and the gridded
climatological precipitation, the ratios at the stations
(Fig. 7d) are calculated and interpolated over the en-
tire region (Fig. 7e). Multiplying the daily gridded
climatological precipitation by the gridded ratio, the
daily grid precipitation on 1 July 2014 is generated
(Fig. 7).



854

wn
=3

- Observation

(a)

Interpolation result

Daily MAE=2.5mm R*=0.71

40

20

Daily Precipitation (mm)

Date

Interpolation result -~ Observation
Daily MAE=1.4mm R*=0.72

Daily Precipitation (mm)

2013/7/1 Date

201111

2011/71 2012/1/1  2012/711 2013/1/1

FIG. 9. Validation of daily interpolated precipitation based on
experimental stations (a) the Arou Sunny Slope station in 2014 and
(b) the Hulugou station from 2011 to 2013.

d. Evaluation methods and indices

This study designs a GCV, which is commonly used
for validating the interpolation results (Willmott and
Matsuura 1995; Hofstra et al. 2008; New et al. 1999), to
evaluate the interpolation method proposed in this
study. The evaluating indices include mean absolute
errors (MAE), mean relative errors (MRE), and R? for
annual, monthly, and daily precipitation. Only the days
with precipitation (either for the interpolation result or
for the observed data) were selected to calculate daily
MAE; the days with no precipitation were not used (Pan
et al. 2015). In addition, the indices of probability of
detection (POD), the false alarm rate (FAR), and the
equitable threat score (ETS) are also adapted (Ebert
et al. 2007; Shen and Xiong 2016). These indices can be
calculated using the following equations:

H
POD = -~ (12)
FAR = _F and (13)
H+F
EST = 2 —He (14)

H+ M+ F—He’

where He = (H + M)(H + F)/(H + M + F + C) for hit
H, miss M, false alarm F, and correct negative C (see
Table 1). POD represents the ratio of correctly identi-
fied precipitation values in all the observed precipitation
values. FAR represents the ratio of precipitation that
did not actually occur. The three indices range from O to 1.
For POD and ETS, 0 is the worst score and 1 is the best
score, while for FAR, 0 is the best and 1 is the worst. In
the statistical process of the three indices, only the
precipitation =0.1 mmday ' is used to ensure the re-
liability of the results.
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F1G. 10. Annual MRE of cross validation using (a) ADW method
without considering the precipitation-elevation gradient and
(b) ADW method considering the precipitation—elevation gradient
estimated from the observations.

To verify the reliability of the daily interpolation pre-
cipitation in the mountain areas, the interpolated daily
precipitation is evaluated using two independent experi-
mental stations (the Arou Sunny Slope and Hulugou
stations) that are not used for interpolation. To examine
the effect of precipitation-elevation information pro-
vided by the RCM output for the interpolation, two other
interpolation methods are designed for comparison. One
method is only using the ADW method without consid-
eration of the precipitation—elevation relationship, and
the other is using the ADW with the precipitation—
elevation information based on the station (meteorolog-
ical stations and hydrological stations). The values of
MAE and MRE are calculated in the comparisons.

4. Results and discussion

a. Validation

1) CROSS VALIDATION

Figure 8 gives the annual MRE and MAE of the GCV
results. The annual MRE at most stations is less than
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FI1G. 11. Annual MAE of cross validation using (a) ADW method
without considering the precipitation—elevation gradient and
(b) ADW method considering the precipitation-elevation gradient
estimated from the observations.

30%, and the annual MAE at most stations is less than
50 mm. In the upper reach of the HRB, the annual MAE
is less than 70mm (MRE less than 15%), which is ac-
ceptable in mountainous areas.

Table 2 provides the other indices of the GCV re-
sults. The R”> between the interpolated and observed
precipitation values is larger than 0.4 for the daily data
and is larger than 0.7 for the monthly precipitation. For
most of the stations, the values of POD are larger than
0.7, the values of FAR are less than 0.3, and the values of
ETS are larger than 0.5. These results indicate that the
proposed method has reasonable accuracy.

2) VALIDATION USING INDEPENDENT
OBSERVATIONS AT TWO EXPERIMENTAL
STATIONS

This validation uses two independent stations that
have not been used in the interpolation. Figure 9a shows
the comparison between the interpolated and observed
daily precipitation values at the Arou Sunny Slope sta-
tion, in which the daily MAE are 2.5mm and the R is
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FIG. 12. Comparing the spatial distributions of the annual mean
precipitation during the period 1980-2010: (a) interpolation re-

sult, (b) RCM output, and (¢) CGDPA data (resampled into
a 3-km grid).

