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Abstract: High-resolution meteorological data products are crucial for agrometeorological studies.
Here, we study the accuracy of an important gridded dataset, the near-surface temperature dataset
from the 5 km × 5 km resolution China dataset of meteorological forcing for land surface modeling
(published by the Beijing Normal University). Using both the gridded dataset and the observed
temperature data from 590 meteorological stations, we calculate nine universal meteorological
indices (mean, maximum, and minimum temperatures of daily, monthly, and annual data) and
five agricultural thermal indices (first frost day, last frost day, frost-free period, and ≥0 ◦C and
≥10 ◦C active accumulated temperature, i.e., AAT0 and AAT10) of the 11 temperature zones over
mainland China. Then, for each meteorological index, we calculate the root mean square errors
(RMSEs), correlation coefficient and climate trend rates of the two datasets. The results show that the
RMSEs of these indices are usually lower in the north subtropical, mid-subtropical, south subtropical,
marginal tropical and mid-tropical zones than in the plateau subfrigid, plateau temperate, and plateau
subtropical mountains zones. Over mainland China, the AAT0, AAT10, and mean and maximum
temperatures calculated from the gridded data show the same climate trends with those derived
from the observed data, while the minimum temperature and its derivations (first frost day, last frost
day, and frost-free period) show the opposite trends in many areas. Thus, the mean and maximum
temperature data derived from the gridded dataset are applicable for studies in most parts of China,
but caution should be taken when using the minimum temperature data.

Keywords: climate trend; data evaluation; high-resolution meteorological dataset; root mean
square error

1. Introduction

To a large extent, temperature determines optimal regional crop types, cropping systems, as well
as farming activities, thus having considerable effects on agricultural output [1–4]. Related indices,
such as agricultural critical temperature, accumulated temperature, and frost-free period, are usually
calculated from the available temperature dataset to estimate regional thermal resources and to provide
instructions for agricultural production [5–9]. As a result, it is important to evaluate the accuracy and
applicability of temperature data for agrometeorological studies.

Atmospheric gridded data are mainly from globally reanalysis datasets, e.g., NCEP /NCAR
developed by National Centers for Environmental Prediction and The National Center for Atmospheric
Research [10–12], ERA-40 developed by European Center for Medium-Range Weather Forecasts [13,14],
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and JRA-25 developed by Japan Meteorological Agency and Central Research Institute of Electric Power
Industry [15,16]. However, over mainland China, observed data from only about 200 meteorological
stations are provided for international exchange and constructing these datasets. Thus, these datasets
are too coarse (spatial resolution from 1.25◦ × 1.25◦ to 5◦ × 5◦) to be used at local or regional scales.
Many studies have been on developing and utilizing high resolution atmospheric gridded data. For the
validation of a high-resolution climate model over China, Wu and Gao [17] constructed a gridded daily
dataset with the resolution of 0.25◦ × 0.25◦ via the anomaly approach in which the climatology is first
interpolated by thin plate smoothing splines, after which a gridded daily anomaly derived from angular
distance weighting method is added to climatology. To assess the changes in frequency and intensity
of extreme meteorological events, Chaney et al. [18] developed a temporally homogenous and high
temporal-spatial resolution meteorological dataset over sub-Saharan Africa by spatially downscaling
the NCEP-NCAR reanalysis data with a resolution of 0.1◦ × 0.1◦. Using a partial thin-plate smoothing
spline and simple kriging approach, Li et al. [19] constructed gridded near-surface meteorological
datasets with resolutions of 1 km × 1 km and 5 km × 5km. They evaluated the dataset by calculating the
root-mean-square errors (RMSEs) and cross validations between the gridded data and observed data
from ~700 meteorological stations over mainland China. However, the statistics were not calculated
based on detailed temperature zones and some important thermal resource indices (e.g., first and last
frost day, frost-free period, and accumulated temperature) were not estimated. Moreover, the climate
trends were not assessed, which are of great importance when analyzing long-term climate changes.

In this paper, we re-evaluate the temperature data from the 5 km × 5 km-resolution dataset
that are offered for free. For each temperature zone [20], we calculate the RMSEs and compare the
climate trends of various temperature indices between the gridded data and observed data from
meteorological stations. The indices are divided into two categories: universal meteorological indices
(mean, maximum, and minimum temperatures of daily, monthly, and annual data) and agricultural
thermal indices (first frost day, last frost day, frost-free period, and≥0 ◦C and≥10 ◦C active accumulated
temperature). The purpose of this study is (1) to evaluate the accuracy of gridded temperate data,
(2) to find out the more applicable regions for gridded temperature indices and the relatively effective
temperature indices in each region, (3) and to evaluate whether the gridded data is available for
assessing climate change trends.

