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Abstract: Due to the complex terrain, sparse precipitation observation sites, and uneven distribution
of precipitation in the northeastern slope of the Qinghai-Tibet Plateau, it is necessary to establish
a precipitation estimation method with strong applicability. In this study, the precipitation
observation data from meteorological stations in the northeast slope of the Qinghai-Tibet Plateau
and 11 geographical and topographic factors related to precipitation distribution were used to
analyze the main factors affecting precipitation distribution. Based on the above, a multivariate linear
regression precipitation estimation model was established. The results revealed that precipitation is
negatively related to latitude and elevation, but positively related to longitude and slope for stations
with an elevation below 1700 m. Meanwhile, precipitation shows positive correlations with both
latitude and longitude, and negative correlations with elevation for stations with elevations above
1700 m. The established multivariate regression precipitation estimating model performs better at
estimating the mean annual precipitation in autumn, summer, and spring, and is less accurate in
winter. In contrast, the multivariate regression mode combined with the residual error correction
method can effectively improve the precipitation forecast ability. The model is applicable to the unique
natural geographical features of the northeast slope of the Qinghai-Tibet Plateau. The research results
are of great significance for analyzing the temporal and spatial distribution pattern of precipitation in
complex terrain areas.

Keywords: complex terrains; geographical and topographical factors; precipitation estimation;
Northeast Slope of Qinghai-Tibet Plateau; multivariate regression; residual error correction

1. Introduction

Information about the spatial distribution of precipitation is vital for the research and applications
of fields such as meteorology, hydrology, agriculture, ecology, and environmental science [1-3].
In normal cases, the precipitation distribution is mainly determined by the large-scale atmospheric
circulation; however, for regions with complex terrain, the terrain can render precipitation distribution
rules by affecting the large-scale weather system, atmospheric airflow, and microphysical processes of
clouds [4-6]. In the meantime, geographical factors can also influence the precipitation distribution
through solar radiation [7], melting-layer height [8], and vapor source distance [9], which differ a lot in
different locations.
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Nevertheless, in situ precipitation observations are sparse in space in recent years. In addition,
newly supplemented stations have short data series, so they fail to provide favorable information for
depicting the spatial change patterns of precipitation. Alternatively, spatial interpolation technology
can predict the values beyond observation coverage based on observed values. Therefore, interpolation
technology based on geographical and topographical impact factors has the potential of turning
into an important means of precipitation distribution estimation. In recent years, many experts
and scholars have set out to study the impact of geographical and topographical factors on the
precipitation distribution in different regions or areas, and established a variety of precipitation
distribution estimating methods. Briefly, the geographical and topographical factors that influence the
precipitation distribution in different areas, including the longitude, latitude [10], station elevation [9],
maximum height of mountains facing different directions [11], average elevation of the station’s
vicinity [12], slope, exposure, average slope and exposure in the vicinity of the station, distance from
vapor source, distance from ridge [10], and landform type [13]. The precipitation estimating modes
that have been established based on the aforesaid factors cover artificial neural network (ANN) [10],
partial least squares regression (PLS) [14], and MLR (multivariate linear regression) [14], in which
MLR remains relatively simple and takes into consideration the overlapping effect of different factors
in order to reduce its estimation error [15].

The northeast slope of the Qinghai-Tibet Plateau is located at the junction between the east section
of Qilian Mountain and the Qinling mountains. It is in a marginal area of westerly climate, plateau
climate, and southeast Asian moon climate, as well as the transitional belt between the southeastern
moist monsoon climate and the northwestern inland arid climate. Affected by the complex plateau
terrain, a sub-synoptic scale system is formed with the mean circulation within the boundary layer
of the northeast slope of the Qinghai-Tibet Plateau. Such a sub-synoptic scale circulation system can
lead to extremely uneven thermal or dynamic effect in the local area, so that the spatial distribution of
precipitation in the area becomes much non-uniform, and environmental issues such as water and
soil loss, grassland deterioration, and desertization are quite prominent [16]. According to the study
of Zhang et al. [17], in the east of the Qinghai-Tibet Plateau, the precipitation displayed a significant
decrease when the elevation was 340-1400 m; it then gradually increase with rising elevation. When the
elevation reached 3600 m, the precipitation fell again with the increase of elevation. Wei et al. [18] used
eight interpolation methods and a combined method of multivariate weighted regression and residual
distribution to estimate the average annual precipitation distribution in Dingxi, the area of the northeast
slope of the Tibetan plateau. The results showed that the accuracy of the combined method is the best.
Peng et al. [19] investigated the precipitation distribution in the Qilian mountains, and found that the
topography and wind direction are the main factors that affect the precipitation distribution in this
area. Also, the mountain microclimate simulation model (MTCLIM) was improved, and an algorithm
suitable for estimating the daily precipitation in the mountain area was established. Yu et al. [20] used
different spatial interpolation methods (ordinary Kriging, inverse distance weighting, and the radial
basis function method) to estimate the annual precipitation in the Loess Plateau. The results showed
that the ordinary Kriging interpolation method that employed the semivariogram as the ring model
performed better, and the minimum average absolute error was 32.34 mm.

