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ABSTRACT: The near surface air temperature is the primary indicator for climate change. Reanalysis as the surrogates for
large-scale observations are widely used in the Tibetan Plateau because of the sparse meteorological network. However,
an average bias of −3.54 ∘C and root-mean-square error (RMSE) of 4.31 ∘C were found between ERA-Interim monthly
2-m temperature and observation over the Tibetan Plateau, which indicated that a correction procedure for ERA-Interim is
necessary before local scale applications. To overcome this challenge, a robust elevation correction method is developed to
downscale ERA-Interim 2∘ × 2∘ monthly 2-m temperature data based on ERA-Interim internal vertical lapse rates. This method
is validated against 80 meteorological stations from 1979 to 2013 located in 26 ERA-Interim grid cells. It is also compared
with other four correction methods, which are using different lapse rate schemes such as fixed monthly lapse rates, surface
lapse rates calculated from the meteorological stations (within a single grid or with neighbouring sites), as well as a third-order
curvilinear function of ERA-Interim pressure level data. The results indicate that the correction method using ERA-Interim
internal vertical lapse rates cannot only significantly reduce the bias (89%) and RMSE (62%) for the original ERA-Interim data,
but also capture the inter-annual variations for the plateau-wide climatology very well. The seasonal and annual temperature
warming trends are also modelled encouragingly compared with other four methods. The strongest advantage of this method
is that it is independent of local meteorological stations. Therefore, it is possible to extrapolate ERA-Interim temperature data
for any other high mountain areas where no measurements exist. This work will help the scientific community identify the
most proper and easiest method to downscale reanalysis temperature data for climate impact assessments at the site or regional
scale.
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1. Introduction

As the largest and highest plateau in the world, the Tibetan
Plateau (TP) significantly impacts the climate over East
Asia and the world because of its unique orographical
characteristics and thermal forcing mechanisms (e.g. Ye,
1981; Ye and Wu, 1998; Oku et al., 2006; Bao and Zhang,
2013). The TP is especially sensitive and vulnerable to
climate change (Yanai and Li, 1994; Liu and Chen, 2000;
Liu et al., 2006, 2009), and therefore, understanding
and quantifying the climate change in the TP is vital
for management of resources such as water and regional
sustainable development.

The near-surface air temperature (Ta) is often used as
indicator for the ongoing climate change. Ta not only
controls a large variety of environmental processes but
also influences the local and global water, energy, and
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matter cycle (Bolstad et al., 1998; Prince et al., 1998; Gao
et al., 2012). Therefore, historic and current temperature
series are essential for a quantification of these changes
and the development of future climate scenarios is needed
for climate impact analysis over the TP (Gao et al., 2014a).
Unfortunately, the network of meteorological stations on
the TP, which has an area of approximately 2.5 million km2

with an average elevation above 4000 m above sea level
(a.s.l.) is sparse. This limits the validity of temperature
measurements used as a baseline for a climate change
analysis at the TP scale (Qiu, 2008; Bao and Zhang, 2013;
You et al., 2013).

To overcome the shortage of observations, results of
atmospheric reanalysis model chains have been widely
applied to assess climate impact in the past two decades.
The advantages of the data are that long-term and spa-
tially consistent time series are available, which make use
of observations in the form of an advanced assimilation
scheme (Simmons et al., 2010; Decker et al., 2012). How-
ever, the spatial resolutions (e.g. 0.75∘) of reanalysis data
does not satisfy the requirements of hydrological and cli-
matic impact models, which typically run on a finer scale
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Figure 1. Location of the meteorological stations (dots) and ERA-Interim 2∘ × 2∘ grids (dashed line). The labels represent the test grids and the
meteorological stations are also sequentially numbered.

from 100-m grid elements and upwards (Ahrens, 2003;
Bernhardt and Schulz, 2010; Gao et al., 2012). Further-
more, uncertainties have been identified in the reanalysis
data such as changes in the observation network and model
misrepresentation (like micro-topography characteristics).
Therefore, downscaling and correction of reanalysis data
significantly benefit the land surface modelling community
(Gao et al., 2012, 2014b).

Previous studies have shown that the elevation differ-
ence between the grid point of the reanalysis product and
meteorological station leads to a large systematic bias
(Gao et al., 2012, 2016). An elevation correction scheme
can reduce this bias significantly. The lapse rate represents
the empirical relationship between Ta and altitude, and
it is often used to interpolate between observations or to
scale model results of Ta with respect to elevation. Dif-
ferent lapse rates are known and range from fixed value
approaches, most commonly using values of−6.0 ∘C km−1

(e.g. Dodson and Marks, 1997) and −6.5 ∘C km−1 (e.g.
Maurer et al., 2002; Stahl et al., 2006; Lundquist and
Cayan, 2007; Gerlitz et al., 2014) to more complex
approaches, which use different numbers for the month of
the year or at least different values for different seasons.
However, many studies have proven that a fixed lapse rate
can be problematic because temperature gradients can vary
significantly over short time periods and short distances,
particularly in complex terrain (Rolland, 2003; Lundquist
and Cayan, 2007; Minder et al., 2010; Gao et al., 2012;
Gerlitz et al., 2014). Many factors may affect the vari-
ability of lapse rates such as topographic characteristics
(Mahrt, 2006), the synoptic circulation (Blandford et al.,
2008; Pages and Miro, 2010), and amount of radiation
(Rolland, 2003; Blandford et al., 2008).

A series of monthly lapse rates developed by Kunkel
(1989) are widely applied in earth surface modelling,
and the 1-month temporal resolution is the standard for

generalized lapse rates (Liston and Elder, 2006; Liston
et al., 2008; Mernild et al., 2009; Bernhardt and Schulz,
2010). An alternative strategy for identifying lapse rate
is to use model outputs such as reanalysis, RCMs, and
GCMs, which can statistical downscale temperature based
on statistical models without any observations involved
(Maraun et al., 2010). For example, Mokhov and Akperov
(2006) investigated the relationship between tropospheric
lapse rates and global averages of the monthly surface
temperature based on National Centers for Environmental
Prediction (NCEP)/The National Center for Atmospheric
Research (NCAR) reanalysis temperature profiles. Gruber
(2012) produced temperature data based on the lowest
seven pressure levels using a similar method. Gao et al.
(2012) developed an elevation correction approach based
on ERA-Interim internal temperature profiles based
on data collected in the German and the Swiss Alps.
These studies have shown that it is possible to scale
ERA-Interim data to the point scale without the inclusion
of observations. Similarly, Gerlitz et al. (2014) cor-
rected ERA-Interim temperature data using a third-order
curvilinear (polynomial) function based on tempera-
ture and geopotential values at different pressure levels
over the TP.