2. The Climate of Mainland China

Located in the southeast part of Asia and facing the Pacific Ocean, mainland of China covers nearly
50 latitude degrees from north to south. Owing to large variance in latitude, the solar energy varies a
lot from north to south. The difference in thermal properties between sea and land is remarkable, as
well as the monsoon climate. In addition, China’s topography is complex and diverse; it is high in the
west and low in the east, with three-ladder terrain. The first ladder is the Tibetan Plateau, with an
average altitude of more than 4000 m [21]. Large basins and plateaus are distributed on the second
ladder, with an average elevation of 1000–2000 m [22,23]. The third terrain ladder is covered with
vast plains, with hills and low mountains, at an altitude of less than 500 m [24]. Therefore, there are
significant differences in climate across the mainland China.

Zhang et al. [20] studied climate changes (1981–2010) and divided China into 12 temperature zones.
Days with daily temperature steady above 10 ◦C (DTSA10) are the basic indicator. The secondary is
mean temperature of January, and some referenced variables including the accumulated temperature
with daily temperature steady above 10 ◦C and annual minimum temperature. Because of the great
difference of terrain and climate in Tibetan Plateau, the mean temperature of July is taken as an auxiliary
indicator. As a result, the 12 temperature zones includes cold temperature zone (DTSA10 < 100);
mid-temperate zone (100 ≤ DTSA10 < 170); warm temperate zone (170 ≤ DTSA10 < 220); north
subtropical zone (220 ≤ DTSA10 < 240), but in the Yunnan-Guizhou plateau it is between 210 and
225 days; mid-subtropical zone (240 ≤DTSA10 < 285), but in the Yunnan-Guizhou plateau it is between
225 and 285 days; south subtropical zone (285 ≤ DTSA10 < 365); marginal tropical zone, mid-tropical
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zone and equatorial tropics are where (DTSA10 = 365 ); plateau sub-frigid zone where (DTSA10 < 50);
plateau temperate zone (50 ≤ DTSA10 < 80); and plateau subtropical mountains (180 ≤ DTSA10 < 350).
Our study mainly aims at the eleven temperature zones over mainland China (Figure 1).
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stations across mainland China used in this study was obtained from the climate data-sharing 
service system (http://data.cma.cn//) of the China Meteorological Administration (CMA). Given the 
continuity and integrity of the data, 590 meteorological stations were selected, providing complete 
records for daily mean temperature, maximum temperature, minimum temperature during the past 
30 years (Figure 1). 
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Figure 1. Sketch map of climate zones over mainland China (revised from [20]). I–cold temperature
zone, II–mid-temperate zone, III–warm temperate zone, IV–north subtropical zone, V–mid-subtropical
zone, VI–south subtropical zone, VII–marginal tropical zone, VIII–mid-tropical zone, HI–plateau
sub-frigid zone, HII–plateau temperate zone, HIII–plateau subtropical mountains.

3. Data and Methods

3.1. Meteorological Data Sets

The gridded near-surface temperature dataset over mainland China (temporal solution: 3 h, time
span: from 1981 to 2010) was provided by the Beijing Normal University (BNU). They proposed a new
approach that fit a partial thin-plate smoothing spline with orography and reanalysis data as explanatory
variables to ground-based observations for estimating a trend surface firstly and then applied a simple
kriging procedure to the residual for trend surface correction [19]. The gridding technique details
see Appendix. They constructed a set of gridded near-surface temperature, relative humidity, wind
speed and surface pressure dataset with a resolution of 1 km × 1 km and 5 km × 5 km, and offered the
5 km × 5 km dataset for free (downloaded from http://globalchange.bnu.edu.cn/research/forcing).

The observed daily meteorological data for the period of 1981–2010 from meteorological stations
across mainland China used in this study was obtained from the climate data-sharing service system
(http://data.cma.cn//) of the China Meteorological Administration (CMA). Given the continuity and
integrity of the data, 590 meteorological stations were selected, providing complete records for daily
mean temperature, maximum temperature, minimum temperature during the past 30 years (Figure 1).

http://globalchange.bnu.edu.cn/research/forcing
http://data.cma.cn//
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3.2. Methods

3.2.1. Evaluating Indices

Due to the large amount of data, a sampling method was used for data evaluation. We used
the temperature data in January 1st, April 1st, July 1st, and October 1st as the representative daily
data, and the temperature data in January, April, July, and October as the representative monthly data
which have cover spring, summer, autumn and winter. We extracted daily mean, maximum, and
minimum temperature data from the three-hourly gridded temperature data. The temperature data
of the point corresponding to the observation site is obtained from the gridded data by the nearest
neighbor distance method.

