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Abstract: The atmospheric temperature profiles (ATPs) retrieved through the geostationary Inter-
ferometric Infrared Sounder (GIIRS) onboard the FY-4A satellite (GIIRS/FY-4A) can effectively fill
the gap of the scarce conventional sounding data in the Taklimakan Desert (TD), the second largest
desert in the world, with an area of 330,000 square kilometers. In this study, we take the experi-
mental radiosonde observations (RAOB) from one RAOB station in the hinterland of TD and seven
conventional radiosondes in the oasis region around the desert as the true values and analyze the
bias distribution characteristics of GIIRS/FY-4A ATPs with quality control (QC) flags 0 or 1 for this
region. In addition, a bias comparison is made with GIIRS/FY-4A ATPs, and the fifth generation
ECMWF atmospheric reanalysis of the global climate (ERA5) ATPs. The results show that (1) Missing
measurements in GIIRS/FY-4A ATPs are the most frequent in the near-surface layer, accounting for
more than 80% of all the retrieved grid points. The averaged total proportion of GIIRS/FY-4A ATPs
with QC marks 0 or 1 is about 33.06%. (2) The root mean square error (RMSE) of GIIRS/FY-4A ATPs is
less than 3 K, smaller than that of ERA5 ATPs. The RMSE of ERA5 ATPs can exceed 10 K in the desert
hinterland. The absolute mean biases of GIIRS/FY-4A ATPs and ERA5 ATPs are, respectively, smaller
than 3 K and 2 K, the former being slightly larger. The correlation coefficients of GIIRS/FY-4A ATPs
with ERA5 ATPs and RAOB ATPs are higher than 0.98 and 0.99, respectively, and the correlation
between GIIRS/FY-4A ATPs and RAOB ATPs is inferior to the latter. (3) The overall atmospheric
temperature retrieved by GIIRS/FY-4A is 0.08 K higher than the temperature of RAOB, on average,
while the overall temperature from ERA5 is 0.13 K lower than that of RAOB, indicating that the
temperature profile obtained by integrating GIIRS/FY-4A ATPs and ERA5 ATPs may be much closer
to RAOB ATPs. (4) The probability density of the GIIRS/FY-4A ATP biases in the TD region generally
follows the Gaussian distribution so that it can be effectively assimilated in the 3-D variational assim-
ilation modules. The probability density distribution characteristics of the GIIRS/FY-4A ATP biases
in the desert hinterland and oasis are not much different. However, due to the fusion analysis of the
relatively rich multi-source conventional observation data from the oasis stations, the probability
density of ERA5 ATPs biases at the oasis stations is nearer to Gaussian distribution than that of the
GIIRS/FY-4A ATPs. In the desert hinterland, where conventional observation is not enough, the
probability density distributions of the ATPs biases from ERA5 and GIIRS/FY-4A are alike. Therefore,
the GIIRS FY4A can contribute to a more accurate estimation of ERA5 ATPs in the TD region.
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1. Introduction

As one of the thermodynamic parameters of the atmosphere, atmospheric tempera-
ture plays an important role in improving numerical simulation prediction and climate
prediction [1]. In recent years, heavy rains in and around Taklimakan Desert (TD) have
become more frequent than ever before [2]. Accurate and timely weather forecasts are
crucial for people to respond disastrous weather because localized, severe storms with tens
of millimeters of rain in a matter of hours can cause flash floods or mudslides on the slopes
of the Tianshan and Kunlun Mountains near the Taklimakan Desert, and result in heavy
casualties and economic loss [3]. Atmospheric temperature profiles (ATPs) can help explain
the generation and development of extreme weather [4]. Since conventional meteorological
observations in TD and its adjacent areas are very limited [5], high-resolution satellite
remote sensing can effectively fill this gap of conventional observations in the region.

Satellite data occupy a large proportion of the Earth’s meteorological observations
and are widely used in the operation and research of Numerical Weather Prediction (NWP)
in the world [6–10]. Among satellite-based observation instruments, the infrared detector
makes a great contribution to the forecast [7–9]. In the vision of the Global Observation
System 2025, the World Meteorological Organization points out that the future global
observation system should have at least 6 geostationary satellites and 3 polar-orbiting
satellites. Both are to be equipped with an advanced hyperspectral infrared detector [11,12].