(¢c) CGDPA data

0.71. The Arou Sunny Slope station lacks snowfall ob-
servations, and thus, the bias is large before April and
after September. Figure 9b shows the comparison at the
Hulugou station, where the daily MAE is 1.4mm and
the R? is 0.72. The independent validation results show
that the daily precipitation interpolation results have
sufficient accuracy.

b. Comparing the interpolation results with/without
the precipitation—elevation relationship

Figure 10a shows the result of the ADW interpola-
tion without considering the precipitation—elevation
relationship. Compared with the interpolation result
shown in Fig. 8a, which is interpolated using the
ADW method considering the precipitation—elevation
obtained from RCM output and modified by the sta-
tion observations, the interpolation result without con-
sideration of the precipitation—elevation relationship
has much larger relative errors at most stations.
Figure 10b shows the result using the ADW interpo-
lation and the precipitation—elevation relationship
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TABLE 3. Mean annual water balance in different catchments from 2001 to 2010.

Annual precipitation (mm)

Annual total of runoff and actual

Present method CGDPA RCM evapotranspiration (mm)

Upper catchment (Yingluoxia 488 474 700 485
hydrological station)

West catchment of the upper reach 491 477 641 469
(Zhamashike hydrological station)

East catchment of the upper reach 531 526 795 526
(Qilian hydrological station)

Hongshui River catchment 580 536 814 487
(Shuangshusi hydrological station)

Liyuan River catchment (Liyuanbu 396 400 492 275
hydrological station)

Maying River catchment (Hongshahe 430 410 538 359
hydrological station)

Fengle River catchment (Fenglehe 386 423 552 352
hydrological station)

Hongshui River catchment (Xindi 393 425 453 313
hydrological station)

Taolai River catchment (Binggou 336 430 375 282

hydrological station)

obtained from the station observations. This result is
better than that without considering the precipitation—
elevation relationship shown in Fig. 10a, indicating that
the precipitation—elevation relationship is useful for the
spatial interpolation of precipitation. However, at most
stations, the result is worse than the result shown in
Fig. 8a, indicating that the RCM output can provide
useful precipitation—elevation information to improve the
spatial interpolation of precipitation, especially in the
sparsely gauged or ungauged area.

Figure 11 shows the annual MAE result of GCV,
which is similar to the annual MRE result, and it is more
obvious that in the mountain areas, the interpolated
result using the precipitation—elevation relationship
provided by RCM output can effectively reduce the
MAE in the high elevation areas, such as the Tuole,
Yeniugou, and Zhamashike stations.

c¢. Rationality evaluation of the interpolated
precipitation

Figure 12 compares the spatial distributions of the in-
terpolated precipitation, the CGDPA product (Shen and
Xiong 2016), and the RCM output. These three types of
precipitation data captured the major characteristics of
the precipitation distribution in HRB in which the pre-
cipitation diminishes from the south to the north. How-
ever, there are two major differences among the spatial
distributions of the three precipitation products. First, the
precipitation amounts derived from interpolated pre-
cipitation and CGDPA in the upper HRB mountainous
areas are similar, while the precipitation derived from the
RCM output is much larger. Second, the interpolation

result and the RCM output, in the mountain areas, clearly
show that the precipitation is higher in the eastern region
than in the western region. The CGDPA data could not
show much difference between the eastern and the
western regions of the upper HRB.

Since the sparse stations in the study area are not
enough to validate the interpolated precipitation, the
catchment water balance is used to analyze the ratio-
nality of the interpolated precipitation. The Integrated
Research on the Ecohydrological Processes of the Heihe
River Basin program developed a set of actual evapo-
transpiration data based on remote sensing from 2001 to
2012 (Wu et al. 2012; Wu 2013; http://westdc.westgis.ac.
cn/). The ET data are validated in this region based on
several flux towers’ observation developed by the Hi-
WATER project. The river discharge records at the
hydrological stations are used to calculate the annual
runoff of the catchments. Since the glacier melting
runoff is very limited in HRB (Wang et al. 2015), the
annual precipitation should be close to the sum of an-
nual runoff and annual actual evapotranspiration. Table 3
shows the comparison of the catchment-averaged an-
nual precipitation estimated from three datasets with
the sum of annual actual evapotranspiration and runoff
depth. In the upper HRB (upstream of the Yingluoxia
station), the precipitation derived from the interpolation
result and CGDPA data is close to the sum of actual
evapotranspiration and runoff depth. The interpolated
precipitation value is slightly higher in the western
tributary. The precipitation derived from the RCM
output is much larger than the sum of actual evapo-
transpiration and runoff depth.
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TABLE 4. Comparison of the decadal mean of annual precipitation (obtained in this study and from the CGDPA dataset) and annual

runoff depth.