In each spring and autumn, days when minimum air temperature dropped below 0 ◦C were
designated days with frost. The first time that the minimum temperature dropped below 0 ◦C in
cooling season was defined as the first frost day. The last time when the minimum temperature in
the warming season dropped below 0 ◦C was defined as the last frost day. And the interval between
the last frost day and the first frost day in a year was defined as frost-free period. The first frost
day, last frost day, frost-free period and annual temperature are of great significance in agricultural
production, as well as the≥0 ◦C active accumulated temperature (AAT0) and≥10 ◦C active accumulated
temperature (AAT10).

3.2.2. Root Mean-Square Error

For the eleven temperature zones over mainland China, the universal meteorological indices
(mean, maximum, and minimum temperatures of daily, monthly, and annual data), and agricultural
thermal indices (first frost day, last frost day, frost-free period, and≥0 ◦C and≥10 ◦C active accumulated
temperature) are evaluated by the methods of root mean-square error (RMSE), correlation test and
climate trend analysis for the past thirty years. The root mean-square error (RMSE) is defined as

RMSE =

√√√
1
N

N∑
t=1

(xt − yt)
2 (1)

where N is the total number of years (N = 30 in this study), xt refers to the observed value at t year;
yt refers to the corresponding gridded value at t year. The smaller the RMSE, the better the gridded
temperature product is. The RMSE over multiple-station regions refers to the mean of the RMSEs for
single stations. And the maximum and minimum of the RMSE and the square root of the average
of the variances over multiple-station regions are also calculated (see details in the Supplementary
Material Table S1).

3.2.3. Correlation Test

The correlation test is a statistical test of the correlation between variables. The degree of correlation
between variables is expressed by correlation coefficient R.

R =

N∑
t=1

(xt − x)(yt − y)√
N∑

t=1
(xt − x)2

√
N∑

t=1
(yt − y)2

(2)

when R is greater than the critical value of the correlation coefficient at a given confidence level and a
certain degree of freedom, there is a statistical correlation between the variables. Otherwise, there is no
correlation. Here, we treat correlation analysis passing 99% confidence test when R ≥ 0.46 and passing
95% confidence test when R ≥ 0.36 [25]. The correlation coefficient over multiple-station regions
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refers to the mean of the correlation coefficients for single stations. The maximum and minimum of
correlation coefficient and square root of the average of the variances over multiple-station regions are
calculated (see details in Table S2 in the Supplementary Material).

3.2.4. Climate Trend Analysis

The trend variation of meteorological elements is expressed by a linear equation as follows:

x̂t = a0 + a1t t = 1, 2, . . . , n (3)

where x̂t is the fitting value of meteorological element; a1 × 10 is climate trend rate, which represents
the variable rate of meteorological elements per decade.

The observed and gridded data are with the same climate trend when the climate trend rates
are both positive or both negative. Otherwise, they are with opposite climate trend. Moreover, we
calculated the percentage of the sites where the observed and gridded data are with same climate
trends, and define it as OGSP index. The percent of sites where the observed and gridded data are
with opposite trends is defined as OGOP index.

4. Results

4.1. Evaluation of Daily Temperature Data

4.1.1. RMSE of Daily Temperature

The daily temperature is evaluated at regional level in mainland China for years 1981–2010.
Figure 2 shows the RMSE and correlation coefficient of daily mean, maximum, minimum temperature
in January 1st, April 1st, July 1st and October 1st.

The RMSEs of daily mean, maximum, and minimum range in 0.68 (±0.18)–2.59 (±0.89) ◦C,
1.74 (±0.68)–4.31 (±0.81) ◦C, and 1.25 (±0.22)–5.93 (±0.46) ◦C, respectively. Except for minimum
temperature in VIII in October 1 st which passes the correlation test of 95% confidence level (R > 0.36),
others pass the correlation test of 99% confidence level (R > 0.46).

From the point of research object, the RMSE of daily mean temperature is the lowest, which
ranges from 0.89 (±0.14) ◦C to 2.59 (±0.89) ◦C in January 1st, 1.00 (±0.12) ◦C to 2.44 (±0.96) ◦C in April
1st, 0.68 (±0.18) ◦C to 2.27 (±0.79) ◦C in July 1st, and 0.72 (±0.13) ◦C to 2.17 (±0.94) ◦C in October 1st,
respectively. Bounded by IV, before which the RMSE of daily minimum temperature is higher than
that of daily maximum temperature, and after, the RMSE of daily minimum temperature is lower
than that of daily maximum temperature. The lower RMSE indicates that the gridded daily mean
temperature may be more applicable (Figure 2).