This study presents a comparison of five different
approaches for elevation correction of ERA-Interim
monthly 2-m temperature in the TP. All five methods are
validated against observations from 80 meteorological
stations in 26 ERA-Interim grid cells. The inter-annual
variations and temperature warming trends also are inves-
tigated for five correction methods over the entire TP. This
information will help end users to post-process reanal-
ysis for local climate studies. This paper is structured
as follows: Section 2 describes the ERA-Interim data,
meteorological observations, and correction methods. The
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Table 1. Test sites information (ERA_height is the ERA-Interim
grid model elevation).

Grid Station Latitude Longitude Elevation ERA_height

Grid 1 1 38.80 101.08 1765

2540
2 38.23 101.97 1987
3 37.92 102.67 1531
4 37.38 101.62 2708
5 37.20 102.87 3045

Grid 2 1 38.42 99.58 3180

3566
2 38.93 100.43 1483
3 38.18 100.25 2787
4 37.33 100.13 3302

Grid 3 1 38.82 98.42 3361
41422 37.37 97.37 2982

Grid 4 1 36.62 101.77 2261

2981
2 36.03 101.43 2237
3 36.32 102.85 1814
4 35.52 102.02 2488
5 35.00 102.90 2910

Grid 5 1 36.27 100.62 2835
34772 35.58 99.98 3323

3 35.58 100.75 3201
Grid 6 1 36.67 93.52 2771

40642 36.42 94.90 2808
3 35.22 93.08 4612

Grid 7 1 34.20 101.57 3414

3722
2 33.43 101.48 3629
3 34.00 102.08 3472
4 33.33 102.72 3447
5 35.00 102.90 2910

Grid 8 1 34.47 100.25 3719
42942 33.75 99.65 3968

Grid 9 1 33.02 97.02 3681

4450
2 34.92 98.22 4272
3 33.80 97.13 4415
4 33.23 97.73 4200

Grid 10 1 31.00 101.17 2957

3900
2 31.67 102.48 2664
3 32.80 102.55 3463
4 31.00 102.37 2367

Grid 11 1 31.63 99.98 3394
42542 32.93 100.75 3750

3 32.42 100.73 3894
Grid 12 1 31.15 97.17 3306

44802 31.83 98.63 3201
Grid 13 1 32.90 95.30 4068

45112 31.42 95.60 3873
3 32.20 96.48 3644

Grid 14 1 32.35 91.10 4800
48392 31.48 92.07 4507

Grid 15 1 31.00 101.17 2957
38992 31.00 102.37 2367

3 30.08 102.03 2616
Grid 16 1 30.95 100.27 3000

43582 30.00 100.27 3949
3 29.05 100.18 3728

Grid 17 1 30.08 98.92 2589
42532 29.67 97.83 3780

Grid 18 1 30.75 95.83 3640
43252 29.87 95.77 2750

Grid 19 1 30.67 93.28 4489
45172 29.57 94.47 3000

Grid 20 1 30.48 91.10 4200
48372 29.67 91.13 3649

3 29.25 91.77 3552

Table 1. Continued.

Grid Station Latitude Longitude Elevation ERA_height

Grid 21 1 30.95 88.63 4672
50822 29.08 87.63 4000

3 29.25 88.88 3836
Grid 22 1 28.98 101.55 2987

2699
2 28.65 102.52 1662
3 28.00 102.85 2132
4 27.90 101.82 2545
5 27.88 102.30 1591

Grid 23 1 28.18 100.80 2667
35002 27.83 99.70 3276

3 27.17 99.28 2326
Grid 24 1 28.65 97.47 2328

29452 28.50 98.90 3593
3 28.05 98.75 1591

Grid 25 1 27.98 91.95 4280
40392 28.42 92.47 3860

Grid 26 1 28.92 89.60 4040
42302 27.73 89.08 4300

results are presented in Section 3 and are discussed in
Section 4.

2. Data and methods

2.1. ERA-Interim data

The third-generation reanalysis from the European Cen-
tre for Medium Range Weather Forecast (ECMWF)
ERA-Interim temperature data was used in this study.
ERA-Interim provides data from 1979 to the present
(Berrisford et al., 2011; Dee et al., 2011). The data set
is based on the Integrated Forecast System (IFS) ver-
sion Cycle 31r2. This set-up has 60 vertical levels with
the top level at 0.1 hPa, and it uses the T255 spectral
harmonic representation for basic dynamic fields. The
original spatial resolution is a reduced Gaussian grid
(N128) with an approximately uniform spacing of 79 km
(Uppala et al., 2008; Dee et al., 2011). ERA-Interim not
only provides four analyses per day at 0000, 0600, 1200,
and 1800 UTC, but also two 10-day forecasts with a 3-h
temporal resolution. A variety of data in uniform lat/long
grids (0.125, 0.25, 0.5, 0.75, 1, 1.125, 1.5, 2, 2.5, and 3∘)
interpolated from N128 is available. Here, we only apply
2∘ × 2∘ gridded monthly mean temperature (2 m) in order
to include at least two meteorological stations per grid cell
(Figure 1). The rationale is that two or more stations are
needed for a calculation of the station-based temperature
lapse rate. We used 2-m temperature, surface geopotential,
as well as temperature, and geopotential height at the 925,
850, 700, 600, and 500 hPa levels for the output variables
of ERA-Interim. The geopotential height is related to the
variation of gravity with latitude and elevation, and is
calculated by the normalization of the geopotential over
gravity.

2.2. Observations

Monthly mean air temperature records from 80 mete-
orological stations located on the TP derived from the
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Table 2. Monthly fixed lapse rates extracted from the literatures.

