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Abstract

The Tibetan Plateau (TP), also called the “Third pole”, is sensitive to climate change due to extensive areas at high elevation
presently dominated by snow and ice. In this study, observed surface temperature trends at 150 stations over the TP during
1979-2018 are analyzed and compared with surface temperatures from multiple reanalyses (NCEP1, NCEP2, ERA-Interim,
MERRA, JRAS5). Observed warming at the stations has a mean annual rate of 0.46 °C/decade during 1979-2018. Although
all reanalyses underestimate observed temperatures (cold bias), most reproduce much of the inter-decadal variations of
surface temperature shown in the observations. Absolute errors of mean surface temperature (reanalysis minus observation)
are closely correlated with elevation errors, suggesting that parts of the cold bias can be interpreted by elevation errors of
reanalysis. After elevation-temperature correction, about half of the cold bias is typically eliminated, more for both ERA-
Interim and JRAS5. Compared with the observations, corrected NCEP2 surface temperatures still have larger cold biases, and
fail to capture the overall warming over the TP. Since the elevation-temperature correction fails to improve trend magnitudes
even when a significant proportion of the bias has been removed, this suggests that a more sophisticated modeling of the
lapse rate in each reanalysis is required to realistically model warming trends across complex topography.
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1 Introduction

The Tibetan Plateau (TP hereafter), with an average eleva-
tion of over 4000 m, is the highest and the largest highland
in the world, which is thus called the “Third Pole”. It also
contains the largest cryospheric region (snow cover, ice
and glaciers, permafrost) outside the polar regions, and has
. been referred to as the “Asian water tower” (Duan and Xiao
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2015; Immerzeel et al. 2010; Kang et al. 2010, 2019; Qiu
2008; Smith and Bookhagen 2018; Yang et al. 2019; Yao
et al. 2012, 2019; You et al. 2020b). Due to unprecedented
warming, the cryosphere has seen rapid shrunk during recent
decades, including in the so-called “global warming hiatus”
period, and this has had significant environmental conse-
quences (Ji and Kang 2013a; Kang et al. 2010, 2019; Kuang
and Jiao 2016; You et al. 2013, 2016, 2017, 2020b). For
example, the retreat of glaciers and thaw of permafrost have
resulted in the loss of water content, with serious environ-
mental implications (Qiu 2008; Yang et al. 2019; Yao et al.
2019).

The more pronounced warming over the TP and its
physical explanations have been described extensively in
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previous studies based on the observational data (Liu et al.
2006, 2009; Yan and Liu 2014; Yao et al. 2019; You et al.
2016), remote sensing dataset (Cai et al. 2017; Qin et al.
2009), reanalyses (Gao et al. 2012, 2017; Zhao et al. 2008;
Zou et al. 2014) and numerical climate model output (Guo
et al. 2016a; Ji and Kang 2013a, b; You et al. 2016, 2019a).
In modeling studies, the rapid warming over the TP is an
intrinsic feature of future global warming scenarios of 1.5 °C
and 2 °C relative to the pre-industrial period, particularly so
at the higher threshold (You et al. 2019a). However, there
is limited coverage of observations over the western TP and
higher elevations (>4000 m), and the demand for high-qual-
ity, high-resolution and long-range climate data has become
particularly urgent over the TP. Reanalysis referred as a

global common source of data, plays an extremely impor-
tant role in the field of atmospheric science, and provides
a powerful research dataset for understanding the laws of
atmospheric movement, global and regional climate change
and variability (Kalnay et al. 1996; Kanamitsu et al. 2002).