Precipitation/runoff (mm yr ') 1960s 1970s 1980s 1990s After 2000
Upper catchment (Yingluoxia hydrological station)

This study 349 376 474 458 484

CGDPA 424 435 456 433 480

Runoff depth 147 139 174 158 181
West catchment in the upper reach (Zhamashike hydrological station)

This study 320 344 470 448 487

CGDPA 412 431 454 421 484

Runoff depth 142 132 148 140 169
East catchment in upper reach (Qilian hydrological station)

This study 405 436 522 513 527

CGDPA 498 489 516 507 530

Runoff depth 213 155 196 180 196
Liyuan River catchment (Liyuanbu hydrological station)

This study 294 328 370 372 398

CGDPA 339 382 373 360 397

Runoff depth 112 110 131 113 133
Hongshui River catchment (Xindi hydrological station)

This study 244 274 378 349 386

CGDPA 356 378 404 354 430

Runoff depth 151 152 142 153 159
Taolai River catchment (Binggou hydrological station)

This study 188 215 334 286 328

CGDPA 353 377 404 355 436

Runoff depth 87 97 90 82 —
Fengle River catchment (Fenglehe hydrological station)

This study 246 277 358 360 381

CGDPA 352 377 397 357 426

Runoff depth 121 137 159 168 174
Maying River catchment (Hongshahe hydrological station)

This study 271 306 399 400 423

CGDPA 344 382 381 358 413

Runoff depth 183 179 169 175 177
Hongshui River catchment (Shuangshusi hydrological station)

This study 445 527 552 530 560

CGDPA 479 496 504 504 530

Runoff depth 235 214 248 192 218

In the western part of the study area, the long-term
mean annual values of the interpolated precipitation in
the Taolai River watershed (upstream of the Binggou
station) and the Hongshui River watershed (upstream of
the Xindi station) are 336 and 393 mm, respectively. The
long-term mean CGDPA precipitation is 430 mm for the
Taolai River watershed and 425 mm for the Hongshui
River watershed. The long-term mean value of the sum
of actual evapotranspiration and runoff in the two wa-
tersheds is 282 mm for the Taolai River watershed and
313mm for the Hongshui River watershed, which are
closer to the interpolated precipitation values. This re-
sult indicates that the interpolated precipitation is more
reasonable than CGDPA data in terms of the watershed
water balance.

Table 4 compares the annual precipitation derived
from the interpolation result and CGDPA data in

different subbasins. In the 1960s and 1970s, the pre-
cipitation derived from the interpolation result is gen-
erally less than that from CGDPA data. This result is
probably because in the 1960s and 1970s, there were few
hydrological stations, and the snow observation tech-
nique was poor. In the Fengle River watershed and the
Maying River watershed, the interpolated precipitation
slightly increased from the 1980s to the 1990s (from 358
to 360 mm in the Fengle River watershed and from 399
to 400 mm in the Maying River watershed), while the
CGDPA precipitation showed a significant decreasing
trend (from 397 to 357 mm in the Fengle River water-
shed and from 381 to 358 mm in the Maying River wa-
tershed). The runoff depth from the hydrological
observations in these two decades showed an increasing
trend (from 159 to 168 mm in the Fengle River water-
shed and from 169 to 175mm in the Maying River
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FIG. 13. Spatial distributions of the mean monthly precipitation in the period of 1980-2014 obtained in this study.

watershed). Therefore, we can confirm that the in-
terpolated precipitation is more reliable for the two
watersheds.

Figure 13 shows the spatial distribution of the long-term
mean monthly value of the interpolated precipitation from
1980 to 2014 in the upper and middle reaches of the HRB.
The precipitation is very low in winter, which falls as snow
in the region of the Fengle River watershed and the
Maying River watershed. The major rainy season is from
May to September, and most rainfall is distributed in the
upper mountain areas. The spatiotemporal distribution

of precipitation provided by the interpolation data is
important for understanding and modeling the regional
ecohydrology.

d. Uncertainties of the interpolated precipitation

There are some uncertainties in the interpolation
processes. As mentioned in section 3c, because the sta-
tions in the mountains are distributed in the elevation
range of 1700-3400 m, the bias of RCM is adjusted by
the ratio that is obtained in the same elevation range.
We assume that this ratio suits the entire study area (in
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the elevation range of 800-5500m, see Fig. 2). This as-
sumption may cause uncertainties, which need further
study based on extra precipitation observations at the
higher elevation.