January February March April May June July August September October November December

ГKunkel (∘C km−1) −4.4 −5.9 −7.1 −7.8 −8.1 −8.2 −8.1 −8.1 −7.7 −6.8 −5.5 −4.7

China Meteorological Data Sharing Service System of
the National Meteorological Information Center (http://
cdc.nmic.cn/home.do) are used in the analysis (Figure 1
and Table 1). The quality of observed data is strictly mon-
itored by the National Meteorological Information Center
of China. The stations were selected based on two different
criteria: (1) data from 1979 to the present existed and (b)
no gaps exceeding two consecutive months were allowed.
As at least two meteorological stations should be available
in any ERA-Interim grid cell, only 26 grid cells (2∘ × 2∘)
could be investigated in detail based on 80 stations, which
fulfil the predefined criteria (Figure 1). An overview of the
observations and grid cells used is given in Figure 1 and
Table 1. For simplicity, the grid cells and station signatures
are abbreviated as follows: grid No.1 and station No. 1 is
equivalent to G1S1.

2.3. Correction methods

In this study, all five correction methods are based on the
relationship between elevation and Ta. Equation (1) was
used for Methods I, II, III, and IV. Ti is the corrected
temperature at i station. TERA_2m is the ERA-Interim 2-m
temperature, which we plan to correct. Г describes the
lapse rate with a decrease of Ta with elevation. Δh is
the altitude difference between meteorological station and
ERA-Interim grid height.

Ti =TERA_2m +Γ×Δh (1)

Method I applied specific monthly lapse rates (ГKunkel)
from Kunkel (1989) and Liston and Elder (2006) (Table 2).
Because we have not sounding profiles for measuring the
real lapse rates in the TP, therefore, we calculated the sur-
face lapse rates named grid-based lapse rates (ГGrid-based)
by using the meteorological stations available within
each grid cell based on a linear regression for Method
II. In order to get a smoother lapse rate in spatial dis-
tribution, the surface lapse rates named site-based lapse
rate (ГSite-based) were calculated using each site and its
neighbouring sites within 250 km for Method IV. For the
sites in the eastern TP (e.g. Grids 4, 7, and 8), around
8–14 sites were involved in the calculation, while the sites
in the western TP (e.g. Grids 14, 21, and 26) have fewer
neighbouring sites (four to five sites) for ГSite-based calcula-
tion. This method allows for a usage of higher resolution
reanalysis data compared to Method II. Method IV uses
the ERA-Interim internal vertical lapse rates (ГERA-Interim)
calculated based on temperature and geopotential height at
different pressure levels. For example, lapse rate between
500 and 700 hPa level are calculated using the tempera-
ture differences divided the height differences between
these two levels. In general, the pressure levels used for
ГERA-Interim calculation covered the highest and lowest

meteorological stations in each grid cell. Method V differs
because it does not use the ERA-Interim 2-m temperature
data but rather the temperature at different pressure levels.
A third-order curvilinear function is developed based
on temperature and geopotential heights within a few
pressure levels (Gerlitz et al., 2014). Then the temperature
can be calculated at a given elevation from Equation (2):

Ti = a0 + a1 × hi + a2 × h2
i + a3 × h3

i + 𝜀 (2)

where a0, a1, a2, and a3 are the coefficients of the polyno-
mial function, hi is the altitude for a certain station, and 𝜀

is the residual of the function.
Gao et al. (2012) introduced a transition level (850 hPa,

∼1500 m a.s.l.) to determine the boundary between locally
dominated circulations and free air flows in the European
Alps. In the TP, this differentiation is difficult to apply
because no studies about the average level of the transition
zone between free air and local circulation systems are
available. Because the inclusion of a transition level only
slightly improves the downscaling procedure in earlier
studies (Gao et al., 2012), it is omitted in this study.

In order to evaluate the presented correction methods,
the bias and root-mean-square error (RMSE) are adopted
for error assessment, and the correlation coefficient (R)
is used for the temporal correlation investigation between
corrected and observed temperature data.

3. Results

3.1. Validation of the uncorrected ERA-Interim
temperature data

Before elevation correction, the quality of the original
ERA-Interim temperature data should be assessed in the
first step. In previous studies, Simmons et al. (2010)
found a high temporal correlation (R= 0.997) between
ERA-Interim and CRUTEM3 (gridded observations) for
monthly temperature from 1989 to 2001 in Europe. Gao
et al. (2012) also found a good agreement (R= 0.992)
between ERA-Interim and E-OBS data for daily temper-
ature in the European Alps. For the TP, Gao et al. (2014a)
concluded that ERA-Interim monthly temperature could
capture the annual cycle with high correlations ranging
from 0.973 to 0.999 based on 75 meteorological stations.
In order to evaluate the correction methods, uncorrected
ERA-Interim data are compared to the meteorological sta-
tions firstly. Table 3 shows the comparison of original
ERA-Interim monthly 2-m temperature with 80 meteoro-
logical stations in 26 grids. In general, a high temporal
correlation (R= 0.990) is found between reanalysis and
observation. The lowest R occurs in Grid 23 and the high-
est R occurs in Grid 5 (Table 3). For individual stations,
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Table 3. Comparison of original ERA-Interim 2-m monthly tem-
perature with 80 meteorological stations in 26 grid cells from

1979 to 2013. R, bias (∘C) and RMSE (∘C) are listed.

Grid Station R Bias RMSE

Grid 1 1 0.997 −4.07 4.32
2 0.997 −2.50 2.64
3 0.996 −5.63 5.78
4 0.989 1.74 2.23
5 0.995 2.60 2.94

Grid 2 1 0.996 −0.24 1.30
2 0.992 −10.65 11.06
3 0.997 −4.23 4.37
4 0.997 −2.93 2.98

Grid 3 1 0.996 −3.55 3.84
2 0.996 −10.16 10.22

Grid 4 1 0.994 −2.95 3.15
2 0.995 −4.46 4.54
3 0.995 −5.20 5.32
4 0.996 −2.97 3.02
5 0.997 0.31 0.79

Grid 5 1 0.997 −3.84 3.90
2 0.997 −0.97 1.22
3 0.996 −1.80 1.96

Grid 6 1 0.994 −6.43 6.71
2 0.995 −7.89 7.97
3 0.993 2.91 3.13

Grid 7 1 0.991 0.61 1.59
2 0.995 −0.57 0.93
3 0.996 −1.38 1.50
4 0.995 −1.02 1.22
5 0.992 −2.32 2.62