The RMSEs of daily mean temperature, daily maximum temperature, and daily minimum
temperature are generally lower in zone IV–VIII (RMSE < 3.0 ◦C) while a little higher in I–III and
HI–HIII. And for zone I, the RMSE of daily minimum temperature are higher than 5.0 ◦C in April 1st.
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Figure 2. Root mean-square error (left) and correlation coefficient (right) of daily temperature for
January 1st, April 1st, July 1st and October 1st.

4.1.2. Climate Trend of Daily Temperature

For daily mean and maximum temperature (Figures 3 and 4; Table 1), the climate trends of both
the observed and gridded data are nearly the same with the OGSP index >80.0% (except the maximum
temperature in January 1st, 69.7%). While for minimum temperature (Figure 5, Table 1), the OGSP
indices are relatively low. Especially in Oct. 1st, the OGSP index is <60% (Table 1).

Table 1. The number and percentage (in bracket) of the sites where the observed and gridded daily
data are with the same climate trends (OGSP index) and opposite climate trends (OGOP index) in
mainland China.

Date Daily Mean
Temperature

Daily Maximum
Temperature

Daily Minimum
Temperature

January 1st The same 500 (84.7%) 411 (69.7%) 384 (65.1%)
The opposite 90 (15.3%) 179 (30.3%) 206 (34.9%)

April 1st The same 498 (84.4%) 484 (82.0%) 439 (74.4%)
The opposite 92 (15.6%) 106 (18.0%) 151 (25.6%)

July 1st The same 541 (91.7%) 512 (86.8%) 479 (81.2%)
The opposite 49 (8.3%) 78 (13.2%) 111 (18.8%)

October 1st
The same 541 (91.7%) 526 (89.2%) 345 (58.5%)

The opposite 49 (8.3%) 64 (10.8%) 245 (41.5%)
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Figure 5. Climate trend of daily minimum temperature for January 1st (A), April 1st (B), July 1st (C)
and October 1st (D).

For many sites in the region HII (around the Tibetan Plateau), III (along the Tian Shan), and VI
(south China), the climate trends of daily minimum temperature are opposite (Figure 5A–D). Especially
in Oct 1st, nearly half of the sites over the mainland China are with the opposite climate trends, mainly
in eastern Inner Mongolia (II), and north China (III and IV).

4.2. Evaluation of Monthly Temperature Data

4.2.1. RMSE of Monthly Temperature

For monthly mean, maximum, and minimum temperatures for the four months, the RMSEs
range from 0.29 (±0.11) ◦C to 2.33 (±0.94) ◦C, 1.26 (±0.66) ◦C to 4.28 (±0.89) ◦C, 0.83 (±0.50) ◦C to
2.90 (±0.91) ◦C respectively (Figure 6). In July, minimum temperature in VIII does not pass any
correlation test, and minimum temperature in VII and maximum temperature in VIII pass the test of
95% confidence level. Others pass the test of 99% confidence level (Figure 6). Generally, the RMSE
of monthly mean temperature is the lowest, which ranges from 0.52 (±0.17) ◦C to 2.33 (±0.94) ◦C in
January, from 0.32 (±0.10) ◦C to 2.14 (±1.02) ◦C in April, from 0.29 (±0.11) ◦C to 2.19 (±0.83) ◦C in July,
and from 0.40 (±0.10) ◦C to 1.99 (±0.96) ◦C in October, respectively. But for HII in July, the RMSE of
monthly mean temperature is higher than that of monthly minimum temperature (Figure 6).

At the regional level, the RMSEs of monthly mean temperature are generally lower in zone I–VIII
(RMSE < 1.0 ◦C), while a little higher in HI–HIII (RMSE generally between 1.0 and 2.0). For monthly
maximum temperature, the RMSEs are also lower in zone I–VIII (RMSE < 3.0 ◦C). However, there is
some difference for monthly minimum temperature where RMSEs are generally lower in zone IV–VIII
(RMSE < 1.3 ◦C) while a little higher in I–III and HI–HIII (Figure 6).
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4.2.2. Climate Trend of Monthly Temperature

For monthly mean temperature (Figure 7, Table 2), the climate trend of observed and gridded
data is nearly the same with the OGSP index >90.0%. For monthly maximum temperature (Figure 8,
Table 2), the OGSP index is a bit lower, but >75.0%. While for minimum temperature (Figure 9, Table 2),
the OGSP indexes are relatively low in all months, which is 63.1% in January, 39.5% in April, 58.0% in
July and 49.8% in October, respectively.

Table 2. The number and percentage (in bracket) of the sites where the observed and gridded monthly
data are with the same climate trends (OGSP index) and opposite climate trends (OGOP index) in
mainland China.