The previous studies have analyzed the advantages and disadvantages of different interpolation
and estimation methods for precipitation estimation in the northeastern slope region of the Tibetan
Plateau. However, few studies have focused on how geographic and topographic factors affect
the precipitation distribution in this region. Also, the establishment of more accurate precipitation
estimation algorithms based on the main influencing factors are still needed. Therefore, a better
understanding of how the geographical and topographical factors affect the precipitation distribution
in the complex terrains of the northeast Slope of the Qinghai-Tibet Plateau and their mechanisms
and conduct subsequent precipitation distribution estimation are of great guiding significance for the
analysis of local water resources distribution and climatic background for early warning of drought and
flooding. In consideration of the complex terrains in the northeast slope of the Qinghai-Tibet Plateau,
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the paper makes use of the digital elevation model (DEM) to find out different geographical and
topographical factors and figure out the correlation coefficients of those factors with the precipitation.
Based on the above, this work endeavors to build a model that is suitable to estimate the annual and
quarterly average precipitation distribution in such an area.

2. Study Area

The northeast slope of the Qinghai-Tibet Plateau is situated at 101~109° E and 32~38° N in the
junction of the Qinghai-Tibet Plateau, Loess Plateau, and Inner Mongolian Plateau. Its west constitutes
the main body of the Qinghai-Tibet Plateau, its east belongs to the Loess Plateau, and the middle is a
transitional area between the two terrains (Figure 1). In this area, the terrains are complicated, and the
elevation varies from between 236-5388 m. Besides the Qinghai-Tibet Plateau, there are mountains
such as Qilian Mountain, Liupan Mountain, and the Qingling mountains. The area is distributed with
all sorts of landforms, including plateaus, hilly land, desert, Gobi, and plain. The northeast slope
of the Qinghai-Tibet Plateau is far inland, and is far away from the sea. Moist airflow is obstructed
here by such high terrains, which causes there to be little rainfall in the west regions, and further
results in a dry climate and fragile ecology. Rather, the east is within the marginal area of the monsoon
system, so the annual precipitation there is abundant, and regional annual average precipitation
reaches 171.1-1275.7 mm.
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Figure 1. Study area.

3. Materials and Methods

3.1. Datasets

Monthly precipitation observing data of the northeast slope of the Qinghai-Tibet Plateau was
collected from the standard monthly datasets of Chinese surface climate [21]. To test the reliability
and continuity of the observed data, data from all of the stations underwent preliminary screening.
Only stations with years of correct observation records exceeding 80% of all of the years, and no more
than three consecutive years lacking relevant records were employed. Finally, 130 observation stations
were chosen (Figure 1). Since the datasets already received strict quality control procedures such as
extreme value checks and temporal/spatial consistency checks [22], only some missing values were
interpolated in the data analysis. This means that when a specific station had observation values missed,
the distance weight algorithm was used to interpolate the observations of the nearest site, which was
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well-correlated (2 > 0.95) to the site with missing values [23]. The seasonal data were accumulated
with monthly ones. Four seasons were divided by a meteorological perspective: spring (March-May),
summer (June-August), autumn (September-November), and winter (December-February of
following year).

DEM data were from global elevation data with a resolution of 90 m from the Shuttle Radar
Topography Mission (SRTM) led by the American National Aeronautics and Space Administration
(NASA) [24]. Topographical and geographical factors for all of the stations were derived from the DEM
data using ArcGIS (ESRI, Redlands, CA, USA) and off-the-shelf ArcGIS software packages (Table 1).
According to the study of Al-Ahmadi et al. [9], computation error increased as the factor resolution
increased. Thus, in the present paper, different resolutions were adopted for a further study.

Table 1. Geographical and topographical factors.

Parameters Units Resolution

Latitude (Lat) Degrees 0.001°
Longitude (Lon) Degrees 0.001°
Altitude (Alt) Meters 250 m
Mean altitude within a 5-km radius (Malt) Meters 250 m

Mean slope within a 5-km radius (Ms) Degrees 1°

Mean aspect within a 10-km radius (Masp) Degrees 1°

Tangent of the average aspect within a 10-km radius (Tm) - 0.01

Maximum altitude of the eastern sector within a 50-km radius (MaE) Meters 250 m
Maximum altitude of the southern sector within a 50-km radius (MaS) Meters 250 m
Maximum altitude of the western sector within a 50-km radius (MaW) Meters 250 m
Maximum altitude of the northern sector within a 50-km radius (MaN) Meters 250 m

3.2. Methods

The Pearson coefficient of correlation was utilized to figure out the correlation between
precipitation distribution and geographical and topographical factors in the northeast slope of the
Qinghai-Tibet Plateau [25,26]. Through an analysis of higher correlation coefficients, the factors
affecting the precipitation distribution in the local area were determined. The detailed formulation

was as follows:
R— ny_ Bio; — 3 By o;
(8- 6] [nze? - o]

where R is the correlation coefficient,o; is the observed precipitation value, 5; is the geographical or

M

topographical factor, and 7 is the number of samples involved in the calculation.