Grid 8 1 0.992 −2.47 2.65
2 0.993 −1.98 2.20

Grid 9 1 0.989 −7.09 7.25
2 0.989 −0.10 1.29
3 0.986 0.88 1.73
4 0.989 −3.02 2.81

Grid 10 1 0.982 −5.86 5.98
2 0.982 −6.50 6.59
3 0.988 0.50 1.53
4 0.980 −9.94 10.02

Grid 11 1 0.992 −5.58 5.64
2 0.993 −2.72 2.84
3 0.994 −0.50 0.88

Grid 12 1 0.989 −8.43 8.51
2 0.989 −7.50 7.62

Grid 13 1 0.986 −1.47 1.99
2 0.991 −4.19 4.31
3 0.988 −5.09 5.19

Grid 14 1 0.993 0.62 1.25
2 0.995 −1.14 1.38

Grid 15 1 0.982 −5.86 5.98
2 0.980 −9.94 10.02
3 0.979 −5.05 5.18

Grid 16 1 0.989 −6.16 6.23
2 0.990 −2.16 2.33
3 0.992 −3.27 3.36

Grid 17 1 0.973 −10.55 10.65
2 0.992 −2.34 2.47

Grid 18 1 0.990 −5.00 5.07
2 0.990 −8.25 8.31

Grid 19 1 0.988 1.00 1.73
2 0.987 −8.41 8.48

Grid 20 1 0.989 −1.64 2.05
2 0.980 −8.11 8.21
3 0.984 −8.67 8.78

Table 3. Continued.

Grid Station R Bias RMSE

Grid 21 1 0.995 −2.39 2.50
2 0.986 −9.07 9.19
3 0.975 −8.84 8.98

Grid 22 1 0.992 1.04 1.22
2 0.986 −3.05 3.30
3 0.988 −0.92 1.64
4 0.986 −2.19 2.37
5 0.982 −7.04 7.09

Grid 23 1 0.946 −6.75 6.98
2 0.995 0.20 0.74
3 0.997 −5.23 5.24

Grid 24 1 0.990 −3.47 3.54
2 0.991 2.73 2.86
3 0.992 −6.10 6.13

Grid 25 1 0.993 3.83 3.91
2 0.993 −1.70 1.92

Grid 26 1 0.975 −2.62 2.97
2 0.986 2.22 2.43

Average 0.990 −3.54 4.31

the R values range from 0.946 to 0.997 with an aver-
age of 0.990 for all stations. G23S1 shows the lowest R
value of 0.946. Eight stations have high R values of 0.997
(Table 3). Even though ERA-Interim captures the tempo-
ral development of temperature well, the error margin is
not small. The average bias over all stations from 1979 to
2013 between ERA-Interim and observation is −3.54 ∘C,
which indicates that ERA-Interim has a significant cold
bias. Among 80 weather stations, 14 stations have a warm
bias and 66 stations have a cold bias (Table 3). The largest
warm bias (3.83 ∘C) is found in G25S1. The mean bias
for four seasons (from spring to winter) over all stations
is −4.05, −3.49, −3.52, and −3.09 ∘C, respectively. The
average RMSE is 4.65, 4.19, 4.22, and 4.16 ∘C, respec-
tively, for four seasons. The average RMSE for the entire
time series for all stations reaches 4.31 ∘C. The largest
cold bias (−10.65 ∘C) and largest RMSE (11.06 ∘C) can
be found in G2S2, which has the largest altitude differ-
ence (2083 m) with ERA-Interim grid height. The small-
est warm bias (0.2 ∘C) and smallest RMSE (0.74 ∘C) are
identified at G23S2, which only has an elevation differ-
ence of 224 m with respect to ERA-Interim grid level.
The smallest cold bias (−0.1 ∘C) is found in G9S2, which
also has a small elevation difference (178 m). Figure 2(a)
shows the comparison of ERA-Interim with measurements
at Grid 19. G19S2 is located in a valley with an elevation
of 3000 m but G19S1 is located on a higher plateau at the
level of 4489 m (Table 1). We suggest that the RMSE is
significantly different between these two stations (1.73 and
8.48 ∘C, respectively) because of the variation in elevation
(Table 3). ERA-Interim 2∘ × 2∘ temperature shows large
deviations in the TP compared with point measurements.
Figure 2(b) shows the relationship of RMSEs and elevation
differences. The correlation of determination (R2) mea-
suring the fit is 0.815, which indicates that the difference
in altitude is the main contributor to the bias. This indi-
cates that a temperature correction should be possible by
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(a) (b)

Figure 2. (a) Comparison of original ERA-Interim with observation at G19S1 and G19S2. (b) Relationship of RMSE and elevation difference between
original ERA-Interim and observation.

(a) (b)

(c) (d)

Figure 3. Boxplots of monthly lapse rates for (a) Grid 7, (b) Grid 13, (c) Grid 16 and (d) Grid 21. ГKunkel (short horizontal line), ГGrid-based (light
grey), ГSite-based (medium grey), ГERA-Interim (dark grey) and ГGerlitz-linear (black). Thick horizontal lines in boxes show the median values. Boxes

indicate the inner-quantile range (25% to 75%) and the whiskers show the full range of the values.

adequately adjusting for the gap between model and station
elevation.

3.2. Temporal variability of the lapse rates

Figure 3 illustrates the seasonal dynamics of ГGrid-based,
ГSite-based, and ГERA-Interim as well as ГKunkel at Grids 7, 13,
16, and 21. These four grids cover a large elevation range
and represent different climate features of the TP, which
could reveal the performances of correction methods

well. For example, Grid 21 is the most western grid with
the highest ERA-Interim grid height. Because ГSite-based