People have little understanding of the climatic character-
istics and the reliability of the reanalysis data in the study of
climate change in the high mountain areas of the TP (Frau-
enfeld et al. 2005; Ma et al. 2008; Song et al. 2016; You
et al. 2013). There are few detailed comparisons of robust
warming in the many reanalyses now available for the TP
region (You et al. 2010a, 2013, 2016), and the application of
reanalyses over the TP can extend the comprehensive under-
standing of climate change over the region. The previous
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Fig.1 The distribution of 150 stations with elevation information
over the Tibetan Plateau. The 150 stations were classified into 3 topo-
graphic types: summit, flat and valley stations, according to a topo-
graphical index defined by the elevation difference between the sta-
tion and the eight surrounding cells derived from GTOPO30 digital
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elevation data (available from at n://eros.usgs.gov) (You et al. 2008b).
Most stations over the Tibetan Plateau are classified as valley or flat
stations. Lhasa (WMO No. 55591), Naqu (WMO No. 55299) and
Jiali (WMO No. 56202) are examples of valley, flat and summit sta-
tions, respectively. WMO is World Meteorological Organization
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study (You et al. 2013) has illustrated cold biases (in com-
parison with the observations) for NCEP/NCAR and ERA-
40 reanalyses over the TP during 1961-2004. In part this is
due to differing elevations between stations and reanalysis
grid points, suggesting that elevation-correction is essential
before application to trend analysis (Gao et al. 2017; Guo
et al. 2016b; Simmons et al. 2004; Song et al. 2016). Never-
theless, the elevation-correction of the multiple reanalyses

Table 1 Summary of the observations and reanalyses used in this study

and the overall assessments of these datasets over the TP
are still lacked.

In this study, the recent warming of surface mean tem-
perature over the TP is analyzed both from updated station
observations and multiple reanalyses performed by the ele-
vation-correction. The purpose of study is to address two
issues: (1) How well do the modern reanalyses reproduce
the observed warming and its warming signature over the

Name Organization ~ Temporal resolution Horizontal resolution Pressure levels Sources References
NCEP1 NCEP/NCAR  1948-2018 2.5°%2.5° 17 http://www.esrl.noaa. ~ Kalnay et al. (1996)
gov
NCEP2 NCEP/DOE 1979-2018 2.5°%2.5° 17 http://www.esrl.noaa. Kanamitsu et al. (2002)
gov
ERA-Interim ECMWF 1979-2018 1°x1° 37 http://www.ecmwf.int  Dee et al. (2011)
MERRA NASA GMAO 1979-2018 0.5°%0.625° 42 http://disc.sci.gsfc.nasa. Rienecker et al. (2011)
gov
JRASS IMA 1958-2018 1.25°x1.25° 37 http://jra.kishou.go.jp ~ Kobayashi et al. (2015)
Observation CMA 1979-2018 Stations http://www.cma.gov.cn  Li et al. (2014), Xu et al.
(2009)
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Fig.2 Mean temperature profiles from multiple reanalyses (NCEP1,
NCEP2, ERA-Interim, MERRA and JRASS) over the Tibetan Plateau
during 1979-2018 on an annual and seasonal basis. The black curve
within each panel represents the mean of 150 temperature profiles

interpolated in each reanalysis (shaded). The mean profile varied by
stations and periods is used to calculate representative lapse rates on
an annual basis and for the four seasons, later used in reanalysis cor-
rection
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TP? (2) Can the elevation-correction for reanalyses reduce
the differences between the observations and reanalyses?
Understanding of these issues will lead to a more compre-
hensive appreciation of the reliability and quantification of
modern reanalyses in high elevation regions such as the TP.

2 Data and methods

Observed monthly mean surface temperature at 150 sta-
tions (Fig. 1) is provided by the National Meteorological
Information Center, China Meteorological Administration
(NMIC/CMA) (Li et al. 2014; Xu et al. 2009). Data quality
of the observations is checked by a procedure, which can
identify a first erroneous value, and the details are described
in previous papers (You et al. 2008a, b). For example, 3
standard deviations of the time series are used as the thresh-
olds to check the outliers of the dataset. The majority of
stations over the TP belong to valley or flat stations (Fig. 1).
Only stations above 2000 m a.s.l. with complete data for
1979-2018 were selected.