Date Monthly Mean
Temperature

Monthly Maximum
Temperature

Monthly Minimum
Temperature

January The same 541 (91.7%) 463 (78.5%) 372 (63.1%)
The opposite 49 (8.3%) 127 (21.5%) 218 (36.9%)

April The same 553 (93.7%) 493 (83.6%) 233 (39.5%)
The opposite 37 (6.3%) 97 (16.4%) 357 (60.5%)

July The same 558 (94.6%) 469 (79.5%) 342 (58.0%)
The opposite 32 (5.4%) 121 (20.5%) 248 (42.0%)

October
The same 570 (96.6%) 561 (95.1%) 294 (49.8%)

The opposite 20 (3.4%) 29 (4.9%) 296 (50.2%)



Atmosphere 2019, 10, 250 10 of 21
Atmosphere 2019, 10, x FOR PEER REVIEW 11 of 23 

 

 

Figure 7. Climate trend of monthly mean temperature for January (A), April (B), July (C)and October 
(D). 

Figure 7. Climate trend of monthly mean temperature for January (A), April (B), July (C) and October (D).
Atmosphere 2019, 10, x FOR PEER REVIEW 12 of 23 

 

 

Figure 8. Climate trend of monthly maximum temperature for January (A), April (B), July (C) and 
October (D). 

Figure 8. Climate trend of monthly maximum temperature for January (A), April (B), July (C) and
October (D).



Atmosphere 2019, 10, 250 11 of 21
Atmosphere 2019, 10, x FOR PEER REVIEW 13 of 23 

 

 

Figure 9. Climate trend of monthly minimum temperature for January (A), April (B), July (C) and 
October (D). 

4.3. Evaluation of Annual Temperature Data 

4.3.1. RMSE of Annual Temperature 

The RMSEs of annual mean, maximum, and minimum temperature range from 0.36 (±0.11) °C 
to 2.01 (±1.03) °C, 1.29 (±0.64) °C to 3.95 (±0.87) °C, and 0.79 (±0.45) °C to 1.95 (±1.00) °C, respectively 
(Figure 10). Typically, the RMSE of annul mean temperature is the lowest, and the RMSE of annul 
maximum temperature is the highest, except for HIII where the RMSE of annual minimum 
temperature is a little higher than that of annual mean temperature. Annual minimum temperature 
in VII and VIII do not pass any confidence test, while it in III, HII and HIII passes the test of 95% 
confidence level. Others pass the test of 99% confidence level. 

At the regional level, the RMSEs of both annual mean and maximum temperature are lower in 
I-VIII (RMSE <1.0 °C and 2.5 °C), while a little higher in HI-HIII. While for annul minimum 
temperature, the RMSEs are lower in IV -VIII (RMSE < 1.0 °C) while a little higher in I-III and HI - 
HIII.  

 
Figure 10. Root mean-square error (left) and correlation coefficient (right) of annual temperature. 
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In January and July, the climate trends of minimum temperature in VI-VIII almost all are opposite.
Others are mostly in III (along the Tian Shan), inner -Mongolia (II), east HII and south V (Figure 9A,C).
In April and October, the opposite climate trends of minimum temperature mainly distribute in
northeast China (II), III, nearly whole HII, south east of V and VI, and nearly half of VII-VIII.

4.3. Evaluation of Annual Temperature Data

4.3.1. RMSE of Annual Temperature

The RMSEs of annual mean, maximum, and minimum temperature range from 0.36 (±0.11) ◦C to
2.01 (±1.03) ◦C, 1.29 (±0.64) ◦C to 3.95 (±0.87) ◦C, and 0.79 (±0.45) ◦C to 1.95 (±1.00) ◦C, respectively
(Figure 10). Typically, the RMSE of annul mean temperature is the lowest, and the RMSE of annul
maximum temperature is the highest, except for HIII where the RMSE of annual minimum temperature
is a little higher than that of annual mean temperature. Annual minimum temperature in VII and VIII
do not pass any confidence test, while it in III, HII and HIII passes the test of 95% confidence level.
Others pass the test of 99% confidence level.

At the regional level, the RMSEs of both annual mean and maximum temperature are lower
in I-VIII (RMSE < 1.0 ◦C and 2.5 ◦C), while a little higher in HI-HIII. While for annul minimum
temperature, the RMSEs are lower in IV–VIII (RMSE < 1.0 ◦C) while a little higher in I–III and HI–HIII.
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4.3.2. Climate Trend of Annul Temperature

Both for annual mean temperature and maximum temperature (Table 3, Figure 11A,B), the climate
trends of observed and gridded data are mostly the same with the OGSP index >95.0%. While for
minimum temperature (Figure 11C), the OGSP index is only 51.0%. The opposite ones are mostly
distributed in northeast China (II), inner-Mongolia (II), III (along the Tian Shan), east of HII, HIII and
nearly whole of VI–VIII.

