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Abstract The surface air temperatures measured at 68 mete-
orological stations in the arid northwestern China during
1979-2012 are compared with temperatures interpolated from
the National Centers for Environmental Prediction/
Department of Energy (NCEP/DOE) Reanalysis 2 (NCEP
R2) and the European Center for Medium-Range Weather
Forecasts ERA-Interim. The altitude effects on reanalysis
temperature errors are discussed, and the interpolated reanal-
ysis data are calibrated by altitude errors between reanalysis
and observation. Using a simple correction method with a
constant lapse rate, the elevation-related errors can be greatly
removed and an improvement is achieved for the interpolated
temperature from both NCEP R2 and ERA-Interim. The cold
bias of reanalysis data becomes weak after calibration. On an
annual basis, root mean square error of temperature derived
from NCEP R2 for each stations has decreased from 6.0 (raw
data) to 2.6 °C (calibrated data) and that from ERA-Interim
has decreased from 3.2 to 1.4 °C. Similarly, correlation coef-
ficients between raw reanalysis-based and observed tempera-
ture are 0.191 and 0.709 for NCEP R2 and ERA-Interim,
respectively, whereas the correlation coefficients using the
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calibrated annual data are 0.819 and 0.932 for NCEP R2 and
ERA-Interim, respectively. Generally, ERA-Interim is closer
to the ground-based observations than NCEP R2. The topo-
graphic correction is more effective in summer than in winter,
which may be related to the temperature inversion in winter.
Evaluation and correction of reanalysis datasets is a crucial
work before the gridded data are applied in climate research,
and the altitude-related errors should be calibrated especially
in the regions with complex topography.

1 Introduction

The arid northwestern China lies at the center of Eurasia conti-
nent. Due to the long distance to the surrounding oceans, the
annual precipitation in the arid northwestern China is generally
less than 200 mm, and vast desert basins are distributed in this
area. In the past several decades, this region has exhibited a
significant climatic and environmental change (Yao et al. 2004;
Shi et al. 2007; Zhao et al. 2011; Chen et al. 2012; Liu et al.
2013; Wang et al. 2013a, 2013b). During 19602010, the re-
gional air temperature averaged from surface stations has sig-
nificantly increased by 0.34 °C/decade, higher than the average
of China (0.25 °C/decade) and the world (0.13 °C/decade) for
the same period (Li et al. 2012).

Given the complex landform in the northwestern China, the
spatial distribution of in situ meteorological stations is logi-
cally uneven. Arithmetic mean value of air temperature mea-
sured at ground-based stations may ignore the weight of
remote deserts and mountains. Reanalysis datasets provide a
gridded climatology with fixed spatial resolution, which can
reduce the bias caused by the uneven distribution of stations
(Bengtsson et al. 2004). However, it is clear that reanalysis
datasets are not always good at simulating conditions on
the ground (Kostopoulou et al. 2010; Mooney et al. 2011;
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Screen and Simmonds 2011; Wang and Zeng 2012; Cornes
and Jones 2013). Validation of reanalysis data against
homochronous observations is needed in examining climate
change for a certain region.

The reliability of the widely applied National Centers for
Environmental Prediction (NCEP) (Kalnay et al. 1996; Kistler
et al. 2001; Kanamitsu et al. 2002) and European Center for
Medium-Range Weather Forecasts (ECMWF) (Uppala et al.
2005; Dee etal. 2011) reanalysis datasets in China has aroused
great attention in climatic diagnosis and assessment, especial-
ly for the surface air temperature. Ma et al. (2008) have
compared these reanalysis data (ECMWF ERA-40,
NCEP/NCAR R1, and NCEP/DOE R2) with the meteorolog-
ical observations in China, and found that the reliability of
reanalysis data in the eastern China is larger than that in the
western China. Even in the eastern China, the bias of surface
temperature also shows spatial dependency (Liu et al. 2012).
The surface temperatures derived from observations and re-
analysis datasets over the Tibetan Plateau have been compared
by Wang and Zeng (2012) and You etal. (2010, 2013), and the
quality of ERA-40 is considered to be better than that of
NCEP/NCAR RI. In addition to the assimilation method
and data involved in Simmons et al. (2004), the significant
bias of reanalysis data in the western China is related with the
complex topography and altitude difference between model
and observation. Zhao et al. (2008) found that the topograph-
ical correction may be one of the critical steps to assess the
uncertainties of reanalysis surface temperature, especially in
the high mountains and deserts of the western China.