Monthly surface air temperatures (2 m above ground
level) from five modern reanalyses are used. These include
the National Centers for Environmental Prediction (NCEP)-
National Center for Atmospheric Research (NCAR) Rea-
nalysis Project (NCEP1) (Kalnay et al. 1996; Kistler et al.
2001); the NCEP-Department of Energy (DOE) Reanalysis
Project (NCEP2) (Kanamitsu et al. 2002); the European
Centre for Medium-Range Weather Forecasts (ECMWF)
Interim Reanalysis (ERA-Interim) (Dee et al. 2011); the
Japan Meteorological Agency (JMA) 55 year Reanalysis
Project (JRASS) (Kobayashi et al. 2015); and the National
Aeronautics and Space Administration (NASA) Modern-
Era Retrospective Analysis for Research and Applications
(MERRA) (Rienecker et al. 2011). The details of the obser-
vations and multiple reanalyses are summarized in Table 1.

To account for differences between station observations
and each reanalysis, elevation analysis is performed. The real
elevation of each surface station (provided by NMI/CMA) is
compared with the model elevation of each reanalysis (inter-
polated from the nearest four grid points). To ensure a fair
comparison, we interpolated the reanalysis temperature to
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Fig.3 Vertical profiles in temperature trends for each reanalysis (NCEP1, NCEP2, ERA-Interim, MERRA and JRASS5) over the Tibetan Plateau
during 1979-2018 on an annual and seasonal basis. Other comments are the same as Fig. 2
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the exact position of the surface station both horizontally
(between reanalysis grid points) and vertically. The compari-
son of observed data with interpolated data from nearest four
grid points is widely used in climate change studies (Ahmed
et al. 2019; Angélil et al. 2016).

After horizontal interpolation, the temperature from each
reanalysis is corrected vertically to the real station height
assuming a linear lapse rate derived from the reanalysis. The
elevation correction is described:

T, = To+I'(z,—2,) (1)

where T and T, is the surface temperature before and after
elevation correction. z, and z; are the model and station
elevations. I" the temperature lapse rate estimated from the
observations at each station in each year (month and season)
for each reanalysis. Thus the lapse rate used for correction
varies by station location, season and reanalysis. To cal-
culate the I', the mean temperature profiles (Fig. 2) from
each reanalysis (NCEP1, NCEP2, ERA-Interim, MERRA
and JRASS) over the TP during 1979-2018 on an annual and
seasonal basis are used. All profiles are broadly similar and
reflect the current stratification of the atmosphere over the

NCEP1

NCEP2

TP (Fig. 2), consistent with observed profiles at radiosonde
stations over the TP (You et al. 2019b).

Examination of temperature trends in the vertical profile
shows differential warming/cooling patterns below/above
300 hPa (Fig. 3), thus suggesting that the lapse rate below
300 hPa can be considered as a threshold to be used for the
elevation correction process. The I" above each station inter-
polated within each reanalysis on the annual and seasonal
basis is calculated based on temperature and geopotential
values between the ground level and 300 hPa, which can
largely remove the influence of topographic characteristics,
the synoptic circulation and atmospheric structure (Gao
et al. 2012, 2017). Thus the selection of 300 hPa is better to
employ the “closest” pressure level from the observations to
calculate the lapse rate. Spatial patterns and time series of
annual and seasonal mean I" over the TP during 1979-2018
from the multiple reanalyses are plotted in Figs. 4 and 5
respectively, and it is clear that mean I” has strongest values
in spring (Fig. 4), and inter-annual variations (Fig. 5).

To assess the success of the elevation correction, the root
mean square error (RMSE) is calculated before and after

correction as:RMSE = \/ % (T - Tobs)z, where T rep-
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Fig.4 Spatial patterns of temperature lapse rates from multiple reanalyses (NCEP1, NCEP2, ERA-Interim, MERRA and JRAS5S5) over the

Tibetan Plateau during 1979-2018 on an annual and seasonal basis
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Fig.5 Time series of temperature lapse rates from multiple reanalyses (NCEP1, NCEP2, ERA-Interim, MERRA and JRASS5) over the Tibetan

Plateau during 1979-2018 on an annual and seasonal basis

resents corrected surface temperature of each reanalysis in
turn, T, is the corresponding station and N is the number
of grid points (n=150). Taylor diagrams are used to provide
a concise statistical summary of how well patterns in data-
sets match each other in terms of their correlation, RMSE
and the ratio of their variances (Taylor 2001).The
Mann—Kendall test and Sen’s slope estimates (Sen 1968) are
used to determine trends in surface mean temperature from
both the observations and reanalyses. We calculate both
annual and seasonal trends (winter: DJF; spring: MAM,;
summer: JJA; autumn: SON) (Sen 1968).