Table 3. The number and percentage (in bracket) of the sites where the observed and gridded annual
data are with the same climate trends (OGSP index) and opposite climate trends in mainland China.

Annual Mean
Temperature

Annual Maximum
Temperature

Annual Minimum
Temperature

The same 578 (98.0%) 576 (97.6%) 301 (51.0%)
The opposite 12 (2.0%) 14 (2.4%) 289 (49.0%)
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4.4. Evaluation of Thermal Resources

4.4.1. Evaluation of the Frost-Free Period, First and Last Frost Day

Figure 12 shows the RMSEs of first frost day, last frost day and frost-free period, all are relative
lower in I-VIII and HI than HII-HIII. The RMSE (0 (±0.0) to 15.0 (±6.2) d) of first frost day is the lowest,
then the last frost day ranges from 0 (±0.0) to 21.7 (±7.9) d. The frost-free period is the highest, which
ranges from 0 (±0.0) to 33.5 (±14.0) d. The frost indices in I, II, III, HII and HIII mostly do not pass the
test of 95% confidence level.Atmosphere 2019, 10, x FOR PEER REVIEW 15 of 23 
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For the first frost day, last frost day and frost-free period, the percentages of the sites where the
observed and gridded frost data share the same climate trends is 48%–53% (Table 4 and Figure 13).
Especially in II and HII, nearly all the climate trends are the opposite.
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Table 4. The number and percentage (in bracket) of the sites where the observed and gridded frost
data are with the same climate trends (OGSP index) and opposite climate trends in mainland China.

First Frost Day Last Frost Day Frost-Free Period

The Same 308 (52.2%) 312 (52.9%) 286 (48.5%)
The Opposite 282 (47.8%) 278 (47.1%) 304 (51.5%)

4.4.2. Evaluation of Active Accumulated Temperature

The RMSEs between ≥0 ◦C and ≥10 ◦C active accumulated temperature have no obvious
difference, which are both relative low in I–VII and HI (50 ◦C·d < RMSE < 260 ◦C·d) and high
in HII–HIII (360 ◦C·d < RMSE < 630 ◦C·d). The RMSE in I is the lowest. The active accumulated
temperature indices in all regions pass the test of 99% confidence level (Figure 14).
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Figure 15 shows the relationship of climate trend between observed and gridded data for ≥0 ◦C
and ≥10 ◦C active accumulated temperature. For both the AAT10 and AAT0, the climate trends of
observed and gridded data are nearly the same (OGSP index ≥ 98.0%) in the whole mainland China
(Figure 15). And almost all of them are on the rise.
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5. Discussion

We evaluated the accuracy of the universal meteorological indices (mean, maximum, and
minimum temperatures of daily, monthly, and annual data) that derived from the high resolution
gridded near-surface temperature dataset. Although we do not evaluate all daily and monthly
temperature elements, the representative time we select covering the four seasons of spring, summer,
autumn and winter, can basically reflect the overall quality and applicability of the data. Furthermore,
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we also evaluated some agricultural thermal indices including first frost day, last frost day, frost-free
period, and ≥0 ◦C and ≥10 ◦C active accumulated temperature, which are commonly used.

5.1. Evaluating Universal Temperature Elements

Here we estimate that the RMSEs (between the station dataset and gridded dataset) range
from typically 0.3 to 4 ◦C or so, depending on the climate region and the specific temperature
variable being analyzed. Until now, global atmospheric forcing datasets have mainly been derived
from reanalysis datasets which have a coarse spatial resolution typically from 1.25◦ × 1.25◦ to
5◦ × 5◦. Zhu et al. [26] estimated the RMSEs of various reanalyzed land surface temperature datasets
(ERA-Interim, ERA-Interim/Land, JRA-55, NCEP/NCAR and NCEP/DOE) in China, which mainly
fall in the range of 2 to 6 ◦C. Wang et al. [27] compared the air temperature from the JRA-55 and
the ERA-interim with the observations of 18 meteorological stations in Mongolia. They found that
the temperature discrepancies range from typically 0.7–6 ◦C. Thus, the gridded data conducted by
Li et al. [19] show an improvement in spatial resolution and some improvement in temperature
discrepancies over some regions.

Considering the daily, monthly and annual temperature data, the RMSEs of the mean temperature
values are lower than that of the maximum and minimum ones almost in all zones (Figures 2, 6 and 10).
For mean temperature, the climate trends of the observed and gridded data are mostly the same with
OGSP index >80.0%, even >90.0% in some cases. For maximum temperature, the OGSP indexes are
mostly >75.0% (Tables 1–3).