A hyperspectral infrared sounder has thousands of channels and high-spectral res-
olution, and it can accurately measure the vertical structure information of atmospheric
temperature and humidity [13]. The existing hyperspectral atmospheric infrared sounder
mainly includes (1) the Atmospheric Infrared Sounder (AIRS) mounted on the EOS-AQUA
of the United States [14], which has 2378 infrared sounding channels with a spectral range
of 650–2760 cm−1; (2) the Infrared Atmospheric Sounder Interferometer (IASI) mounted
on the MeTOP-A/B/C of Europe has 8461 infrared detection channels with a spectral
range of 645–2760 cm−1 [15]; and (3) the Cross-Track Infrared Sounder (CrIS) carried by the
Suomi-NPP of the United States has 1305 channels in the range of 650–2550 cm−1, divided
into three bands of long wave, medium wave and short wave, whose spectral ranges are
650–1095 cm−1, 1210–1750 cm−1 and 2155–2550 cm−1, respectively [16]. China has two
in-orbit infrared hyperspectral sounding instruments: One is the high-spectral-resolution
infrared atmospheric sounder (HIRAS) carried by the FY-3D, which contains 2275 channels.
The other one is the interferometric atmospheric vertical detector GIIRS carried by the
FY-4A satellite, carrying 1650 channels, and has two bands: long wave and medium wave,
whose spectral ranges are 700–1130 cm−1 and 1650–2250 cm−1, respectively [17]. Almost
all infrared instruments, except for GIIRS, are mounted on polar-orbiting satellites, and
they have been widely used in global and regional numerical weather forecasting models at
major operational centers. The assimilation of the measurements from infrared instruments
on polar-orbiting satellites has significantly improved short- and medium-term numerical
weather predictions [18–20]. Some other studies also found that the assimilating radiation
value of the water vapor absorption band of GIIRS/FY-4A in the convective-scale regional
model could adjust the horizontal and vertical distributions of water vapor in the model,
especially in the boundary layer, thus having a positive effect in predicting severe storms,
such as deep convection and tornadoes [21]. GIIRS mounted on geostationary satellites
can provide time-continuous atmospheric detection information with high spectral resolu-
tion, and has broad application prospects in the monitoring, warning and forecasting of
high-impact weather.

The accuracy of satellite data is the key factor in guaranteeing the smooth progress
of scientific research and operations [11]. Before the data is used, it is necessary to master
the retrieval accuracy of the data, in order to select the appropriate data for application.
Scholars from China and other countries have done some research on GIIRS/FY-4A radio-
metric correction and quality evaluation. A retrieval atmospheric parameter model was
established by using the artificial neural network method based on brightness temperature
data obtained through the forward calculation of the atmospheric radiative transfer model.
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It was found that the retrieval accuracy of the atmospheric temperature profile based on this
model was better in the troposphere than in the stratosphere. Furthermore, relative to the
temperature data of the Infrared Atmospheric Sounding Interferometer (IASI), the quality
of the GIIRS-retrieved temperature profile products below 500 hPa is better; however,
for altitudes above 500 hPa, it is still inferior to that of the IASI-retrieved products [22].
Through evaluating the accuracy of the GIIRS/FY-4A temperature and humidity retrievals
under conditions of cloudless and different cloud types by using global sounding data and
Sunflower-8 satellite cloud classification products, the RMSE of GIIRS/FY-4A retrievals
was found to be 2.1 K with clouds and 3.7 K without clouds. Different cloud types have
different influences on the GIIRS retrievals, so the influence of clouds on detector retrieval
should be considered when infrared detection is carried out [23]. The retrieval accuracy
of GIIRS/FY-4A ATPs was studied during the Shanghai typhoon season while relying on
the radiosonde data. The retrieval accuracy of the GIIRS/FY-4A ATPs was the highest
when there was no cloud, with RMSE being only 1.74 K. In addition, the retrieval effect
of the GIIRS/FY-4A ATPs in the middle and upper troposphere was closest to that of the
radiosonde data. GIIRS/FY4A can also monitor the development of disastrous weather and
the fine changes in atmospheric chemistry [24]. At present, most studies on GIIRS/FY-4A
focus on instrument performance [25–28] and channel selection [29], but there are few
studies on its applicability in desert regions. In this paper, the GIIRS/FY-4A ATPs were
compared with those of RAOBs, including seven routine sounding observations in oases
around the Taklimakan Desert and one from a field experiment in July 2021 in the center of
the desert [30]. The precision differences were also compared between the GIIRS/FY-4A
ATPs and ERA5 ATPs, as well as between the desert and oasis.