In addition, more attention should be paid to un-
certainty from the RCM simulation. Besides the sys-
tematic bias discussed above, differences between the
simulated results from different RCMs can be found.
For example, the precipitation—elevation gradient de-
rived from the RCM simulation used in this study has
some differences in comparison to the gradient derived
from another high-spatial-resolution RCM simulation
(Pan et al. 2015). The accuracy of the RCM simulation
result has an important effect on the reliability of the
interpolated precipitation. Therefore, it is necessary to
explore the way to reduce the uncertainty in the pre-
cipitation outputted by RCM, and ensemble estimation
from multi-RCMs is a possible choice in the future
studies. Certainly, the future improvement of RCMs will
be of great benefit to reduce the uncertainty.

5. Conclusions

This study proposed a spatial interpolation method
for daily precipitation, which combines gauge observa-
tions and RCM output. Application of this method in
the upper and middle reaches of the Heihe River basin
produced 3-km-resolution gridded precipitation data
from 1960 to 2014 based on 25 hydrological stations and
15 national meteorological stations, along with the RCM
output. The following conclusions can be drawn from
the results presented in this study.

1) The precipitation interpolation method that considers
the precipitation—elevation relationship derived from
the RCM output is effective for generating high-
spatial-resolution precipitation data based on sparse
observation stations.

2) Based on the generalized cross validation results, the
annual MRE at most stations is less than 30%, and
the annual MAE is less than 50 mm. The monthly R*
at most stations is larger than 0.7. Independent
validation based on the observation at the Hulugou
station and the Arou Sunny Slope station shows that
the daily interpolated precipitation has high accu-
racy, with the daily R* larger than 70%. These results
indicate that the interpolation method is reliable and
has sufficient accuracy.

3) A comparison between the interpolation results
with/without the RCM output shows the RCM out-
put provides useful information of the precipitation
spatial pattern, which can be used to generate high-
spatial-resolution precipitation data with a limited
number of precipitation observations.
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FI1G. Al. An example of estimating the daily climatological
precipitation at the stations.

4) This precipitation interpolation method is especially
important for ecohydrological studies in the water-
sheds located in high mountainous areas where the
meteorological stations are usually very sparse and
the precipitation varies with elevation.

However, a few limitations remain in the current
study. Since the precipitation distribution is very com-
plex, especially in mountainous areas, it could not be
simply explained using the elevation gradient. The ef-
fects of other factors on the spatial distribution of pre-
cipitation will be considered in future studies.
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APPENDIX

Method of Generating the Gridded Daily
Climatological Precipitation

Figure Al shows an example of generating the daily
climatological precipitation at a station. The dotted
line in this figure shows the long-term mean daily
precipitation for 365 calendar days. It is clear that
high-frequency noise exists. To obtain a smooth curve of
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FIG. A2. Sketch map of generating the facets: (a) original DEM without smooth processing, (b) smoothed DEM
after 40 cycles of smooth processing, (c) major orientation of each grid cell based on the original DEM, and
(d) major orientation of each grid cell based on the smoothed DEM.

the climatological precipitation, a Fourier filtering pro-
cess is used to remove the high-frequency noise. The
filtering result is the daily climatological precipitation,
which maintains the major changing trend only (see the
solid line in the figure).

Figure A2 is a sketch map for generating the facets.
This figure compares an original DEM without smooth
processing (Fig. A2a) with a highly smoothed terrain
after 40 times of smoothing cycle (Fig. A2b), as well as
the facets derived from the two DEMs. The major
orientation (east, south, west, north, or flat) of each
grid cell is determined by the slope gradients in the four
directions. The results are shown in Figs. A2c and A2d.
A facet is composed of adjacent grid cells that have the
same orientation. The smooth processing reduces the
number of facets, meanwhile increasing the average
area (number of grid cells) of each facet. Since the
precipitation—elevation gradient is estimated using a
regression analysis in each facet, a facet should
contain a sufficient number of grid cells. The minimum
number of grid cells for one facet is five in this study.
An appropriate smoothing processing should reduce
the number of the facets containing five or fewer grid
cells.
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