3 Results

3.1 Warming patterns from the observations
and multiple reanalyses

Table 2 summarizes annual and seasonal mean tempera-
tures, their trends, absolute bias, RMSE, and percentage of

@ Springer

improvement after calibration of each reanalysis over the TP
during 1979-2018. The spatial distributions of surface tem-
perature and differences in the surface temperature climatol-
ogy between each reanalysis (uncorrected) and the observa-
tions are also presented in Fig. 6. On an annual basis, all
reanalyses underestimate the observations (Fig. 6), but each
shows a sensible seasonal cycle. The smallest differences
occur in summer, but the largest occur in various seasons.
Both MERRA and JRASS appear closest to the observations.
NCEPI has the largest biases.

Time series of mean regional (plateau-wide) sur-
face temperature from both the observations and cor-
rected reanalyses show significant rapid warming during
1979-2018 (Fig. 7). Over the whole period, warming is
common in both the observations and corrected reanaly-
ses on an annual and seasonal basis, with most warming
usually in winter (Table 2). Examining spatial patterns in
more detail, the majority of individual stations shows an
increase in surface temperature particularly for the obser-
vations (Table 2 and Fig. 8). Stations in the northern TP
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Table2 Annual and seasonal
surface mean temperature
climatologies (a), trends (b),
absolute bias (c), and root
mean square error (RMSE)
(d) for station observations,
raw and corrected reanalyses
(NCEP1, NCEP2, ERA-
Interim, MERRA, JRASS)
over the Tibetan Plateau during
1979-2018

Annual Spring Summer  Autumn Winter
(a) Mean surface temperature (°C)
Observation 5.15 5.76 13.85 5.38 —4.38
Raw
NCEP1 0.91 0.77 10.24 1.38 -8.74
NCEP2 0.73 0.93 10.57 0.81 -9.39
ERA-Interim 2.30 245 11.06 2.61 —-6.90
MERRA 2.45 2.88 11.17 2.68 —-6.93
JRAS55 243 2.94 11.08 2.68 —6.96
After correction
NCEP1 3.80 3.89 13.07 4.21 -5.97
NCEP2 2.95 3.36 12.77 2.95 —-7.29
ERA-Interim 5.84 6.27 14.40 6.07 —-3.36
MERRA 6.23 7.01 14.72 6.36 -3.16
JRASS 5.99 6.83 14.45 6.16 —3.45
(b) Trend (°C/decade)
Observation 0.46 0.42 0.42 0.46 0.57
Raw
NCEPI 0.26 0.15 0.13 0.28 0.51
NCEP2 0.01 -0.17 0.08 0.01 0.08
ERA-Interim 0.29 0.28 0.31 0.31 0.39
MERRA 0.27 0.24 0.23 0.27 0.39
JRAS5 0.34 0.32 0.37 0.37 0.41
After correction
NCEP1 0.27 0.13 0.10 0.28 0.55
NCEP2 0.00 -0.19 0.07 —0.01 0.07
ERA-Interim 0.28 0.27 0.30 0.30 0.37
MERRA 0.26 0.22 0.20 0.26 0.36
JRASS 0.34 0.30 0.37 0.38 0.41
(c) Absolute Bias (°C)
Raw
NCEP1 —4.24 —4.98 -3.61 —4.01 —-4.36
NCEP2 —4.42 —4.82 -3.27 —4.57 -5.01
ERA-Interim -2.85 -3.31 -2.79 =271 —-2.53
MERRA -2.71 —2.87 —2.68 -2.71 —2.55
JRAS5 -2.72 -2.82 -2.76 -2.70 -2.59
After correction
NCEP1 —1.36 —1.88 -0.77 —1.18 -1.62
NCEP2 -2.22 —-2.41 -1.07 —-2.44 —-2.94
ERA-Interim 0.69 0.51 0.55 0.69 1.02
MERRA 1.07 1.24 0.88 0.97 1.19
JRAS5 0.83 1.06 0.61 0.77 0.89
(d) RMSE
Raw
NCEP1 4.27 5.02 3.62 4.03 441
NCEP2 4.48 4.93 3.30 4.62 5.10
ERA-Interim 2.87 3.32 2.79 2.79 2.57
MERRA 2.73 2.90 2.69 2.73 2.61
JRAS5 2.74 2.83 2.76 2.71 2.63
After correction
NCEP1 1.40 1.95 0.88 1.21 1.67
NCEP2 2.32 2.61 1.18 2.52 3.04
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Table 2 (continued)