The chapter arrangement of this paper is as follows: Section 2 will briefly introduce
all kinds of observation data involved in this study and the authenticity test method of
the FY-4A GIIRS temperature profile. In Section 3, the bias characteristics of GIIRS/FY-4A
ATPs over TD are analyzed in detail. Conclusions are given in Section 4.

2. Materials and Methods
2.1. GIIRS/FY-4A ATPs

GIIRS/FY-4A detects infrared radiation in different spectral segments through a
Michelson interference spectroscopy, so as to obtain the vertical distribution of atmospheric
temperature and humidity, and to provide basic data for numerical weather prediction. At
present, the regional detection target of GIIRS is mainly clear sky, and the scanning zone
is mainly China (Figure 1). The working modes of GIIRS mainly include China region,
full disk, region, solar avoidance, calibration, and pointing modes, which can be flexibly
arranged according to ground commands [17]. GIIRS has time resolution 2 h and spatial
resolution 16 km, with 1650 channels in the spectral range. Multi-frequency observation
can be carried out in target weather. GIIRS/FY-4A ATPs are stored in a Netcdf format,
having 101 layers vertically from 0.005 to 1100 hPa. It contains latitude and longitude
information, pressure layer, temperature, and temperature QC and cloud detection data.
The GIIRS/FY-4A ATPs are processed by the retrieval algorithm based on the radiance data
from GIIRS onboard the FY-4A.

All the GIIRS/FY-4A ATPs’ data are divided into four categories: The measurements
with QC flag equal to 0 are regarded as perfect observations, i.e., this category of dataset
is the best; the measurements with QC flag equal to 1 are regarded as good observations,
i.e., this category of dataset is generally acceptable; QC flag 2 is “bad”, i.e., the data is poor;
QC flag 3 is labelled “Do not use”, i.e., the data is not available [23]. In this paper, invalid
values of the system and GIIRS data with QC of more than or equal to 2 are excluded
during the precision assessment.
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during 08:00–09:40 UTC on 31 July 2021. 
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the maximum percentage of the effective GIIRS/FY-4A ATPs out of all grid numbers in 
and around TD (black line in Figure2) is 96.11%, which appears above 100 hPa. It decreases 
with the altitude and reaches its minimum, 27.01%, near the ground. The unavailable 
ATPs take up the majority of all the GIIRS/FY-4A ATPs’ grid data within the target region, 
with the maximum percentage reaching 95.56% at the top of atmospheric layer. This high 
proportion decreases as the altitude decreases, with its minimum, 1.92%, near the land 
surface. Compared with the percentage profiles of effective retrievals and unavailable re-
trievals referred to above, the percentages of the bad, good and perfect retrievals are rather 
smaller, with their maxima being 24.89%, 14.59% and 49.12% above 200 hPa, their minima 
being equal to 0 near the ground, and their mean values being 11.38%, 6.24% and 26.32%, 
respectively. 

Figure 1. Spatial distribution of all GIIRS/FY-4A ATPs (a) and those with QC flags equal to 0 or 1
(b) during 08:00–09:40 UTC on 31 July 2021.