From the perspective of correlation test only, except for monthly minimum temperature in July in
warm temperate zone, and annual minimum temperature in marginal tropical zone and mid-tropical
zone that do not pass any level of correlation test, others all pass the test at 95% (mostly 99%)
confidence level.

For daily, monthly, and annual temperature data, the RMSEs of both mean and maximum
temperatures are relative low in subtropical, mid-subtropical, south subtropical, marginal-tropical, and
mid-tropical zones. This tells the reasonablity of using these data to study regional climate in these
areas. In addition to these zones, the cold temperature, mid-temperate and warm temperate zones are
also characterized by low RMSEs in monthly and annual temperatures. But for the plateau subfrigid
zone, plateau temperate zone and plateau subtropical mountains, the RMSEs are relatively high. These
zones are mostly distributed in the Tibetan plateau, where the high altitude and sparse sites may be
the main reasons that result in slight deviation between observed and gridded data.

For minimum temperature, the percentage of the sites where the observed and gridded data are
with same climate trends is very low (in most cases OGSP < 70.0%; Figures 4, 7 and 10, Tables 1–3).
The results of observed data show that the minimum temperature in most parts of mainland China
is increasing, which is consistent with the trend of global warming [28,29]. However, the results of
gridded data show that the minimum temperature in a considerable area is decreasing, which is
contrary to the fact of global warming. This may be influenced by the interpolation method of the
original gridded data, or the way to obtain the minimum temperature from observed and gridded
data. The daily minimum temperature of observed data from CMA is obtained from the minimum
value of hourly temperature data, while the daily minimum temperature of gridded data is obtained
from the minimum value of 3-hourly temperature data which might not reflect the actual minimum
temperature in a day. The nearest distance neighbor method used to obtain the corresponding site data
from the gridded dataset may also have some impact, but we think that it has little impact on climate
trends. Theoretically, we consider that the value of the daily maximum temperature from gridded data
should be smaller than that from observed data, and the value of the daily minimum temperature from
gridded data should be larger than that from observed data. Actually, for daily maximum temperature
on January 1st, April 1st, July 1st and October 1st in more than 24 years, 53.7%, 62.9%, 69.7% and 72.4%
of the 590 points met the theory above. And, for daily minimum temperature on January 1st, April 1st,
July 1st and October 1st in more than 24 years, 18.0%, 14.6%, 21.7% and 11.4% of the 590 points met
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the theory above. It shows that the original method for obtaining gridded weather data could not
capture the actual minimum temperature, and to some extent, the minimum temperature gained from
the gridded data could not precisely express the change of temperature.

5.2. Evaluating Agricultural Thermal Resources

For correlation test, the frost indices in cold temperature zone, mid-temperate zone, warm
temperate zone, plateau temperate zone and plateau subtropical mountains mostly do not pass the
test at 95% confidence level, which indicates that frost indices from gridded data do not match those
from observed data in these regions. Almost in all the zones, the RMSE of the first frost day is lower
than that of the last frost day and frost-free period (Figure 12). As the minimum temperature in most
years is above zero, nearly no frost day has been recorded in the south subtropical, marginal-tropical,
and mid-tropical zones. But, in a few years, the minimum temperature is <0 ◦C. Thus, the RMSEs
calculated from the observed and gridded data are larger than zero.

For the first frost day, last frost day and frost-free period, the climate trends of observed and
gridded data are opposite in nearly half of the study sites (OGSP index < 55.0%; Table 4, Figure 13).
Especially in mid-temperate and warm temperate zones, nearly all the climate trends are opposite.

From the observed data, the frost-free period is extended in most areas for the delayed first frost
day and the advanced last frost day (Figure 16A–C), which is consistent with most studies [30–32].
However, from the gridded data, the frost-free period is shortened in many sites because of the
advanced first frost day and the delayed last frost day, especially in the northeast and Inner Mongolia
(Figure 16D–F). It indicates that the frost data calculated from the gridded data cannot reflect its actual
variation. Thus, caution should be taken when using the gridded data for analysis on frost day.

For ≥0 ◦C and ≥10 ◦C active accumulated temperature, the RMSEs are both relatively low in cold
temperature, mid-temperate, warm temperate, north subtropical, mid-subtropical, south subtropical,
marginal tropical and plateau sub-frigid zones, and both pass the test at 99% confidence level in all
regions. For nearly all the sites, the observed and gridded data have the same climate trends with the
majority showing an increasing trend. Thus, the AAT0 and AAT10 calculated from gridded data can
tell the variations in thermal resources well and can be used in studies.
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5.3. Statistic Test on Climate Trend

Climate trend analysis is a linear regression between climatic variables and year, indeed. Thus,
statistic tests should be needed. Whether the variation trend of meteorological elements passes 95%
confidence test is defined as a threshold to distinguish between trend and no trend. The trend statistics
results for all elements are in the Supplementary file (Table S3).