A precipitation distribution estimation model about the research area was built through
multivariable stepwise linear regression (MSLR) on the basis of geographical and topographical
factors [27]. Stepwise regression is a method of fitting regression models. In each step, a variable
is considered for addition to or subtraction from the set of explanatory variables based on some
prespecified criterion. The adjusted R resulting from each calculation was tested to reserve only the
independent variables with significant effect until no variable could be added or subtracted. At this
time, the regression equation was considered as the optimal estimating model. The paper chose a
forward selection strategy, which meant that the model started from no variable at all, and then a
geographical /topographical factor with most significant fitting effect was added step by step until no
factor should be added.

The linear regression estimating model is:

Yi = Bo + B1x1i + Paxoi + .o+ PuXyi ()
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where y means the estimated precipitation, x, (n =1, 2, ... ) means the geographical /topographical
factor, Bp means the intercept of the regression equation, 8, (n = 1, 2, ... ) means the regression
coefficient, and i means the regression computation sample. The computation formula about adjusted
R is as follows:

B-1-a-r)"=L 3)

n—p

where p indicates the number of geographical/topographical factors in the regression model,  is
the number of regression computation samples, and R? is the coefficient of multivariate regression

determination, which decides the goodness-of-fit of the regression equation, and can be expressed as:

R2 — o(Pi— 0)°
Y (0; —0)°

where 0; and p; are the observed precipitation and regression-estimated precipitation, respectively,
and 0 is the average observed precipitation.

The cross-validation method is a statistical analysis method that is used to verify the performance
of the classifier [28]. It can be used to test the accuracy of the algorithm and obtain the optimal
mathematical model. In this paper, the K-fold cross-validation method [29] is adopted; that is,
the calculation site set is randomly divided into K subsets, and each subset data is separately verified
as a model verification set, and the remaining K-1 subsets data is used as a model establishment set,

4)

so that K models will be obtained. Then, the verification subset is utilized to calculate the root mean
square error (RMSE) of each model; the one with the smallest RMSE in the K models is selected as the
optimal precipitation estimation model.

The estimation error of each station was computed after the precipitation distribution estimating
model was established on the basis of the modeling subset, and “estimating error distribution”
was derived from the errors of all of the stations. Afterwards, three algorithms—namely inverse
distance weighted (IDW) [30-32], local polynomial interpolation (LPI) [33], and ordinary Kriging
(OK) [34,35]—were adopted to interpolate the estimating errors into the whole computational domain,
whereas the model verification subset got to acquire different estimating errors of all of the stations
according to the interpolated error distribution.

The verification of precipitation estimation was done by comparing the observed values from
stations in the model verification subset with the model estimating values. In the estimating effect
check, four statistical estimation indicators were used [36]: the Pearson coefficient of correlation (R),
mean error (ME), mean absolute error (MAE), and root mean square error (RMSE), whose detailed
definitions are listed below:

ME = Y (pi —01)/o; ©)

MAE:%Z\FH—OA/OZ- (6)
2

RMSE = M (7)

where 0; and p; are the observed precipitation and regression-estimated precipitation, and # is the
number of verification samples. In order to effectively describe the seasonable change feature of
precipitation distribution, all of the statistical indicators were presented with a percentage in relation
to observed precipitation.
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4. Results

4.1. Precipitation Affecting Factors

An analysis of the Pearson coefficient of correlation between annual and quarterly average
precipitation and geographical/topographical factors on the northeast slope of the Qinghai-Tibet
Plateau reveals (Table 2) a significant negative correlation between precipitation and latitude.
It indicates declining precipitation with more northward stations, with the highest correlation
coefficient among all of the factors. However, a consistent positive correlation is found between
precipitation and longitude, which means the precipitation rises gradually from west to east on the
northeastern slope of the Plateau. Precipitation was negatively related to the average station elevation,
and the average elevation of the station vicinity with a 5-km radius, but the positive correlation
with the latter tended to be more significant. It was also significantly and positively related to the
average slope of the station vicinity with a 10-km radius, which suggested that the steeper the terrain,
the higher the precipitation; it was consistently and positive related to the average exposure of the
station vicinity with a 10-km radius, in spite of a much lower correlation. As to the highest elevations
with different exposures, their correlations with precipitation differed materially, and only the winter
precipitation presented a high negative correlation with the highest elevation on four exposures.

Table 2. Correlation coefficients between the total seasonal and annual precipitation and the
geographical and topographical factors (all stations).

Parameters Spring Summer Autumn Winter Annual
Lat —0.88 ** —0.79 ** —0.86 ** —0.72** —0.84 **
Lon 0.17 0.24 ** 0.37 ** 0.45 ** 0.28 **
Alt —0.19* —0.24* —0.38 ** —0.38 ** —0.28 **

Malt —0.06 —0.12 —0.22* —0.31* —0.15
Ms 0.37 ** 0.31 ** 0.32 ** 0.28 ** 0.33 **
Tm 0.19 0.18 0.17 0.16 0.18

MaE 0.11 0.01 —0.09 —0.25** —0.01

MaS 0.06 —0.04 —0.14 —0.26 ** —0.06

MaW 0.16 0.10 —0.02 —0.16 0.07

MaN 0.12 0.05 —0.06 —-0.21* 0.02

* Denote statistically significant at the 10% significance level. ** Denote statistically significant at the 5%
significance level.