In this study, the climatology derived from long-term me-
teorological observation and two reanalysis datasets are com-
pared, and the relationship between altitude errors and tem-
perature bias are analyzed. In addition, the seasonal and an-
nual surface temperatures derived from reanalysis are calibrat-
ed by altitude correction, and then the calibrated temperature
series are compared with the raw data to assess the influence
of altitude errors in the reanalyzed datasets.

2 Data and methods
2.1 Data sources

The observed monthly air temperature during 1979-2012 was
acquired from the National Meteorological Information
Center (NMIC) of China Meteorological Administration
(http://cdc.cma.gov.cn). The arid northwestern China lies on
the north of the Tibetan Plateau and on the west of the Helan
Mountains. Within this boundary, there are 88 stations in the
original dataset, and 68 stations without missing data are
selected in this paper (Fig. 1; Table 1). All the deleted
stations have a proportion of missing data exceeds 10 %.
Data quality control was carried out by NMIC, including
checks for high-low extreme values and time consistency
(Li et al. 2004). In order to remove the effect of data inhomo-
geneity, penalized maximal F' test was applied in this study
(Wang 2008; Xu et al. 2013). Possible change points are
detected and adjusted with metadata supporting, i.e.,
Balguntay in 1997 and 2012, Shisanjianfang in 1999, Luntai
in 2010, and Barkol in 1985. Station relocation is the main
reason of these data inhomogeneity. Then the homogenized
series were used in the calculation below.

For NCEP/DOE R2 (NCEP R2 for short), monthly mean
2-m surface temperatures were acquired from the Physical
Sciences Division, Earth System Research Laboratory,
National Oceanic and Atmospheric Administration (http://
www.esrl.noaa.gov/psd). This continually updated gridded
dataset are available from January 1979 to the present with a
spatial resolution of 1.875° (longitude)*1.905° (latitude)
(Kanamitsu et al. 2002). Periods of 1979-2012 were selected
from NCEP R2 in this study. For ERA-Interim, monthly data
of 2-m surface air temperatures were obtained from the
ECMWEF (http://www.ecmwf.int). The monthly temperatures
are acquirable since 1979 with a spatial resolution of 1.5°
(longitude)x 1.5° (latitude) (Dee et al. 2011). Periods of
1979-2012 were selected from this dataset.
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Fig. 1 Map showing meteorological stations and grid boxes of reanalysis datasets in the arid northwestern China. Locations of deserts in China are
provided by the Environmental and Ecological Science Data Center for West China (Wang et al. 2005)
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Table 1 List of selected meteo-

rological stations with World WMO no. Station name Latitude (° N) Longitude (° E) Altitude (m)