Annual Spring Summer  Autumn Winter
ERA-Interim 0.72 0.55 0.60 0.73 1.04
MERRA 1.11 1.28 0.95 1.03 1.25
JRASS 0.85 1.07 0.62 0.79 0.92

Percentage of improvement after correction

NCEP1 67.10%  61.19%  75.71% 69.87% 62.20%
NCEP2 48.25%  46.98%  64.31% 45.43% 40.26%
ERA-Interim 7491%  83.43%  78.49% 73.84% 59.53%
MERRA 59.22%  55.82%  64.74% 62.39% 51.99%
JRASS 69.11%  62.07%  77.54% 70.99% 64.87%

Significant trends are marked in bold (p <0.05). The percentage reduction in RMSE after correction is also
listed. Bias is defined as Reanalysis — Observation
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Fig.6 Spatial distribution of climatological surface mean tempera-
ture from the observations (left column) and the difference (AT)
between each reanalysis (NCEP1, NCEP2, ERA-Interim, MERRA

tend to have larger trend magnitudes (You et al. 2008a,
b). It is also clear that all reanalyses with the exception
of NCEP2, show very similar trends to the observations
during 1979-2018, suggesting that they can reproduce

@ Springer

and JRASS) and the observation before correction on an annual and
seasonal basis. The unit is °C

decadal variations in surface temperature in most cases
(Figs. 7 and 8). With the exception of NCEP2, most rea-
nalyses show a dominance of warming trends with the
most pronounced warming in winter (Table 2). NCEP2,
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and to a lesser extent NCEP1, have negative trends at many
stations, which are inconsistent with the observations. The
other reanalyses appear to capture the main spatial patterns
of warming over the TP, although there are some differ-
ences in trend magnitudes in individual seasons between
the observations and individual reanalyses (Fig. 8).

3.2 Evaluation of the elevation-correction
for multiple reanalyses

We examined the relationship between temperature bias and
elevation bias (reanalysis minus observation). In most cases,
elevation differences (model minus surface station eleva-
tion, AH) are positive because surface stations are situated
in flat areas and valley bottoms which tend to be lower than
the reanalysis model topography (You et al. 2008b, 2013).
This could explain a general underestimation of surface tem-
perature in the reanalyses. Scatter plots of absolute errors
(reanalysis minus observation) of mean surface temperature
(AT) vs elevation (AH) for all 150 stations are presented
in Fig. 9. There are highly significant negative correlations
(p<0.01) both on an annual basis and in all seasons showing
that underestimation of surface temperature in all reanalyses
is mainly explained by the overestimation of the elevation in

the model assimilations (highest correlations are for ERA-
Interim and JRASS).

Because much of the surface temperature bias between
the observations and reanalyses is explained by elevation
differences, this confirms the importance of our correc-
tion procedures (Gao et al. 2017; Song et al. 2016; Zhao
et al. 2008). Spatial distribution of mean absolute biases
after correction (reanalysis minus observation) of surface
temperature over the TP on an annual and seasonal basis
is shown in Fig. 10, and the percentage of improvement
after correction is summarized in the bottom rows of
Table 2.