In order to find out the relationship between precipitation and elevation, the mean annual
precipitation at stations with different elevations on the northeast slope of Qinghai-Tibet Plateau
was analyzed, and it was obvious that the precipitation distribution differed greatly under different
elevations (Figure 2). The precipitation is highly negatively correlated to elevation. This was in
agreement with the previous correlation, which analyzed the outcome. Further analysis suggested
an evident sudden “inflection point” of precipitation with the change of elevation. On both sides of
that inflection point, the precipitation changed with the elevation in two distinct ways. The inflection
point was situated at an elevation of about 1400-1900 m. The precipitation at stations with an elevation
higher than 1900 m is positively correlated to the elevation, while it was negatively correlated to
the elevation for stations below 1400 m. To determine the position of the inflection point accurately,
six thresholds were chosen between 1400-1900 m, with 100-m intervals. All of the stations were
divided into two intervals as per each threshold (namely, the stations no lower than the threshold,
and those above it), in order to figure out the correlation between the precipitation of stations in two
intervals and the elevation for each threshold. It was found that when the threshold was 1700 m,
the correlation of both intervals became quite significant. Therefore, 1700 m was determined to be the
inflection point.
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Figure 2. Precipitation distribution at different elevations.

For the stations with elevations below 1700 m (Table 3), which included 82 stations, the annual
and quarterly mean precipitation appeared to be significantly and negatively related to the latitude,
which could be attributed to the melting-layer changes with the latitude. Existing studies have proved
that the melting layer is lowered down against the rising latitude [37,38], and a higher melting layer is
unfavorable for the generation of precipitation [39]. The positive correlation between precipitation and
latitude became even more eye-catching in autumn and winter, because the stations with elevations
below 1700 m are mainly distributed in the east of Gansu, the middle-south of Shaanxi, and north
of Sichuan, where precipitation distribution was affected by the East Asian monsoon [23]. In such
areas, the greater the stations’ latitude, the closer the stations are to the vapor source, and the more
easily the precipitation is generated. The annual and quarterly mean precipitation were negatively
related to both station elevation and the average elevation of the station’s vicinity, and the former’s
correlation was more significant. By contrast, the precipitation was proven to be significantly positively
correlated to the average slope of the station’s vicinity. This meant that a steeper terrain would
facilitate the generation of precipitation. The reason why two factors exerted different effects on the
precipitation was probably because the maximum water vapor content in the areas with an elevation
below 1700 m on the northeast slope of the Qinghai-Tibet Plateau was in the lower layer of the
atmosphere (850-700 hPa) [40]. The correlation between precipitation and the average exposure of the
station’s vicinity remained insignificant. When it came to the effect of maximum elevation in different
directions on the precipitation, it seemed that only the maximum elevation in the west had a significant
correlation with the precipitation in spring, summer, and autumn, which may be related to the region’s
water vapor being mainly derived from the East Asian monsoon [41]. When the East Asian monsoon
carries a large amount of water vapor to the west, it is easy for the western mountains to converge and
uplift to form precipitation.
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Table 3. Same as Table 2, but for stations with an elevation below 1700 m.

Parameters Spring Summer Autumn Winter Annual
Lat —0.89 ** —0.81 ** —0.87 ** —0.74 ** —0.85**
Lon 0.30 * 0.28 * 0.38 ** 0.43 ** 0.32 **
Alt —0.65 ** —0.56 ** —0.70 ** —0.65 ** —0.63 **
Malt —0.22 —0.23 —0.31* —0.36 ** —0.26*
Ms 0.50 ** 0.47 ** 0.53 ** 0.59 ** 0.51 **
Tm 0.18 0.15 0.18 0.18 0.17

MaE 0.20 0.16 0.10 —0.10 0.14
MaS 0.07 0.02 —0.03 —0.16 0.01
MaW 0.34 ** 0.33 ** 0.25* 0.08 0.30 *
MaN 0.21 0.21 0.14 —0.04 0.19

* Denote statistically significant at the 10% significance level. ** Denote statistically significant at the 5%
significance level.

For the stations with elevations above 1700 m (Table 4), which included 48 stations, a consistent
and highly significant negative correlation was found again between the annual and quarterly mean
precipitation and the latitude. The correlation between precipitation and longitude displayed great
discrepancy; the annual mean precipitation and precipitation in spring, summer, and autumn were
negatively related to the longitude, whereas the precipitation in winter was positively related to
it, regardless of the insignificant correlation. This was much unlike the stations below 1700 m,
and it is mainly because most of the stations higher than 1700 m are distributed in the edge of the
Qinghai-Tibet Plateau, the middle of Gansu, and south of Ningxia, where the westerlies” activities
exerted a dominating effect on local precipitation [23], and water vapor was delivered here along
northwest and west paths [41]. The annual and quarterly mean precipitation were significantly and
positively related to the station elevation and average elevation of the station’s vicinity, and correlation
with the former was more significant. This was also obviously different from the stations with an
elevation higher than 1700 m, and it may be in part explained by the maximum water vapor content
being in the middle and upper layer (700~500 hPa) of the atmosphere [40]. The annual and quarterly
mean precipitation were less correlated to the average slope of the station’s vicinity, and a great
difference was spotted in their correlation with the average exposure. The mean precipitation kept
being in positive correlation with the exposure in all of the seasons except for autumn, which indicated
that the more westward and northward the average exposure of the station’s vicinity was, the more
precipitation could be expected. As for the effect of the highest elevation in different directions
on the precipitation, it was obvious that annual precipitation and precipitation in spring, summer,
and autumn were positively related to the highest elevation in four directions. The effect of those
factors on the precipitation may also be related to the sources of local water vapor.