was calculated based on different neighbouring sites, in
order to compare with ГERA-Interim, an averaged lapse rate
was obtained for each grid. For example, ГSite-based in
Grid 21 was averaged from ГSite-based for G21S1, G21S2,
and G21S3. Although the polynomial function of ele-
vation (in Method V) does not show a simple lapse rate
like −6.0 ∘C km−1, there is also an average decrease in
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temperature with height. Therefore, a linear regression is
applied for the temperature gradient (ГGerlitz-linear) between
925 and 500 hPa pressure levels according to the elevation
range of stations. It is obvious that the lapse rates differ
significantly in view of their annual variability. ГKunkel is
defined by a single monthly value and therefore does not
show any inter-annual variability (Table 2, Figure 3). The
average number of neighbouring sites used for ГSite-based in
Grids 7, 13, 16, and 21 are 12, 8, 13, and 5, respectively.
Thus, the differences of sites for these two lapse rates are
7, 5, 10, and 2. It is obvious to found that lapse rate is
very sensitive to site numbers, especially for Grid 16. In
general, ГKunkel, ГSite-based, and ГERA-Interim are smaller than
ГGrid-based for Grid 7. But ГSite-based is close with ГGrid-based
in June, July, and August. ГKunkel shows a more distinct
temperature gradient for the warmer months of the year
(April to September), and this behaviour is also identified
for ГGrid-based and ГSite-based on another level. ГERA-Interim
shows larger temperature gradients in the winter months
(November to March) (Figure 3(a)). ГGerlitz-linear behaviour
is similar to ГERA-Interim but with larger variations in the
warmer months of the year. Because of the predefined
values, ГKunkel cannot adapt to the observed temperature
gradients. In Grid 13, ГGrid-based and ГSite-based show more
larger gradients than ГERA-Interim and ГGerlitz-linear for almost
the entire year, especially in the colder months (Novem-
ber to March). ГKunkel also has steeper gradients than
ГERA-Interim and ГGerlitz-linear from April to October. Differ-
ent with Grid 7, ГGrid-based, and ГSite-based are more close
From February to May than the summer months. Normally,
ГGrid-based has a larger variation than ГSite-based, especially in
January and December (Figure 3(b)). The characteristics
of Grid 16 differ from those of Grids 7 and 13. ГGrid-based
and ГSite-based show significant disparities for the whole
year. ГGrid-based has a less distinct annual development and
has a maximum gradient between February and April and
a second period with a steeper gradient in summer (July
and August) (Figure 3(c)). This behaviour is not identified
by ГERA-Interim or ГGerlitz-linear, which show a clear annual
development with a maximum winter gradient (December
to January). The median values of ГSite-based are similar to
those of ГERA-Interim from April to June as well as Septem-
ber. ГKunkel again shows a significantly different behaviour
with steep gradients from March to October (Figure 3(c)).
The development of the lapse rates for Grid 21 is compa-
rable to Grid 16 but on another level (Figure 3(d)). ГKunkel
shows an inverse behaviour when compared to the other
lapse rates. ГGrid-based and ГSite-based are nearly consistent
for the whole year and they show clear maximum tem-
perature gradients between February and March but also
have smaller gradients between October and November.
ГERA-Interim has a clear annual behaviour and mimics the
regime of surface lapse rates during this period but in
an attenuated way. ГGerlitz-linear shows a much smaller
temperature gradient than ГERA-Interim for the entire year,
which is more significant than that in Grids 7, 13, and 16.
The seasonal dynamics of lapse rates in the representative
four grid elements demonstrate the high variability of tem-
perature development with elevation over the TP, which is

difficult to model with a fixed value approach. The climate
regimes are quite dissimilar over the TP because of the
complex terrain and large areal extent. Positive tempera-
ture gradients with elevation can occur between January
and March because of local inversion events in the eastern
region of the TP (Grid 6). During the same period, lapse
rates can reach values smaller than −10 ∘C km−1 in other
regions (like Grids 13 and 21). Hence, ГKunkel appears to
be inappropriate for temperature correction because of its
fixed nature and interpolation on the TP, which conforms
to former studies (e.g. Gao et al., 2014a). ГERA-Interim
shows a smaller inter-monthly variability when compared
to ГGrid-based and ГSite-based. The surface lapse rate is defi-
nitely influenced and modified by local conditions existing
in the neighbourhood of the meteorological stations such
as location and elevation, and it is also limited by the fact
that the stations are located in the boundary layer while
the lapse rate usually refers to a free air development
of temperature with elevation. Meanwhile, the different
behaviours of ГGrid-based and ГSite-based indicate that the sur-
face lapse rate are very sensitive to the neighbouring site
numbers. However, it does not mean that more sites could
produce more smoother lapse rate. A group of sites within
a certain distance representing logically the local climate
regime and land cover characteristics is more appropriate
for surface lapse rate estimation. Nonetheless, ГERA-Interim,
ГGrid-based, and ГSite-based mimic the system given their
comparable development over the analysed grids and
when compared to standard lapse rates. Although the
linearized representation of Method V in the form of a
lapse rate, ГGerlitz-linear sometimes behaves similarly to
ГERA-Interim, it shows large deviations when compared with
ГGrid-based and ГSite-based generally (e.g. Grid 21).

3.3. Evaluation of correction methods

The overall performance of the five correction methods
over all grids shows that Method IV based on ГERA-Interim
outperformed the other methods with a 62% reduction of
RMSE with respect to the original RMSE of ERA-Interim
data (Table 3 and 4). Although Methods I, II, and V reduce
the RMSE by 53, 40, and 39%, respectively, they are sig-
nificantly weaker than Method IV. The second best method
is the one using ГSite-based (Method III) with a 58% error
reduction. In terms of R, Method IV perform with a high
temporal correlation higher than 0.990. Table 4 gives the
specific performances of the five correction methods. It is
surprising that Method II using ГGrid-based performs poorly
from some stations, especially in Grids 3 and 12, which
contain two stations with only a very small elevation dif-
ference. The performance of Method II in these two grid
cells underlines the dependence of this method on the
station set-up. Method III based on ГSite-based produced
more encouraging results then Method II. The main sea-
son is that ГSite-based is calculated from the neighbouring
sites, which reflects the more reasonable local conditions
than ГGrid-based. As an example, Figure 4 shows the results
for G12S2. Method I overestimated the higher tempera-
ture (> 10 ∘C) and underestimated the lower temperature
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Table 4. Comparison of RMSE between measurements and cor-
rection methods at 80 meteorological stations in 26 grid cells

from 1979 to 2013.