Meteorological Organization

(WMO) index number, latitude, 51053 Habahe 48.05 86.40 532.6

longitude, and altitude 51059 Jeminay 4743 85.87 984.1
51068 Fuhai 47.12 87.47 500.9
51076 Altay 47.73 88.08 7353
51087 Fuyun 46.98 89.52 807.5
51133 Tacheng 46.73 83.00 534.9
51156 Hoboksar 46.78 85.72 1,291.6
51186 Qinghe 46.67 90.38 1,2182
51232 Alataw Pass 45.18 82.57 336.1
51241 Toli 4593 83.60 1,077.8
51243 Karamay 45.62 84.85 449.5
51288 Baytik Shan 45.37 90.53 1,653.7
51330 Wenquan 44.97 81.02 1,357.8
51334 Jinghe 44.62 82.90 320.1
51346 Usu 4443 84.67 478.7
51365 Caijiahu 44.20 87.53 440.5
51379 Qitai 44.02 89.57 793.5
51431 Yining 43.95 81.33 662.5
51437 Zhaosu 43.15 81.13 1,851.0
51463 Uriimqi 43.78 87.65 935.0
51467 Balguntay 42.73 86.30 1,739.0
51477 Dabancheng 4335 88.32 1,103.5
51495 Shisanjianfang 43.22 91.73 721.4
51526 Kumux 4223 88.22 9224
51542 Bayanbulak 43.03 84.15 2,458.0
51567 Yangqi 42.08 86.57 1,055.3
51573 Turpan 4293 89.20 34.5
51628 Aksu 41.17 80.23 1,103.8
51633 Baicheng 41.78 81.90 1,229.2
51642 Luntai 41.78 84.25 976.1
51644 Kuga 41.72 82.97 1,081.9
51656 Korla 41.75 86.13 931.5
51701 Torugart 40.52 75.40 3,504.4
51705 Wugia 39.72 75.25 2,175.7
51709 Kashi 39.47 75.98 1,289.4
51711 Akqi 40.93 78.45 1,984.9
51716 Bachu 39.80 78.57 1,116.5
51720 Kalpin 40.50 79.05 1,161.8
51730 Aral 40.55 81.27 1,012.2
51765 Tikanlik 40.63 87.70 846.0
51777 Ruogiang 39.03 88.17 887.7
51811 Shache 3843 77.27 1,231.2
51818 Pishan 37.62 78.28 1,375.4
51828 Hotan 37.13 79.93 1,375.0
51839 Minfeng 37.07 82.72 1,409.5
51855 Qiemo 38.15 85.55 1,247.2
51931 Yutian 36.85 81.65 1,422.0
52101 Barkol 43.60 93.05 1,677.2
52203 Hami 42.82 93.52 7372
52267 Ejin Qi 41.95 101.07 940.5
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Table 1 (continued)
WMO no. Station name Latitude (° N) Longitude (° E) Altitude (m)
52313 Hongliuhe 41.53 94.67 1,573.8
52323 Mazongshan 41.80 97.03 1,770.4
52378 Guaizihu 41.37 102.37 960.0
52418 Dunhuang 40.15 94.68 1,139.0
52424 Guazhou 40.53 95.77 1,170.9
52436 Yumenzhen 40.27 97.03 1,526.0
52446 Dingxin 40.30 99.52 1,177.4
52495 Bayan Nuru 40.17 104.80 1,323.9
52533 Jiuquan 39.77 98.48 1,477.2
52546 Gaotai 39.37 99.83 1,332.2
52576 Alxa Youqi 39.22 101.68 1,510.1
52652 Zhangye 38.93 100.43 1,482.7
52661 Shandan 38.80 101.08 1,764.6
52674 Yongchang 38.23 101.97 1,976.9
52679 Wuwei 37.92 102.67 1,531.5
52681 Mingin 38.63 103.08 1,367.5
53502 Jartai 39.78 105.75 1,031.8
53602 Alxa Zuoqi 38.83 105.67 1,561.4

The NASA/NGA SRTM (Shuttle Radar Topography
Mission) DEM V4 with spatial resolution of 90 m
(http://srtm.csi.cgiar.org) is used to estimate the altitude of
actual land surface.

2.2 Methods

In order to compare the observed air temperature with
reanalysis-derived temperature, the nearest four grid boxes
in NCEP R2 or ERA-Interim were averaged to the location
for the given meteorological station. Four deterministic
methods for multivariate interpolation were used, including

Fig. 2 Relationship between
temperatures interpolated from
ERA-Interim using cubic IDW
and other methods (a bilinear
interpolation, b quadratic IDW,
and ¢ quartic IDW) for the
location of station Habahe
(48.05° N, 86.40° E)
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bilinear interpolation, quadratic inverse distance weighted
(IDW), cubic IDW, and quartic IDW (Shepard 1968). The
interpolated results show that there is no significant difference
among these interpolation methods. The correlation coeffi-
cients for each station are larger than 0.95, respectively, and
the linear regressions are statistically significant at the level of
0.01, respectively. Figure 2 shows an example of the location
in Habahe (48.05° N, 86.40° E), and all the correlation coef-
ficients and slopes of linear regression are very close to 1. In
this study, the method of cubic IDW are chosen for calculating
weighted averages.

In order to remove the errors caused by the elevation
differences between reanalysis and observations, the
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interpolated surface temperature was calibrated by using the
following method of topographic correction (Cosgrove et al.
2003; Zhao et al. 2008)

Te =T +~vAH (1)

where T, is the calibrated surface temperature, 7T is the
surface temperature interpolated from the nearest four grid
boxes using cubic IDW, ~ is the lapse rate (assumed to
be —0.65 °C/100 m), and AH is the altitude difference be-
tween the interpolated reanalysis height and observed station
height.