Table 4. Same as Table 2, but for stations with an elevation above 1700 m.

Parameters Spring Summer Autumn Winter Annual
Lat —0.84 ** —0.71** —0.87 ** —0.65 ** —0.82**
Lon —0.24 —0.21 —0.22 0.18 —0.21
Alt 0.52 ** 0.72 ** 0.68 ** 0.47 ** 0.68 **
Malt 0.34 % 0.44 ** —0.44 ** 0.11 0.42 **
Ms 0.22 0.10 —0.13 —0.12 0.14
Tm 0.28 0.42* —0.31 0.26 0.37 %
MaE 0.31 0.25 0.33 % —0.05 0.28
MaS 0.39 % 0.35* 0.40* 0.03 0.38 *

MaW 0.26 0.30 0.33* —0.03 0.30
MaN 0.31 0.27 0.32 —0.04 0.30

* Denote statistically significant at the 10% significance level. ** Denote statistically significant at the 5%
significance level.
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4.2. Precipitation Estimating Model

Multivariate stepwise linear regression method and 10-fold cross-validation (the calculating
stations are randomly divided into 10 subsets) were employed to build a best annual and quarterly
mean precipitation estimating models (EM). The geographical and topographical factors used in the
EMs are shown in Table 5. It could be found that the influencing factors used in different EMs differ a
lot. All of the models covered three common factors, i.e., latitude (Lat), longitude (Lon), and elevation
(Alt). The mean altitude around the station (Malt), the max elevation to the east of the station (MaE),
and max elevation to the north of the station (MaN) are the second most used factors, and are used in
two seasonal and annual average precipitation estimation models, respectively. The mean slope (Ms)
around the station, the mean aspect of the station’s vicinity (Tm), and the maximum elevation to the
south of the station (Ma$S) are only used in one seasonal precipitation estimation model. The winter
precipitation estimation model uses the least parameters (only five of them), while the other models
use seven parameters, but the different models use different parameters. By checking the adjusted
R of different models, it was found that the mean precipitation estimating models for autumn and
spring did best, followed by the annual mean precipitation estimating model. By contrast, the winter
and summer precipitation estimating models failed to generate good performance. This may be due to
the general low precipitation in winter and the greatly changing precipitation distribution in summer.

Table 5. Correlation coefficients between precipitation from different time scales and influence factors
of the multivariate regression models.

Parameter Spring Summer Autumn Winter Annual
(a) Coefficients B,
Lat —23.697 —54.290 —32.320 -3.822 —115.069
Lon 7.230 23.157 15.087 1.762 50.916
Alt 0.013 0.038 0.012 0.002 0.065
Malt —0.031 —0.094 —0.042 —0.176
Ms 0.983
Tm 0.613
MaE 0.010 0.010 0.003 0.026
MaS —0.001
MaW 0.018 0.065 0.029 0.107
MaN 0.018 —0.005 0.032
(b) Intercept B
142.634 —344.938  —371.816 —40.669 —982.122

(c) Adjusted coefficient of determination R
0.81 0.70 0.84 0.71 0.79

Due to the factors influencing precipitation distribution being discrepant at different altitudes,
the optimal precipitation estimation models are established for stations with altitudes of less than
1700 m and above 1700 m, respectively. The 10-fold cross-validation and the eight-fold cross-validation
were used by the precipitation estimation model. The geographical and topographical factors used in
the station precipitation estimating models by elevation were more different (Table 6). The precipitation
estimating models for stations with an elevation below 1700 m (EMB)—Lat, Lon, Alt and Malt—were
adopted, without Ms. Seven parameters were used in the spring, autumn, and annual average
precipitation estimation models, while only six parameters were used in the summer and winter
average precipitation estimation models. For the adjusted FZ, similar to MR, the precipitation
estimating effect of the spring, autumn, and annual was better than that of summer and winter
estimation. The adjusted R values of the spring and autumn precipitation estimation models were
superior to that of the EM estimation model. As for the precipitation estimating models (EMA) of
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stations higher than 1700 m, Lat and Alt were adopted to all of the models but without Ms, Tm,
MaS, and MaW. Unlike EM and EMB, MaE was the second most used parameter in two seasonal and
annual precipitation estimation models. Lon, Malt, and MaN are only used in one season’s estimation
model. The winter precipitation estimation model used four parameters, while the remaining models
contained three parameters. From the perspective of adjusted R values, the annual precipitation was
best estimated, followed by autumn, summer, and winter in turn. Nevertheless, the overall estimating
effect of EMA was obviously inferior to that of EM and EMB. This may be related to the non-uniform
precipitation distribution of stations with an elevation higher than 1700 m.