We choose four representative variables (the minimum temperature in April, annual minimum
temperature, frost-free period and ≥10 ◦C active accumulated temperature) to discuss the results. The
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results are divided into 5 cases, e.g., stations with the same or opposite climate trend for the observed
and gridded data, stations with no trend for observed data, gridded data, or both.

When we defined a threshold to distinguish between trend and no trend, the percentage of the
opposite climate trend between observed and gridded data seems to be lower, and the percentage of
no tend for both, no trend for observed data only and no trend for gridded data only accounts for a
considerable proportion except for ≥10 ◦C active accumulated temperature for which the same climate
trend accounts for 90.3% (Table 5; Figure 17). Frost-free period and accumulated temperature are the
most important factors affecting agricultural production. At most stations, trend analysis for other
elements do not pass statistic test. However, the annual maximum and mean temperature and the
active accumulated temperature mostly show the same trend between observed and gridded data.
Thus, the result shows that it is possible to use gridded data for study on accumulated temperature,
but caution should be taken when using the gridded data for study on frost days.

Table 5. Trend statistics (the percentage) between observed data and gridded data in mainland China.

Classification
Minimum

Temperature in
April

Annual Minimum
Temperature

Frost-Free
Period

≥10 ◦C Active
Accumulated
Temperature

The Same Climate Trend 3.6% 27.8% 3.2% 90.3%
The Opposite Climate Trend 3.7% 13.4% 5.8% 0.2%

No Trend for Both 39.3% 4.7% 48.8% 0.7%
No Trend for Observed Data Only 19.2% 4.9% 14.7% 6.9%
No Trend For Gridded Data Only 34.2% 49.2% 27.5% 1.9%Atmosphere 2019, 10, x FOR PEER REVIEW 20 of 23 
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6. Conclusions

The accuracy of the high-resolution gridded data offered by the Beijing Normal University was
re-evaluated by using root mean square error, correlation test and climate trend analysis. The indices
for the gridded data, especially mean temperature and its derivatives, are commonly more applicable
in north subtropical, mid-subtropical, south subtropical, Marginal tropical and mid-tropical zones than
in plateau subfrigid, plateau temperate, and plateau subtropical mountains zones.

According to the correlation test, the active accumulated temperature derived from the gridded
data can express the actual variation in thermal resources well. However, the first frost day, last frost
day and frost-free period calculated from minimum temperature (gridded data) cannot correctly reflect
the actual trend. Therefore, the heat index calculated from minimum temperature should be used
with caution.
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Appendix A

Details on how to construct the near-surface gridded meteorological dataset over mainland China
has been published by Li et al. [19]. Here, we just made a brief introduction. In the dataset, the
temperature T at a specific location (x, y) is calculated by the following equation [33,34]:

T(x, y) = f(x, y) + α · z(x, y) + β · Tcsfr(x, y) + ε(x, y) (A1)

where f is a two-dimensional thin-plate smoothing spline; z is elevation at the location x; Tcfsr is the
temperature from Climate Forecast System Reanalysis (CFSR) reanalysis dataset [35] (Saha et al., 2010);
α and β are coefficients; and ε is the regression residual that is assumed to be under normal distribution
~ N(0, σ2). The variance of ε is spatially invariant. The two-dimension form of f(x, y) is shown as [33]:

f(x, y) = (d1 + d2x + d3y) +
n∑

i=1

CiE(
∣∣∣(x, y) − (xi, yi)

∣∣∣) (A2)

where n is the number of grid points that should be linearly interpolated to the station; E is Euler
distance; d1, d2, d3, Ci are parameters that need to be estimated.

To derive the estimated values for f̂, α̂, β̂, and σ̂ 2, observation values of temperature from
meteorological stations, station elevations, and CFSR temperatures are used to train Equation (A1).
Considering the bias in gridded data which are mainly resulted from orographic effect, CFSR
temperatures should be linearly interpolated from grids to stations via elevation adjustment that (1)
transforming the gridded temperature dataset to the sea level via a constant lapse rate 0.65 ◦C/100 m,
(2) linearly interpolating the transformed gridded data (at sea level) to the specific locations,
(3) transforming the interpolated temperature data back to the terrain height by the same constant lapse
rate. Using these estimated values f̂, α̂, β̂, and σ̂ 2, the trend surface Tt at any sit is then estimated by
(the subscript t represents trend):

Tt(x, y) = f̂(x, y) + α̂·z(x, y) + β̂·Tcsfr(x, y) (A3)

The function “mgcv” and “predict” in the generalized additive model routine “gam” (in the R, an open
source software) can be used to finish the process above.
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