To quantitatively investigate the influence of the different QC steps upon the remaining
amount of the GIIRS/FY-4A ATPs in TD, the percentage of the GIIRS/FY-4A ATPs with
different QC flags are compared (Figure 2). After filtering out the system’s invalid values,
the maximum percentage of the effective GIIRS/FY-4A ATPs out of all grid numbers in and
around TD (black line in Figure 2) is 96.11%, which appears above 100 hPa. It decreases
with the altitude and reaches its minimum, 27.01%, near the ground. The unavailable
ATPs take up the majority of all the GIIRS/FY-4A ATPs’ grid data within the target region,
with the maximum percentage reaching 95.56% at the top of atmospheric layer. This high
proportion decreases as the altitude decreases, with its minimum, 1.92%, near the land
surface. Compared with the percentage profiles of effective retrievals and unavailable
retrievals referred to above, the percentages of the bad, good and perfect retrievals are
rather smaller, with their maxima being 24.89%, 14.59% and 49.12% above 200 hPa, their
minima being equal to 0 near the ground, and their mean values being 11.38%, 6.24% and
26.32%, respectively.
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for comparative analysis (Figure 3, Table 1). This RAOB data can display radar azimuth 
and elevation values, and have the ability to view temperature, pressure, humidity curves 
and spherical coordinate curves in seconds during the release process. The time of the 
conventional RAOB is confined to July 2017 to be consistent with the duration of the field 
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Figure 2. The monthly averaged percentage of GIIRS/FY-4A ATPs in July 2021 (black line) with
different QC flags out of all grid numbers in and around TD. The percentages of retrievals with
QC_Flag = 3, QC_Flag = 2, QC_Flag = 1, and QC_Flag = 0 are represented by the blue line, cyan line,
green line and red line, respectively.

Since only those GIIRS/FY-4A ATPs with QC flags equal to 0 or 1 are perfect or
good [30], this part of the measurements is then further used in the accuracy evaluation
of the GIIRS/FY-4A ATPs in TD. Further calculations show that the maximum percentage
of the GIIRS/FY-4A ATPs with QC flags equal to 0 or 1 out of all the grid numbers in
and around TD can reach up to 62.65% of all the retrieved grid points in the 101 layers on
average, with its mean percentage being 33.06% (Table 1). This indicates that more than
64% of the GIIRS/FY-4A ATPs cannot be used in the evaluation in this study. This part of
the GIIRS/FY-4A ATPs with QC flags equal to 2 or 3 has been filtered out due to their poor
quality, and the ATPs with QC flags equal to 0 and 1 are kept in all the following sections.
All the GIIRS/FY-4A ATPs referred to in the following parts represent those GIIRS/FY-4A
ATPs with QC flags equal to 0 or 1.

Table 1. Maxima, minima and mean percentage of GIIRS/FY-4A ATPs with different QC flags.

Percentage Available QC_Flag = 3 QC_Flag = 2 QC_Flag = 1 QC_Flag = 0 QC_Flag = 0 or 1

maxima 96.11% 95.56% 24.89% 14.59% 49.12% 62.65%
minima 27.01% 1.92% 0 0 0 0
mean 72.98% 46.16% 11.38% 6.24% 26.82% 33.06%

2.2. RAOB ATPs

In this study, sounding datasets from seven routine sounding stations in the oasis
around TD and a field experimental sounding station in the hinterland of TD are selected
for comparative analysis (Figure 3, Table 1). This RAOB data can display radar azimuth
and elevation values, and have the ability to view temperature, pressure, humidity curves
and spherical coordinate curves in seconds during the release process. The time of the
conventional RAOB is confined to July 2017 to be consistent with the duration of the field
experiment. All the height ranges of these RAOB ATPs are, from land surface to altitude,
over 25,000 m, on average. The vertical resolution of RAOB ATPs is 10 m.
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Figure 3. Spatial distribution of the RAOB stations in and around the Taklimakan Desert.

Figure 3 shows the geophysical distribution of the RAOB stations, among which the
field experimental sounding station (TZ) is situated in the hinterland of the Taklimakan
Desert. The experimental radiosonde is equipped with a GPS sounding system and ra-
diation detection system, which are to observe the meteorological elements such as air
temperature, humidity, air pressure, wind direction, wind speed, etc. [31].

The green triangles indicate the geolocations of the 8 RAOB stations, with their names
marked nearby. The names of TD (blue words), the Hetian River across TD (red words),
and the mountains around TD (black words) are also given in their proper positions in
this figure. As the topography and the land surface category are the two main influence
factors for the quality of retrievals from satellite radiance [6], the altitudes and the land-use
category of the eight selected RAOB stations are listed in Table 2, together with their exact
geographical locations. It can be seen from the table that the altitudes of the eight stations
are in the range of 888.3 m to 1409.3 m, of which the MF station has the highest topography,
followed by the HT station. As for the land-use category, only the TZ station is located at a
sheer desert site, while the three stations RQ, MF and HT are near a small-area oasis, and
the other four stations (KE, KC, AK and KS) are inside a large-area oasis around TD.