Table 6. Same as Table 5, but for areas with an elevation below 1700 m (EMB) and above 1700 m

(EMA), respectively.
Spring Summer Autumn Winter Annual Spring Summer Autumn Winter Annual
Parameters (EMB) Parameters (EMA)
(a) Coefficients B, (a) Coefficients B,
Lat —24.655 —60.277 —35.136 —3.487 —123.561 Lat —19.322 24849 1874 —1.497 —63.504
Lon 11.059 25.36 15.931 1.57 53.599 Lon 1.464
Alt 0.020 0.083 0.018 0.003 0.110 Alt 0.012 0.063 0.025 0.006 0.099
Malt —0.04 —0.164 —0.069 —0.007 —0.237 Malt —0.007
Ms Ms
Tm 0.343 Tm
MaE 0.022 0.010 0.108 MaE —0.024 —0.010 —0.037 —0.024
MaS —0.010 —0.082 MaS
MaW 0.022 0.066 0.015 0.002 0.139 MaW
MaN 0.056 0.023 MaN —0.002
(b) Intercept By (b) Intercept By
—241.158 —394.242 —337.254 —30.707 —939.533 771.326  1066.042  747.08 —95.496
(c) Adjusted Coefficient of Determination R (c) Adjusted Coefficient of Determination R
0.90 0.76 0.89 0.72 0.85 0.73 0.76 0.79 0.75 0.81

4.3. Precipitation Estimation Verification

For the precipitation estimating models established, the residual errors (namely differences
between estimated values and the observed ones) of all of the stations in the model establishment
subset were figured out, and they were interpolated into the whole research area in three different ways
(IDW, LPI, and OK) to work out the annual and quarterly precipitation estimation residual distribution
of the northeast slope of the Qinghai-Tibet Plateau. Then, five kinds of statistical indicators (Table 5)
were derived from the observed values of all of the stations in a model verification subset for a
quantitative analysis and inspection of the estimating effect of four methods (MSLR only, MSLR + IDW,
MSLR + LPI and MSLR + OK).

In accordance with the estimating effect of models built on the basis of all of the stations (Table 7
(a)), the correlation between their estimated values and observed values almost all reached above 0.9
(expect for the MSLR and MSLR + IDW estimation of winter precipitation, and the MSLR + IDW and
MSLR + LPI estimation of annual precipitation). The autumn precipitation estimation model estimated
best—the correlation coefficient was greater than 0.97—followed by the summer and spring estimation
models, with the winter estimating model performing the worst.

Judged from the ME, except for the slight underestimation of precipitation in spring (—0.03-0.30%),
other methods appeared to overestimate the precipitation slightly (ME > 0), with annual precipitation
being severely overestimated (0.36-1.13%). As revealed in the MAE and RMSE analysis, the models
have lower errors in estimating precipitation in spring and autumn (MAE: 6.81-9.44%; RMSE:
8.28-11.15%); the highest errors occur in winter estimations (MAE: 11.04-23.90%; RMSE: 13.76-25.09%).
In spite of the vast differences in estimating the annual and seasonal precipitation, the models perform
similarly in estimating precipitation within a given period of time. On the other hand, it is noteworthy
that the estimation method combining multivariate linear regression with residual error distribution
appeared to do better, with a higher Pearson coefficient of correlation and a lower estimation error
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than the multivariate linear regression method when it was used alone. The combined method was
especially good at the winter and annual precipitation estimations (with MAE falling from 23.90% to
10.64% for winter and from 12.15% to 7.73% for annual estimations, and RMSE falling from 25.09% to
13.76% for winter and from 14.08% to 9.61% for annual estimations). Generally speaking, the models
that performed well in the annual and seasonal precipitation estimations were MSLR + OK (annual),
MSLR + OK (spring), MSLR + IDW (summer), MSLR + OK (autumn), and MSLR + LPI (winter).

In the meantime, the performance of precipitation estimating models established (MSLRe) by
station height (with 1700 m as the critical threshold) was also assessed in Table 7 (b). As revealed in
the Table 7 (b), except for the summer precipitation estimation, the correlation coefficients for the other
seasons and annual precipitation estimations were improved. In particular, the correlation coefficient
for the spring and annual precipitation estimates was significantly improved, while the remaining
models were basically the same as EM. It was higher than 0.9 for the autumn precipitation estimation,
and rose from 0.90 to 0.98 for the annual precipitation estimation. As for the ME, the estimation models
created based on height could effectively reduce the error so that the estimated values could be closer to
the observed ones. Such a change in trend was even more evident in the annual precipitation estimation,
whose minimum mean errors fell by 0.34%. The minimum mean error appeared in the MSLRe model for
winter precipitation, which was only —0.01%. When it came to MAE and RMSE, the spring and annual
precipitation estimating ability was also significantly improved, but the precipitation estimations of
summer and autumn both slightly decreased. From an overall perspective, the annual and seasonal
precipitation estimation models that were established based on height with good performance included
MSLRe + LPI (annual), MSLRe + OK (spring), MSLRe (summer), MSLRe + IDW (autumn), and MSLRe
+ IDW (winter). Except for the spring estimation model, the other models were significantly different
from the precipitation estimation models established by all of the stations.