Dramatic improvements are achieved through elevation
correction with errors of all reanalysis datasets reduced by
more than 50%. After the correction, NPCE1 and NCEP2
still retain a cold bias, but the rest (ERA-Interim, MERRA
and JRA 55) show warm bias (Fig. 10 and Table 2). The best
result is for ERA-Interim whose error is reduced by > 74%,
closely followed by JRAS5 (> 69%) and NCEP1 (> 60%)
(Table 2). The correction process was slightly more suc-
cessful in summer, agreeing with other studies (Zhao et al.
2008). Temperature inversions in winter may make a cor-
rection based on a simple lapse rate slightly less effective
(Wang et al. 2015; You et al. 2017, 2019b).
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Fig. 8 Spatial distribution of trend of surface mean temperature from
the observation and each reanalysis (NCEP1, NCEP2, ERA-Interim,
MERRA and JRASS) after correction for elevation difference over the

3.3 Discussion and conclusions

Based on historical surface air temperature records at 150
meteorological stations over the TP during 1979-2018, tem-
perature trends have been investigated and compared with
those from reanalyses interpolated to the same locations
(NCEP1, NCEP2, ERA-Interim, MERRA, JRASS). Results
indicate that observed warming over the TP is significant
since 1979 with a mean annual rate of 0.46 °C/decade par-
ticularly in winter, which is larger than the whole of China,
regions between 25° and 40° N, the Northern Hemisphere
and the global mean (Fig. 11), suggesting that the TP is a
sensitive region to global and regional climate change, prob-
ably due to the coexistence of glaciers, lakes, permafrost,
alpine meadows and other natural elements (Kang et al.
2010; Yao et al. 2019; You et al. 2013). The rapid warming
has persisted over the TP during the global warming hiatus
period. The revealed rapid warming over the TP is consistent

@ Springer

Tibetan Plateau during 1979-2018 on an annual and seasonal basis.
The unit is °C/decade. Solid/hollow triangles are stations with trends
which pass/fail the significance test (p <0.05)

with recent studies (Cai et al. 2017; Duan and Xiao 2015;
Rangwala and Miller 2012; Rangwala et al. 2013; You et al.
2016, 2017), although the trend magnitudes of this study
are larger than the previous research. The significant warm-
ing signature over the TP is significant and present in the
observations and the corrected reanalyses, and the mean of
corrected reanalyses over the TP has a mean annual rate of
0.23 °C/decade during 1979-2018 (Fig. 11). This suggests
that mean of corrected reanalyses underestimates 50% of the
annual trend magnitude derived from the observations, and
the corrected reanalyses captures the overall warming over
the TP but fails to reproduce the pronounced warming in
this region. Possible factors such as snow-albedo feedback,
cloud-radiation feedback and atmospheric circulation are
analyzed to determine the recent climate warming over the
TP, and consensus about relative importance of these factors
is low (Duan and Wu 2006; Duan et al. 2006; Kang et al.
2019; Yang et al. 2019; You et al. 2016, 2010a, b, 2020a, b).
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Fig.9 Scatter plots of normalized absolute error (reanalysis minus observation) of surface mean temperature (AT) versus elevation error (AH)

for each reanalysis

For example, the increase in nocturnal low-level cloud and
the decrease of daytime low and total cloud amounts over
the TP, will result in more absorbing of direct solar radia-
tion at the surface and contribute to the increased surface
air temperature over the TP to some extents (Duan and Wu
2006; Duan et al. 2006).

Although surface temperature from reanalyses (NCEP1,
NCEP2, ERA-Interim, MERRA, JRASS5) can capture much
of the inter-decadal variability of in situ station surface
temperatures, there are consistent negative biases. Since
there are significant negative correlations between this bias
and elevation error (reanalysis minus observation) on both
an annual and seasonal basis, we correct the reanalyses