The mean bias error (MBE) and root mean square error
(RMSE) were used for comparing the observed surface air
temperature and reanalysis-interpolated temperature. MBE
and RMSE were calculated as

n

> (1)

MBE = =

(3)
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where 7; and ¢; are reanalysis-derived and observed seasonal/
annual mean surface air temperature, respectively.

In calculation of correlation coefficient, Pearson’s correla-
tion and two-tailed # test were applied. All the monthly tem-
perature were calculated on an annual and seasonal basis, i.e.,
spring, summer, autumn, and winter.

3 Results
3.1 Bias between reanalysis and observations

Figure 3 shows the correlations for seasonal/annual mean
temperatures between reanalysis datasets and observed
stations, respectively. The mean air temperatures are cal-
culated for each station, respectively. The correlation be-
tween annual temperatures from NCEP R2 and observed

stations is generally weak, and the correlation coefficient
is only 0.191 on an annual basis. In most seasons, the
temperatures from NCEP R2 are located to the right of the
diagonal line of equality (dotted lines in Fig. 3). This also
indicates that NCEP R2 has a cold bias. For REA-Interim,
the interpolated temperatures are closer to the diagonal
line of equality than those derived from NCEP R2, al-
though the temperatures in most stations are also located
to the right of the diagonal line. The difference between
observed stations and ERA-Interim is smaller than that
between observed stations and NCEP R2.

Figure 4 demonstrates the bias of the two reanalysis
datasets. As shown in Fig. 4a, b, for NCEP R2, MBE of 22
(32.4 %) stations range within +3, and for ERA-Interim, 46
(67.6 %) stations have MBE within £3. Compared with NCEP
R2, the MBE for ERA-Interim is closer to 0, and the median of
MBE for NCEP R2 is lower than that for ERA-Interim.

Fig. 4 Distribution (left column) 5
and box plot (right column) of >3 a b
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RMSE (¢, d), and correlation 5 -3-0 S
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Figure 4c, d also indicates that ERA-Interim is good at de-
scribing the surface air temperature. Approximately half sta-
tions (45.6 %) derived from ERA-Interim have a low RMSE
less than 2 °C, but the proportion from NCEP R2 is only
22.1 %. There is no station from ERA-Interim with RMSE
larger than 10 °C, but 11.8 % stations from NCEP R2 have
RMSE no less than 10 °C. On a seasonal basis, spring usually
has the largest RMSE, and winter have the least. Shown in
Fig. 4e, f, most stations (63.2 %) have correlation coefficient
larger than 0.9 for ER A-Interim, and the proportion for NCEP
R2 is only 4.4 %; 33.8 % stations for NCEP R2 have corre-
lation coefficient less than 0.6, but only 2.9 % stations inter-
polated from ERA-Interim have correlation coefficient no
more than 0.6.

3.2 Influence of altitude error in reanalysis

Difference of altitudes between reanalysis model and
actual land surface are considered as an important factor
influencing the reliability of surface air temperature in
reanalysis data. Figure 5a, b shows the spatial distribu-
tion of altitude errors between the reanalysis and observa-
tions. For NCEP R2, the maximum of altitude errors for the
locations of observation stations is up to 2,676.9 m, and the
minimum is —1,020.8 m. For ERA-Interim, the altitude errors
range from —553.5 to 1,205.1 m, and the mean value is 384.6 m.
Figure 5c, d shows a wider scope of the altitude errors in the arid
northwestern China. For NCEP R2, positive altitude errors larger
than 1,500 m can be found at the southern margin of Tarim Basin
(Taklimakan Desert) and other low-lying area near the Qilian

Mountains and Tianshan Mountains. The negative altitude errors
are widely distributed over the high-elevation areas especially the
Tianshan Mountains. Compared with NCEP R2, the altitude of
ERA-Interim is more similar with the actual land surface. The
area with altitude errors larger than 1,500 m and less than —1,000
in ERA-Interim dataset is much less than that in NCEP R2.