Table 2. Geolocation and altitudes of RAOB stations.

RAOB Stations Station ID Location Altitude (m) Land-Use Category

TZ 51747 (83.63◦E, 39.04◦N) 1099.0 desert
KE 51656 (86.13◦E, 41.75◦N) 931.5 oasis
KC 51644 (83.07◦E, 41.72◦N) 1081.9 oasis
AK 51628 (80.23◦E, 41.12◦N) 1103.8 oasis
KS 51709 (75.75◦E, 39.48◦N) 1288.7 oasis
HT 51828 (79.93◦E, 37.13◦N) 1374.5 oasis
MF 51839 (82.72◦E, 37.07◦N) 1409.3 oasis
RQ 51777 (88.18◦E, 39.01◦N) 888.3 Oasis (small square)

2.3. ERA5 ATPs

ERA5 is the fifth-generation European Centre for Medium-Range Weather Forecasts
(ECMWF) atmospheric reanalysis of the global climate. Reanalysis combines model data
with observations from across the world into a globally complete and consistent dataset.
ERA5 replaces its predecessor, the ERA-Interim reanalysis. ERA5 provides the reanalysis
data of 0.25-degree resolution per hour and 37 levels vertically; the pressure of these
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37 levels are 1 hPa, 2 hPa, 3 hPa, 5 hPa, 7 hPa, 10 hPa, 20 hPa, 30 hPa, 50 hPa, 70 hPa,
100 hPa, 125 hPa, 150 hPa, 175 hPa, 200 hPa, 225 hPa, 250 hPa, 300 hPa, 350 hPa, 400 hPa,
450 hPa, 500 hPa, 550 hPa, 600 hPa, 650 hPa, 700 hPa, 750 hPa, 775 hPa, 800 hPa, 825 hPa,
850 hPa, 875 hPa, 900 hPa, 925 hPa, 950 hPa, 975 hPa and 1000 hPa, respectively. Monthly
reanalysis data are also available. However, there is no daily reanalysis data, so if users
need daily reanalysis data, they need to download the hourly data for 24 h and then obtain
the daily mean value by calculation, which can be used as the daily ERA5 datasets. The
hourly ERA5 provides reanalysis values for each hour for over 56 reanalysis parameters,
and air temperature is one of them. The ERA5 ATPs used in this study are available
at https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?
tab=overview (accessed on 19 April 2022).

2.4. Methodology

In order to effectively and accurately evaluate the accuracy of the GIIRS ATPs in TD
(76.0–91.0◦E, 36.0–42.0◦N) (Figure 3), it is necessary to match the temporal and spatial
positions as well as the atmospheric vertical pressure layer of the data with that of the
RAOB ATPs. The GIIRS ATPs with the smallest time interval from RAOB ATPs are selected
for time matching, and the GIIRS ATPs with a horizontal distance within ±0.2◦ in latitude
and longitude is selected for spatial information matching. To accurately assess the data
quality of the GIIRS ATPs in the 101 barometric layers, the nearest neighbor point matching
method is adopted to interpolate the barometric information of the RAOB ATPs to the
101 barometric layers consistent with the GIIRS ATPs’ data. It is worth mentioning that
a lot of temperature data above 200 hPa are missing, and as the altitude of the selected
stations range from 888.3 m to 1409.3 m, 850 hPa is considered the lowest level of the Tarim
Basin where the TD is located, which is also necessary for a statistical comparison to grasp
the main feature of temperature there. Similarly, since the ERA5 ATPs have only 37 vertical
layers, the selected RAOB ATPs are also interpolated to the fixed 37 levels of the ERA5
ATPs to calculate the BIAS, RMSE and correlation between the ERA5 and RAOB ATPs.

The GIIRS/FY-4A ATPs are compared with the RAOB ATPs. Then the correlation
coefficient, RMSE and BIAS are computed to provide a quantitative explanation. The BIAS
here is defined as follows:

MB =
1
N ∑N

n=1( fr − rn) (1)

while that of RMSE is:

RMSE =

[
1
N ∑N

n=1

(
( fr − rn)

2
)] 1

2
(2)

where the r and n indicate the retrieval and sounding time, and fr and rn represent the
retrieved temperature and sounding temperature, respectively.