to remove most of the surface temperature biases, as has
been done in other studies over the TP (You et al. 2013)
and in eastern China (Ma et al. 2008). Around 40-70% of
the mean bias is eliminated through elevation correction.
However, it is addressed that the bias from reanalyses can
be caused by some important parameterization schemes,
the amplification of the false changes introduced by the
observation, the deficiencies of the physical process in
the numerical prediction model and assimilation scheme
(Kalnay et al. 1996; Kanamitsu et al. 2002). This sug-
gests that the elevation correction methods cannot com-
pletely remove all biases in reanalyzes. For example, even
after elevation correction, both NCEP1 and NCEP2 still
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Fig. 11 Time series and trends of annual surface mean temperature
anomalies during 1979-2018 over the Tibetan Plateau (TP, TP-obs
and TP-reanalysis-mean), the whole of China, regions between 25°
and 40° N, the Northern Hemisphere (NH), and the global mean.
Data of TP-obs and TP-reanalysis-mean come from the observations
and the mean of corrected reanalyses (NCEP1, NCEP2, ERA-Interim,
MERRA and JRASS). Other dataset are derived from the High-res-
olution gridded dataset CRU TS v.4.03 (https://www.cru.uea.ac.uk).
The trends passed the significant test (p <0.05) are marked by double
asterisks

have some cold biases. Although NCEP2 has improved
assimilation methods in comparison with NCEP1, the sur-
face mean temperature in NCEP?2 still does not perform
well over the TP. For example minimum temperatures in
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NCEP2 have a — 12 °C cold bias in winter (Mao et al.
2010). Previous studies have indicated that the evaluation
and correction of reanalysis datasets is crucial before they
can be applied in climate research (Duan and Xiao 2015;
Ma et al. 2008; Mao et al. 2010; Wang et al. 2015; Yang
and Zhang 2018). More attention to such issues should
be given when examining trends over the TP from differ-
ent sources, since topographical differences between grid
points and station locations (in addition to elevation) may
also influence trend magnitudes and patterns (You et al.
2013).

Separate Taylor diagrams are shown for annual and sea-
sonal surface mean temperature from the observation and
corrected multiple reanalyses over the TP (Fig. 12). All the
corrected reanalyses over the TP have good spatial correla-
tions with the observations with the correlation over 0.8
(with the exception of NCEP2) and normalized standard-
ized deviations between 0.5 and 1, indicating the corrected
reanalyses perform relatively well the overall patterns
of surface mean temperature over the TP, although the
inconsistencies existing between the corrected reanalyses
for trend analysis. Meanwhile, the results of the eleva-
tion correction vary between seasons. It is generally less
successful in winter because surface based temperature
inversions are not modeled well, using a linear lapse rate
between the surface level and 300 hPa. In summer the
well-mixed atmosphere means that a simple elevation
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Fig. 12 Taylor diagrams showing the evaluation metrics between
mean annual and seasonal surface mean temperature from the obser-
vations and corrected multiple reanalyses over the Tibetan Plateau
during 1979-2018. Numbers 1-5 represent NCEP1, NCEP2, ERA-

correction works more effectively. There are also differ-
ences between reanalyses. Significant improvements for
JRASS, ERA-Interim and MERRA are clear and closer
to the observations (Fig. 12), but improvements are much
weaker for NCEP1 and NCEP2 because the “surface” tem-
perature in both reanalyses is more dependent on free-air
forcing, and surface observations are not assimilated (Sim-
mons et al. 2004).

We have used a seasonally and spatially variable lapse
rate of air temperature for our correction, deduced from tem-
perature and geopotential height between the surface and
300 hPa. In reality there are complex spatial and temporal
variations in lapse rate (Wang et al. 2018). Recently, some
studies using ERA-Interim have included model internal
vertical lapse rates derived from different pressure levels
to validate surface temperatures from meteorological sta-
tions, and they indicate that the use of model variable rates
can significantly improve downscaling performance (Gao
et al. 2012, 2017; Luo et al. 2019; Zou et al. 2014). Future
research should therefore focus on the calculation of inter-
nal vertical lapse rates derived from pressure levels in each
reanalysis, and more high resolution of reanalysis such as
ERA-5 should be applied to further this study.
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Interim, MERRA and JRASS, respectively. The correlation coeffi-
cients and normalized standard deviation are also shown. The REF is
recognized as the observations, and the normalized root mean square
error is the distance between the REF and each reanalysis
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