Figure 6 demonstrates the relationship between the altitude
errors and seasonal/annual MBE, and the negative correlation
can be found for each seasonal/annual series. Positive altitude
error usually corresponds to negative MBE, and MBE for the
stations with negative altitude error usually have positive
values. All the correlations shown in Fig. 6 are statistically
significant at the 0.01 level. The slopes of linear regression on
annual basis are —0.48 °C/100 m and —0.56 °C/100 m for
NCEP R2 and ERA-Interim, respectively. For the seasonal
series, the slopes of linear regression range from —0.26 °C/
100 m to —0.74 °C/100 m, and winter usually has the larger
slope and summer has the lower. For the stations with negative
altitude error, annual MBE for NCEP R2 and ER A-Interim are
0.6 and 1.3 °C, respectively (Table 2). However, for the
stations with altitude errors larger than 500 m, the annual
MBE for NCEP R2 is up to —6.6 °C and that for ERA-
Interim is —4.2 °C.

3.3 Calibrated reanalysis by altitude correction

According to the abovementioned relationship between MBE
and altitude error, the monthly reanalysis data can be calibrat-
ed by altitude correction. Based on the altitude difference
between interpolated reanalysis model and corresponding

Altitude error (m)

I <1000 [T -1000--500 [ -500-0 [ | o-500 [T 500- 1000 [ 1000 - 1500 [ > 1500

Fig. 5 Spatial distribution of altitude error calculated by using interpolated reanalysis height (leff column, NCEP R2; right column, ERA-Interim) minus
topography height (a, b observed stations and ¢, d SRTM DEM) in the arid northwestern China. Gray shadows in (a) and (b) denote altitude above 2,000 m
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(-0.65 °C/100 m) are assumed to calibrate the reanalysis data. from NCEP R2 and ERA-Interim at different altitude error ranges in the
Similar as Fig. 3, Fig. 7 demonstrates correlations between  arid northwestern China during 1979-2012

calibrated reanalysis-derived temperature and observed tem-

Reanalysis  Altitude Station MBE (°C)

perature. The fit lines after calibration are generally closer to g, error (m) number
diagonal line of equality. Detail information about the raw and Annual Spring Summer Autumn Winter
calibrated temperature series is listed in Table 3. After calibra-

. . . . NCEPR2 <0 1 0.6 02 21  -l14 0.1
tion, the interpolated reanalysis data has greatly improved. For 010500 23 g s a1 » )
the annual series, MBE from NCEP R2 has increased from o ’ ’ ’ ) ’
—4.5 (raw data) to —0.6 °C (calibrated data), and that from R o0 s e e o

: . e . ERA-Interim <0 13 13 15 16  —02 0.8
ERA-Interim has increased from —1.9 to 0.6 °C. RMSE has 010500 28 13 -17 -15 15 —04

also reduced after altitude correction. The annual RMSE from 5500 27 42 52 54 —40 18
NCEP R2 is 6.0 °C in raw data and 2.6 °C in calibrated data,
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and that from ERA-Interim is 3.2 °C in raw data and 1.4 °C
in calibrated data. The correlation coefficient between raw
temperature derived from NCEP R2 and observed temper-
ature is only 0.191, and the coefficient has risen up to 0.819
after correction. The correlation coefficient for ERA-
Interim has also increased from 0.709 (raw data) to 0.932
(calibrated data). In addition, the slope of linear regression
using the calibrated data is closer to 1, compared with that
using the raw data. On a annual basis, the raw slope from
NCEP R2 is 0.150 and the calibrated slope is up to 1.018,
and the slope from ERA-Interim changes from 0.588
(raw data) to 0.921 (calibrated data). Similar to the annual

series, the seasonal series from reanalysis generally shows a
significant improvement after altitude correction, except
that in winter.

The improvement of calibrated temperature can also be
found in the box plot shown in Fig. 8. After calibration, both
the median MBEs of NCEP R2 and ERA-Interim are closer to
0, which is obvious in all the annual/seasonal series except
winter. Similarly, the median RMSE of NCEP R2 and ERA-
Interim have also decreased after calibration except in winter.
Compared with NCEP R2, the calibrated RMSE of ERA-
Interim are still much lower. Among the four seasons, winter
usually have the most significant fluctuation.