Table 7. Statistical comparison of the estimating effect of four methods (a) for estimating models (EM),
(b) for estimating models with elevation below 1700 m EMB and estimating models with elevation

above 1700 m (EMA).
(a) (b)
Methods R ME/%  MAE/% RMSE/% Methods R ME/%  MAE/% RMSE/%
Spring Spring
MSLR 0.93 —0.30 8.79 10.36 MSLR 0.97 —0.13 7.08 8.72
MSLR + IDW 0.92 —0.30 9.44 10.92 MSLR + IDW 0.87 0.40 11.67 17.19
MSLR + LPI 0.91 —0.30 8.59 11.15 MSLR + LPI 0.92 0.58 10.34 13.35
MSLR + OK 0.93 —0.03 8.29 10.23 MSLR + OK 0.98 0.15 5.70 6.66
Summer Summer
MSLR 091 0.86 12.69 15.29 MSLR 0.89 —0.04 8.57 11.71
MSLR + IDW 0.96 —0.08 8.10 9.24 MSLR + IDW 0.77 0.17 12.04 14.30
MSLR + LPI 0.93 0.02 9.60 10.88 MSLR + LPI 0.80 0.81 11.88 17.78
MSLR + OK 0.94 0.02 8.67 9.73 MSLR + OK 0.82 0.58 11.64 14.90
Autumn Autumn
MSLR 0.97 0.05 9.32 10.86 MSLR 0.94 —0.16 9.65 12.62
MSLR + IDW 0.99 0.08 8.62 10.01 MSLR + IDW 0.97 0.06 5.17 6.91
MSLR + LPI 0.99 —0.28 7.21 8.77 MSLR + LPI 0.97 0.14 6.18 9.55
MSLR +OK 0.99 —0.12 6.81 8.28 MSLR + OK 0.92 0.28 10.29 13.48
Winter Winter
MSLR 0.84 —1.94 23.90 25.09 MSLR 0.84 —0.01 17.36 22.50
MSLR + IDW 0.84 0.32 14.75 18.97 MSLR + IDW 0.87 0.32 12.67 16.15
MSLR + LPI 0.89 0.06 10.64 13.76 MSLR + LPI 0.86 0.48 16.40 21.03
MSLR + OK 0.86 0.10 11.04 15.34 MSLR + OK 0.86 0.07 18.13 2242
Annual Annual
MSLR 0.90 0.36 12.15 14.08 MSLR 0.97 —0.18 6.64 8.24
MSLR + IDW 0.88 0.91 14.32 19.77 MSLR + IDW 0.89 0.04 10.29 12.23
MSLR + LPI 0.89 1.13 12.79 18.90 MSLR + LPI 0.98 0.02 5.88 7.19
MSLR + OK 0.97 0.54 7.73 9.61 MSLR + OK 0.86 0.05 11.71 15.63

ME: mean error, MAE: mean absolute error, RMSE: root mean square error. The bold font indicates the best among
the statistic.
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In accordance with the scatter distribution of the estimated annual and quarterly mean
precipitation values from different models and the observed values on the northeast slope of the
Qinghai-Tibet Plateau (Figure 3), it can be seen that for the estimation models established based on
either all stations or height, the multivariate regression model combined with residual error distribution
displayed better estimation performance than the single multivariate regression model. Such a
phenomenon was more prominent in the summer and winter precipitation estimations. From the
perspective of the estimation of precipitation in different periods, the annual and autumn precipitation
estimations were best; the estimated values were almost equal to the observed ones. The winter
precipitation estimation performance was a bit inferior. An analysis of the effectiveness of estimation
models by height revealed that the estimation models built with all of the stations behaved better in
the annual and autumn precipitation estimation. However, such an advantage is not significant in
estimating spring precipitation. By comparison, the estimation models created by height had markedly
improved performance in summer and autumn precipitation estimation, which meant that it was more
proper for the precipitation estimation in the rainy season. This may be related to the influencing
factors for the precipitation at different elevations on the northeast slope of the Qinghai-Tibet Plateau.
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Figure 3. Scatter distribution of estimated and observed annual and quarterly precipitation values.
The precipitation estimating models here include multivariable stepwise linear regression (MSLR),
MSLR + inverse distance weighted (IDW)/local polynomial interpolation (LPI)/ordinary Kriging (OK)
or the established multivariable stepwise linear regression (MSLRe) + IDW /LPI/OK.
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5. Discussion

The northeast slope of the Qinghai-Tibet Plateau, located at the transition belt between the moist
monsoon climate and the inland arid climate, is under the effect of westerlies, plateau monsoons,
and complicated topographical conditions [42]. So, the precipitation distribution is diversified in this
area. Disastrous weather events such as drought and violent flood occur frequently. In addition,
the observation sites are sparse, which poses certain difficulties for the effective observation of
precipitation events [43]. Practical observation data has been commonly used to estimate the
precipitation in the unknown areas, and the observed precipitation of the known sites was always
used to obtain the precipitation around the known sites by some algorithms. However, due to
the complicated temporal and spatial variations in the microphysical processes of precipitation,
the distribution of precipitation in different areas varies greatly. Especially in complex terrain areas
(such as the typical Tibetan Plateau and slope areas), the estimation of precipitation is facing enormous
challenges due to the unsatisfactory long-term remote measurement of precipitation, sparse observation
sites, and poor altitude representation [44—47].