Grid Station Method
I

Method
II

Method
III

Method
IV

Method
V

Grid 1 1 1.48 0.70 0.85 1.48 3.59
2 1.50 0.92 0.74 1.35 3.30
3 1.58 0.82 0.74 1.44 3.49
4 1.51 1.55 1.58 1.47 3.18
5 1.17 0.79 0.93 1.29 1.38

Grid 2 1 2.58 1.99 2.12 2.55 4.64
2 3.91 0.71 1.29 3.80 6.10
3 1.31 0.81 0.80 1.28 3.33
4 1.29 1.75 1.83 1.37 1.55

Grid 3 1 2.01 10.51 1.11 2.24 3.98
2 2.36 10.51 4.54 3.85 2.96

Grid 4 1 2.20 1.12 0.98 1.74 3.06
2 1.06 1.24 0.96 1.00 2.41
3 3.01 1.06 1.15 2.32 3.77
4 1.00 1.05 0.99 0.64 1.85
5 1.11 1.04 1.01 1.03 1.98

Grid 5 1 1.07 0.85 0.99 0.82 2.64
2 0.80 0.85 0.76 0.72 2.01
3 0.75 0.90 0.85 0.73 2.31

Grid 6 1 2.58 1.04 1.03 2.80 4.65
2 1.22 1.24 1.25 1.45 3.37
3 1.22 0.70 0.70 1.30 1.33

Grid 7 1 2.97 1.91 2.14 2.93 4.50
2 0.73 0.84 0.88 0.74 2.12
3 0.77 1.03 0.89 0.66 2.16
4 1.12 0.84 0.77 0.99 2.56
5 3.39 0.77 1.74 2.99 4.48

Grid 8 1 1.88 1.86 1.11 1.34 2.74
2 1.07 1.86 1.28 0.97 2.09

Grid 9 1 2.81 1.88 1.74 2.69 2.60
2 1.67 2.38 1.56 1.66 2.80
3 1.85 1.99 1.98 1.86 3.00
4 1.65 1.21 1.20 1.57 1.61

Grid 10 1 1.36 3.27 1.58 1.52 2.52
2 2.70 5.08 3.70 1.36 2.00
3 3.66 4.88 3.64 3.41 3.44
4 2.26 4.49 2.30 1.92 2.89

Grid 11 1 1.72 3.41 1.03 1.10 2.02
2 1.30 2.70 1.09 0.83 1.89
3 2.36 3.66 2.72 2.03 2.88

Grid 12 1 2.14 20.18 3.30 2.23 2.66
2 2.95 20.18 3.18 0.95 1.44

Grid 13 1 1.99 3.16 4.01 1.81 2.31
2 1.52 1.95 1.20 1.16 1.74
3 1.83 3.09 4.46 1.20 1.93

Grid 14 1 1.39 1.44 1.45 1.40 2.19
2 1.40 1.44 1.79 1.38 2.09

Grid 15 1 1.36 2.30 1.58 1.33 2.52
2 2.26 2.39 2.30 1.61 2.89
3 4.30 3.60 1.14 2.77 2.64

Grid 16 1 3.74 1.14 2.26 1.97 2.10
2 1.35 1.18 1.05 0.87 1.36
3 1.52 1.21 0.93 1.00 1.59

Grid 17 1 3.16 1.43 1.19 2.26 3.84
2 1.26 1.43 1.08 1.06 1.93

Grid 18 1 1.09 2.87 2.13 1.59 3.05
2 3.72 2.87 1.63 1.29 1.80

Grid 19 1 1.83 1.86 1.85 1.84 1.99
2 3.25 1.86 1.28 0.99 2.16

Grid 20 1 2.88 5.97 5.53 2.71 2.45
2 1.94 5.73 4.53 1.54 3.43
3 2.25 6.13 7.05 1.34 3.35

Table 4. Continued.

Grid Station Method
I

Method
II

Method
III

Method
IV

Method
V

Grid 21 1 0.94 1.55 1.60 0.88 1.80
2 2.93 1.11 1.45 2.19 3.77
3 2.33 2.04 2.86 1.47 3.23

Grid 22 1 1.24 0.53 0.62 0.84 1.91
2 4.27 1.60 1.71 3.11 2.82
3 3.16 1.80 1.79 2.66 2.41
4 1.51 1.84 1.94 1.60 2.48
5 1.99 2.71 3.48 1.09 2.15

Grid 23 1 2.66 2.12 3.03 2.55 3.94
2 1.85 1.87 1.52 1.69 1.58
3 3.32 2.52 0.64 1.69 1.71

Grid 24 1 1.52 1.03 0.95 0.87 1.90
2 1.98 0.69 1.05 1.29 2.54
3 3.97 0.69 0.70 2.03 1.90

Grid 25 1 2.39 0.98 4.82 1.99 1.97
2 0.87 0.98 1.33 1.08 2.81

Grid 26 1 1.85 1.32 1.17 2.02 3.33
2 2.01 1.32 1.60 1.72 1.71

(< 0 ∘C). Method II failed because of the fact that the ele-
vation difference between stations (105 m) does not allow
for a stable derivation of a lapse rate. Although Method III
overestimated significantly, it produced reasonable results
with a smaller RMSE (3.18 ∘C) in a high correlation with
observation (R= 0.982). Method IV performed best with
an RMSE of only 0.95 ∘C. Method V also performed
very well but slightly overestimated lower temperature and
underestimated warmer temperature.

Although Method II failed in Grids 3 and 12, it deliv-
ered the best results for 17 individual stations (Table 4).
Method III produced the best results at 21 stations. Method
IV delivered the best results at 29 stations. Method I per-
formed best for 12 stations, and Method V delivered the
best results for only one station (G20S1). Note that Method
IV produces the second best results for 19 stations where
other methods performed best. It is a remarkable fact that
Methods II and III as the best and the second best method
at 52 sites in total. It indicates that the lapse rate derived
from surface measurements is more reliable for 65% of all
sites; however, it is hard to obtain in most cases in the high
mountain areas.

In addition, the five correction methods show signifi-
cantly different results for different stations in the same
grid. For example, in Grid 4, Method IV reproduced
G4S4 best while Method II performed best for G4S3, and
Method III performed best for G4S1, G4S2, and G4S5
(Table 4). In Grids 5 and 13, Method IV modelled the best
temperature for all stations within the grids. At 12 stations
(Tables 3 and 4), ERA-Interim temperature could not be
improved by any method possibly because those stations
are close to the ERA-Interim grid element elevation.