Fig. 7 Correlation between g2 s%®
seasonal/annual surface air °‘®’ a Spring . i Qa-; 30 b summer
temperatures derived from 5 ¥ e NCEPR2 ol 2
. . © - i ©
observed stations and calibrated 5 o ©  ERA-lnterim 5 25 ¥ =0.955 x + 1.020
reanalysis datasets for each g g ;": 8-3517 s
station in the arid northwestern E s R :gé’gf g 207 ’
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Table 3 Comparison of annual/seasonal MBE, RMSE, correlation coefficient and slope of linear regression between raw and calibrated surface air
temperature interpolated from NCEP R2 and ERA-Interim in the arid northwestern China during 1979-2012

Reanalysis data Season MBE (°C) RMSE (°C) R Slope
Raw Calibrated Raw Calibrated Raw Calibrated Raw Calibrated

NCEP R2 Annual —4.5 -0.6 6.0 2.6 0.191 0.819 0.150 1.018
Spring =59 2.1 7.6 35 0.207 0.805 0.173 0.925
Summer —4.7 -0.9 7.0 2.6 0.187 0.821 0.213 0.929
Autumn =5.1 -1.2 59 3.0 0.147 0.817 0.173 1.590
Winter 2.3 1.5 44 4.5 0.502 0.669 0.348 0.907

ERA-Interim Annual -1.9 0.6 32 14 0.709 0.932 0.588 0.921
Spring -2.5 0.0 38 1.1 0.716 0.965 0.580 0.896
Summer -2.5 0.0 39 1.1 0.668 0.957 0.645 0.955
Autumn 22 0.3 3.0 1.5 0.678 0.944 0.849 1.453
Winter -0.7 1.8 2.7 33 0.787 0.757 0.538 0.682

As is shown in Fig. 9, most stations show a trend that
calibrated MBE is closer to 0. The proportions of stations with
improved MBE (closer to 0) for annual, spring, summer,
autumn and winter are 77.9, 83.8, 80.9, 80.9, and 51.5 % for
NCEP R2, respectively, and 73.5, 88.2, 83.8, 67.6, and 42.6 %
for ERA-Interim, respectively. The annual MBE of NCEP R2
ranges from —15.3 to 7.8 °C before altitude correction, but the

calibrated data range between —6.0 and 8.1 °C. For ERA-
Interim, the raw annual MBE ranges from —8.6 to 4.0 °C, and
the calibrated MBE ranges from —2.3 to 3.9 °C.

In Fig. 10, RMSE at most stations also show a great
improvement after calibration. On an annual basis, the pro-
portions of stations with decreased RMSE are 77.9 and 73.5 %
for NCEP R2 and ERA-Interim, respectively. Before

Fig. 8 Box plot of MBE (a, b) 10 10 _
and RMSE (¢, d) of raw and a NCEP R2 b ERrA-Interim
calibrated surface air temperature 5 5
interpolated from NCEP R2 (left
column) and ERA-Interim (right
column) in the arid northwestern £ 07 e 0
China during 1979-2012. The w w
o @
lower boundary of the box = .54 = 5
indicates the 25th percentile, a
line within the box marks the 50th 10 10
percentile (median), and the - B Raw B
upper boundary of the box [ calibrated
indicate the 75th percentile; -15 — — — -15 — — —
whiskers (error bars) above and g .g g g 2 g .g 2 § £
below the box indicate the 90th < 5 &€ 5§ = c 5 E 5 =
. < N > Z ES < 2] S z =
and 10th percentiles < *
15 15
C NCEP R2 d ERA-Interim
10 10
o 3
w W
[} %]
= =
4 2
5 5
TS O
g £ g E ¢ : £ £ g ¢
s o § 3 = s & £ £ =
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NCEP R2

Calibrated

ERA-Interim
Calibrated

Annual

Spring

Summer

Autumn

Winter

MBE (°C)

e <10 ®© -10-5 0 5-2 0 2-0 © 0-2 © >2

Fig. 9 Spatial distribution of annual/seasonal MBE of raw (/st and 3rd
columns) and calibrated (2nd and 4th columns) surface air temperature
interpolated from NCEP R2 (left two columns) and ERA-Interim

calibration, the proportions of stations with RMSE less than
2 °C for annual, spring, summer, autumn, and winter are
20.6, 13.2,17.6, 8.8, and 23.5 % for NCEP R2, respective-
ly, and 45.6, 32.4, 38.2, 44.1, and 52.9 % for ERA-Interim,
respectively. After calibration, the proportions have

NCEP R2
Calibrated

(right two columns) in the arid northwestern China during 1979-2012.
Gray shadows denote altitude above 2,000 m

changed to 54.4, 38.2, 45.6, 32.4, and 25.0 % for NCEP
R2, respectively, and 85.3, 88.2, 92.6, 79.4, and 54.4 % for
ERA-Interim, respectively. Generally, after calibration,
reanalysis-interpolated data at most stations have signifi-
cantly improved.