Through analyzing the correlation between many related factors and precipitation distribution,
the study found that the geography and topography are the main factors that affect the annual and
seasonal precipitation distributions over the northeastern slope of the Tibetan Plateau. These factors
are very important for improving the precipitation estimation, especially for improving the schemes
related to cloud and precipitation in numerical models [48,49]. Meanwhile, compared to the existing
research results in this area [18], the multiple stepwise linear regression precipitation estimation method
was established based on different geographic and topographic factors, especially the multisource
regression model and residual error correction method. This method has significantly improved the
ability to estimate the annual and seasonal precipitation (with the minimum ME is —0.01-0.13%),
which is commendable in such complex terrain. Note that cross-validation is indeed more effective than
the fixed-site verification method in selecting the optimal precipitation estimation model. This study
also compared the estimation abilities of the two methods, and found that the optimal estimation
model selected by cross-validation method can reduce the RMSE from 9.6-14.5% to 6.66-13.76%.
This indicates that cross-validation can obtain effective information from limited data as much as
possible, and can also reduce the over-fitting of the estimation model.

However, it should be emphasized that although the rainfall observation stations have increased
in recent years, the station network density is still small (the current observation density in the study
area is about 0.5-4 stations per 100 km?). The resolution of data that has been used to estimate
precipitation is obviously low. Thus, high-frequency observation, high-resolution observation, satellite
data, and radar observation have been used by many experts and scholars to estimate precipitation due
to their wide observation range [50-52]. Future work will follow up on the idea of combining satellite
and radar observations to develop a higher resolution and more accurate precipitation estimation for
areas with complex terrain.

6. Conclusions

The study first studied the relationship between the seasonal and annual mean precipitation
distribution and the 11 geographical or topographical factors on the northeast slope of the
Qinghai-Tibet Plateau, and created multivariate linear regression precipitation estimating models
based on the studied relationship. Then, a residual error correction method was employed to improve
the overall performance of the estimation models. Finally, the suitability of the different estimation
methods for the area were analyzed.

The research indicates that the precipitation on the northeast slope of the Qinghai-Tibet Plateau
is differentiated at the elevation of 1700 m. That is, precipitation distributions obtained by the
stations below 1700 m and above 1700 m presented distinct features. For the stations below 1700 m,
significant and extremely negative correlation is spotted between the annual and quarterly mean
precipitation and elevation and latitude, respectively. In contrast, the annual and quarterly mean
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precipitation is significantly and positively related to the longitude as well as the average slope of
the station’s vicinity. Steeper terrain is inclined to have higher precipitation. In spring, summer, and
autumn, the precipitation is remarkably and positively related to the maximum elevation in the west,
where the major regional water vapor comes from. For the stations above 1700 m, the annual and
quarterly mean precipitation is significantly and negatively associated with the latitude, and so is
the precipitation in spring, summer, and winter. On the other hand, the annual and quarterly mean
precipitation is obviously and positively related to the elevation, which constitutes the major difference
between the stations above 1700 m and below 1700 m. Both annual mean precipitation and the mean
precipitation in spring, summer, and winter are positively related to the exposure, which means that
the more westward and northward the station’s vicinity, the higher the precipitation. In the meantime,
the annual, spring, summer, and autumn mean precipitation are positively related to the highest
elevation in four directions.

Annual and quarterly mean precipitation estimating models were established by all of the stations
and height on the basis of geographical and topographical factors through a multivariate stepwise
linear regression method. An analysis of the adjusted R values of the models proves that the autumn,
summer, spring, and annual mean precipitation estimation is better, while the winter precipitation
estimation is less satisfactory. Residual error interpolation correction can effectively improve the
estimation performance of the multivariate regression model, since the models that did well in the
annual and seasonal precipitation estimation all combined the multivariate regression with residual
error correction. However, different residual error interpolations were adopted for different seasons.
The multivariate regression model combined with residual error correction established by elevation
seems to be better at estimating the precipitation in the rainy season.

The research in this paper demonstrates that the method of multivariate regression combined
with residual calibration can effectively improve the estimation ability of rainy season precipitation,
which provides a new idea for precipitation estimation in the complex terrain of the northeast slope
of the Qinghai-Tibet Plateau. In addition, the altitude of 1700 m as the threshold of precipitation
distribution in the region provides new clues that can enhance the understanding of precipitation
distribution in the region. Research can also provide recommendations for future actions to improve
understandings of management and the prediction of droughts and floods in the region.
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