Figure 5 illustrates the performance of all five methods
using Grid 21 as a representative example. Method IV
reduced the most RMSE by 65 and 84% at G21S1 and
G21S3, respectively. The reduction of RMSE for G21S2
was 88% (from 9.19 to 1.11 ∘C) when using Method II
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(a) (b) (c)

(d) (e)

Figure 4. Scatter plots of observation and corrected temperature data for G12S2. The related RMSE can be found in Table 4.
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Figure 5. Scatter plots of observation and corrected temperature data for Grid 21. The part figures (a, b, c, d, and e) show the results for five methods
for G21S1, (f, g, h, i, and j) for G21S2, and (k, l, m, n, and o) for G21S3. The related RMSE can be found in Table 4.

followed by Method III (84%). Method V demonstrated
the lowest performance for all of the stations. Method V
tends to underestimate the observation for warmer temper-
ature (Figures 5(e), (j), and (o)) and to overestimate colder
temperature (Figures 5(e) and (o)). The results generated
by Methods II and III modelled the measurements very
well at G21S2 (Figures 5(g) and (h)). Methods IV and
V both underestimated the measurements almost for the
whole temperature range at G21S2 (Figures 5 (i) and (j)),

but Method IV shows a constant bias whereas Method V
has an increasing bias with higher temperature. Method I
is unable to correct temperature at G21S2 and G21S3, par-
ticularly for the colder temperature (Figures 5(f) and (k)).
Therefore, using Method I with the specific lapse rates,
may lead to a systematic misinterpretation of minimum
and maximum values.

Table 5 illustrates the seasonal mean bias of
ERA-Interim and corrected results compared with
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Table 5. Mean bias of ERA-Interim and corrected results compared with observation over all 80 meteorological stations for four
seasons from 1979 to 2013.

ERA-Interim Method I Method II Method III Method IV Method V

Spring −4.05 0.94 0.27 0.23 0.03 −0.69
Summer −3.49 1.81 0.04 0.31 −0.11 −1.73
Autumn −3.52 0.82 0.32 0.36 0.38 0.42
Winter −3.09 0.16 1.28 1.04 1.08 2.48
Absolute mean bias 3.54 0.93 0.48 0.48 0.40 1.33

Figure 6. Inter-annual variation and warming trend of observation, ERA-Interim, and corrected temperature data over the TP from 1979 to 2013.

observation over all 80 meteorological stations from
1979 to 2013. Method IV produced the best results for
spring with only a bias of 0.03 ∘C. The bias is reduced by
99% compared with the original ERA-Interim (−4.05 ∘C).
Methods I and V have the largest warm bias (1.81 ∘C) and
cold bias (−1.73 ∘C) with regard to summer, respectively.
Methods II to V have similar bias (< 0.5 ∘C) for autumn.
The temperature modelled by Method V has a significant
warm bias (2.48 ∘C) than other methods in winter. Method
I produced best results in winter (0.16 ∘C). The absolute
mean bias shows that Method IV reduced the most bias
(89%), and it followed by Methods II and III. Method V
has the largest absolute mean bias of 1.33 ∘C in the period
from 1979 to 2013.

3.4. Plateau-wide temperature climatology and trends

The Plateau-wide temperature climatology as well as the
warming trends are investigated based on the annual mean
temperature from observation, ERA-Interim, and cor-
rected temperature results. Figure 6 shows the inter-annual
variations and warming trends over the whole TP from
1979 to 2013. Generally, ERA-Interim and the five cor-
rected results captured the inter-annual variations very
well (R> 0.86). ERA-Interim has the highest temporal
correlation (0.93) with observation, but it has the greatest
bias (−3.54 ∘C) with respect to annual average tempera-
ture. Methods I and IV have a higher correction (0.93) than

Methods II (0.87) and V(0.89), which are lower than 0.90.
Method III has a high correction of 0.91. The five corrected
temperature results show a warmer annual temperature
than observation before 2003. However, Method V under-
estimated temperature from 2004 to 2013. In this period,
Method IV modelled the annual temperature best. Method
I simulated the warmest annual temperature, although
it captured the inter-annual variations very well. The
absolute mean bias of annual average temperature from
1979 to 2013 between Methods I and V and observation
is 0.93, 0.48, 0.48C, 0.40, and 1.33 ∘C (Table 5). Method
V has the largest bias and it performed weakly on the
warming trend. Table 6 shows the temperature warming
trends (∘C decade−1) over the TP for seasons in the period
from 1979 to 2013 based on observation, ERA-Interim,
and the corrected results. The warming trend is about
0.41 ∘C decade−1 from observation, which is close to the
result based on the stations (higher than 3000 m a.s.l.)
from 1979 to 2010 by Gao et al. (2014a). Winter shows
the largest warming trend with the rate of 0.49 ∘C decade−1

while autumn has the smallest trend (0.35 ∘C decade−1).
Generally, ERA-Interim and the five correction methods
underestimated the warming trend. Method I has the same
trends with ERA-Interim for annual and four seasons,
because it used the fixed monthly lapse rates that con-
tained the main variations of ERA-Interim. Method II
modelled the annual warming trend well generally, but it
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Table 6. Temperature warming trend (∘C decade−1) of observa-
tion, ERA-Interim, and corrected temperature data over the TP

for four seasons from 1979 to 2013.

Spring Summer Autumn Winter Annual

observation 0.38 0.41 0.35 0.49 0.41
ERA-Interim 0.26 0.27 0.19 0.29 0.25
Method I 0.26 0.27 0.19 0.29 0.25
Method II 0.21 0.27 0.19 0.14 0.20
Method III 0.26 0.27 0.19 0.17 0.22
Method IV 0.25 0.25 0.17 0.27 0.24
Method V 0.17 0.14 0.13 0.25 0.17

significantly underestimated the trend for winter. The
warming trend captured by Method III is better than
Method II in spring and winter. Method III is even bet-
ter than Method IV for the entire year except winter.
Method IV modelled the almost best annual and sea-
sonal trends after Method I. Method V simulated the
smallest trends for annual and seasonal climatologies.
To sum up, Method IV is the best correction proce-
dure, which not only captures the inter-annual variations
with the smallest absolute mean bias (Table 5), but
also the reasonable warming trend for the entire TP
(Table 6).