ERA-Interim
Calibrated

Annual

Spring

Summer

Autumn

Winter

RMSE (°C)
° 0-2

Fig. 10 Spatial distribution of annual/seasonal RMSE of raw (/st and
3rd columns) and calibrated (2nd and 4th columns) surface air tempera-
ture interpolated from NCEP R2 (left two columns) and ERA-Interim

© 2-5 o 5-10 e >10

(right two columns) in the arid northwestern China during 1979-2012.
Gray shadows denote altitude above 2,000 m
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4 Discussion and conclusions

Based on the monthly surface air temperature derived from
observation and reanalysis datasets (NCEP R2 and ERA-
Interim) during 1979-2012, the altitude effects on reanalysis
data errors are discussed, and the interpolated reanalysis data
are calibrated by altitude errors. Previous studies (Zhao et al.
2008) indicated that the effect of the topographic correction
for reanalysis dataset is more effective in the regions with
complex altitude difference. In the arid northwestern China,
most meteorological stations are located at the flat oasis belts,
between the desert basins and high mountains. Generally, the
altitude of observational stations is lower than the model
altitude of reanalysis data at the same location, as is shown
in Fig. 5. Before the calibration, both NCEP R2 and ERA-
Interim have significant cold biases, compared with observa-
tion. Altitude difference between reanalysis model and ob-
served station negatively correlates with the bias of surface air
temperature. The cold bias in interpolated stations is related by
the altitude differences between model and observation.
Topographic adjustment is needed for minimize the
elevation-related bias.

Using a simple correction method with a constant lapse
rate, the elevation-related errors can be greatly removed and
an improvement can be achieved for the interpolated temper-
ature. The cold bias becomes weak after calibration, and the
significant improvements for both NCEP R2 and ERA-
Interim can be clearly seen from the MBE and RMSE. It
should be noticed that the lapse rate of air temperature are
assumed to the global mean (0.65 °C/100 m) in this study. The
lapse rate is not always the same, and seasonality and spatial
dependency of lapse rate have been widely reported (Fang and
Yoda 1988; Pepin et al. 1999; Pepin 2001; Rolland 2003;
Holden and Rose 2011). However, the calibrated temperature
series using the constant lapse rate is generally acceptable, and
much closer to the observations than the raw data.

For current climatology, compared with NCEP R2, ERA-
Interim is generally closer to ground-based observation on a
seasonal and annual basis. This is consistent with previous
researches in China (Ma et al. 2008; Zhao et al. 2008; You
et al. 2010, 2013). The difference between NCEP R2 and
ERA-Interim is mainly attributed to the assimilation method
for the two reanalysis datasets, and the different treatment for
surface observations may create significant inconsistencies;
2-m temperature from ERA-Interim is derived by analyzing
surface synoptic observations, and ERA-Interim incorporates
the surface meteorological variables such as temperature in
assimilation system when it is available. However, NCEP R2
is more dependent on free-air forcing, and does not assimilate
surface observations (Simmons et al. 2004). Compared with
ERA-Interim, NCEP R2 is not good at representing surface air
temperatures but is more representative of free atmosphere
temperature.

@ Springer

The effects of topographic correction also show a seasonal
difference. The effects of topographic correction are better in
summer than in winter. After calibration, the improvements in
winter are very limited for both NCEP R2 and ERA-Interim.
Inverse of temperature in the arid northwestern China
(You and Liu 1995; Mamtimin and Meixner 2011) may be
an important factor of this issue. In the reanalysis datasets,
temperature inverse in winter are not well simulated. Hence,
warmer winter can be found in the raw data, and the topo-
graphical corrections have limited influence on the winter
temperature.

Generally, evaluation and correction of reanalysis datasets
is a crucial work before the gridded data are applied in climate
research. The calibration of topographical errors is a necessary
step to evaluate the uncertainties of reanalysis surface temper-
ature, especially for the regions with complex landform.
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