4. Discussion and conclusions

In the previous sections, the five correction methods for
ERA-Interim temperature data based on lapse rates as well
as the polynomial function of elevation have been com-
pared and analysed. Previous studies have stated that fac-
tors other than elevation differences between an individual
station and ERA-Interim grid cell can cause the observed
bias. Large-scale biases, observation errors, model back-
ground errors, and operator errors as well as the interpo-
lation errors from N128 to latitude/longitude grids could
also contribute to the differences between ERA-Interim
and measurements (Dee et al., 2011; Gao et al., 2012).
Also, the correction errors also may relate to the regional
climate, local circulation, and model performance captur-
ing the variations at shorter time scales and at different
vertical levels (Bao and Zhang, 2013; Chen et al., 2014).
Therefore, we are interested in how much of the observed
bias can be corrected by simple lapse rate approaches at a
challenging site like the TP.

Despite the high average temporal correlation
(R= 0.990) between ERA-Interim and observations over
the whole TP, an average cold bias of 3.54 ∘C and RMSE
of 4.31 ∘C demonstrates that a correction of ERA-Interim
is needed for the investigation of an individual site or at
the local scale. Figure 2(b) shows that elevation drives this
observed error and indicates the possibility of temperature
correction via elevation-based methods.

Method I based on the fixed lapse rate (ГKunkel) from
the literature did not work very well for many stations
(Figure 3, Table 4). It again indicates that ГKunkel is limited
for different mountain areas. ГKunkel was developed for the

mountainous western United States using maximum mean
temperature and minimum mean temperature (Kunkel,
1989). However, different mountain areas have their own
unique climate mechanisms. Gao et al. (2012) has pointed
out that ГKunkel introduced a large bias in the temperature
correction in the German and Swiss Alps. The TP is unique
in that it is neither a simple mountain nor a plain. The local
climate features can vary sharply in either horizontal or
vertical direction over short distances. Therefore, it is a
great challenge to develop a lapse rate specifically for the
TP based on sparse measurements.

Method II based on the ГGrid-based shows the best results
for 17 stations but relies on profound in situ measurements.
The previous test by Gao et al. (2012) in the German
and Swiss Alps showed that the correction method using
the surface lapse rates derived from two different alti-
tude stations produced the best results generally. However,
again, the TP is quite different with the Alps. ГGrid-based is
problematic when the stations are in short altitude differ-
ence (like Grids 3 and 12). Gao et al. (2012) also claimed
that the calculated lapse rates from two stations are not
reliable when the observations contain outliers. In addi-
tion, because the surface temperature is strongly subjective
to local conditions and land cover characteristics, there-
fore the relationship is sensitive between lapse rate and
site numbers. To further explore this issue, ГSite-based was
introduced in Method III. ГSite-based was calculated from
each site and its neighbouring stations within a radius of
250-km distance. The comparison of temporal variability
has shown that lapse rate is much sensitive to site num-
bers (Figure 3). The correction results demonstrate that a
smoother lapse rate is more reliable than that derived from
the sites within a single grid (Table 4).

However, regardless of Methods II and III, the method
based on surface lapse rate (ГGrid-based or ГSite-based) has a
major disadvantage that a lack of stations for lapse rate
calculation in complex terrain like in the western region of
the TP. Besides, large biases can be generated if the stations
are not suitable for the derivation of a stable lapse rate (e.g.
Method II in Grids 3 and 12). Although, using more sites
could get a smoother lapse rate, it still tends to overlook
the local conditions. Thus, a proper number of sites (or
distance radius) is critical for a more realistic lapse rate.
Certainly, the error contained by the measurements will be
translated into the correction results, although it may be
smoothed in the process. Error-prone measurements are
very common, and thus, the surface lapse rate is subject
to large uncertainties.

In contrast, Method IV based on the ERA-Interim
internal vertical lapse rates (ГERA-Interim) overcomes these
disadvantages because it is completely independent of sur-
face measurements. It showed a convincing performance
when compared with the measurements by reducing the
RMSE by 62% and bias by 89% over all stations with
regard to original ERA-Interim. It delivered the best results
for 29 stations and generated the second best temperature
data for 19 stations. Another advantage of Method IV is
that it can be implemented for any grid element as long as
a digital elevation model (DEM) is available. No in situ
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information is needed. This is also true for Method V but
Method V did not produce similarly robust results. More-
over, Method IV captured the plateau-wide annual and
seasonal climatologies very well, which shows bet-
ter warming trends compared with Methods II, III,
and V (Table 6). There is only a tiny difference
(0.01 ∘C decade−1) of warming trend between Method
IV and Method I. Although, ERA-Interim has a large
cold bias, it captured the best inter-annual variations.
The reasons for the best performances of Method IV
with regard to bias and warming trend may rely on that:
(1) the large-scale bias of ERA-Interim is, in general,
small and it is suitable to investigate the temperature
trend (Simmons et al., 2010; Gao et al., 2012, 2014a);
(2) more and more observations such as remote sensing
data are uninterruptedly used in the assimilation system,
which improves the accuracy of reanalysis. This could
partly explain that why Method IV performed much better
in the recent 10 years (Figure 6); 3) ERA-Interim 2-m
temperature is vertically interpolated between the lowest
model level temperature and the surface temperature
based on the surface fluxes parameterization functions
(ECMWF, 2007). These functions involved many physical
variables such as dry static energy and roughness lengths,
which represent the atmospheric physical processes.
ERA-Interim internal vertical lapse rates (ГERA-Interim)
derived from the pressure level temperature and geopo-
tential height accordingly contained the related physical
procedures. Although, ERA-Interim has a systematic bias
because of the spatial disparity between N128 grid and
individual sites, it successfully represents the basic climate
mechanisms.

At present, this study is limited to monthly temperature
at a limited number of stations. It is necessary to extend
this analysis to daily and hourly to improve the correc-
tion method. The stations are mainly located in the mid-
dle and eastern regions of the TP. Thus, it is difficult to
evaluate the credibility of the correction methods in other
regions of the TP. Other resources like remote sensing
data can be helpful for this purpose. Although elevation
is the main cause of reanalysis bias, micro-topographical
features such as aspect and slope may also play an impor-
tant role. This study focused on ERA-Interim data, which
is the third-generation reanalysis product of the ECMWF.
However, it can and should be extended in the future to
other products such as ERA-20CM, NCEP-2, or JRA-55,
which use different land surface representations in their
data assimilation schemes.
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