The correlation coefficients between the GIIRS/FY4A ATPs (or ERA5) and RAOB ATPs
are calculated using the following equation:

CORR =
∑n

i=1 (xi − x)(yi − y)√
∑n

i=1(xi − x)2
√

∑n
i=1(yi − y)2

(3)

where the r is for the ordinal number of the ATPs, xi and yi for the ATPs of GIIRS/FY4A
ATPs (or ERA5) and RAOB ATPs, x and y for the average of all xi and yi, respectively.

To further investigate the probability density distribution of the bias of both the ERA5
and GIIRS/FY-4A ATPs, the probability density histograms with Gaussian probability
density function (PDF) curves fitted for their bias over all the eight stations are calculated,
respectively. The Gaussian function used here is as follows:

y = y0 + A ∗ exp

(
−0.5 ∗

(
x− xc

w

)2
)

(4)

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=overview
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where the xc indicates the mean value of all the biases, w is the standard deviation, y0 is the
minimum value of y and A is the top value of the PDF curve, which is equal to xc

w
√

2π
.

To objectively judge whether the ERA5 ATPs and GIIRS/FY-4A ATPs follow the same
pattern of probability distribution as the RAOB ATPs, their quantile-quantile plots (QQ-
plot) are also given. The QQ-plot is a scatterplot that compares two sets of data, and it can
actually be used to compare any two data sets to check for a relationship. It works with
the data plotted from each data set on a different axis. If the distribution of the data is the
same, the result will be a straight line.

3. Results
3.1. Vertical Distribution Features of RAOB ATPs in TD

As shown in Figure 4, despite the different land-use category and topographic condi-
tions, the discrepancies among all the ATPs over these eight stations are not very obvious
in general. However, some minor differences are found in the lower atmospheric layers,
especially in the near-ground layers below 800 hPa.
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Figure 4. Monthly averaged atmospheric temperature profiles from RAOB for the eight stations in TD
in July 2021. The black, blue and red lines indicate the mean, minimum and maximum, respectively.
The station name of each subplot is given in the upper-right corner of each subplot.

First, the maximum air temperature appears at near-ground layers at all of the eight
stations, ranging from 36.7 ◦C at KC station to 45.0 ◦C at TZ station. A shallow thermal
inversion layer is formed below 30 m above surface height, and then the air temperature
decreases with the rising altitude, getting down to the minimum values near the altitude of
100 hPa. The minimum temperature ranges from−79 ◦C at KS station to−76.8 ◦C at KC sta-
tion. Then the temperature increases again until the top layer of the RAOB measurements.

Second, the land–surface conditions have some impact upon the RAOB temperature
measurements. For instance, a relatively higher temperature and the largest decreasing
rate could be detected in the layers below 800 hPa at TZ station, where the soil type of
its ground surface is sheer sand, and thus the actual maximum temperature in the near-
ground layers at noon are rather high. The maximum air temperature at TZ station is
approximately 45.0 ◦C at an altitude of 10 m, followed by that at RQ station, 41.5 ◦C. A
sharp decrease in temperature below 30 m in altitude could only be detected at TZ station,
and no similar phenomenon was presented by the RAOB ATPs at the other seven oasis
stations. Meanwhile, there is a relatively lower minimum atmospheric temperature at
altitude 10 m at KE station. The observation surroundings of KE are an oasis with abundant
plants relative to other stations. Such a phenomenon clearly indicates the effect of the
land–surface soil category on the near-ground temperature, but such an influence is rather
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limited at the altitude of the near-ground temperature, normally below the height of 30 m
in general. In addition, there is a sharp increasing tendency of a minimum air temperature
below 30 m at RQ station.

Finally, the changing ranges of air temperature in the lower troposphere below 700 hPa
are relatively larger than that in the higher layer above 700 hPa. The maximum biases
between the maximum and minimum temperatures at the eight stations all appear in
the near-ground layers, with their overall temperature peak bias 27.0 ◦C appearing at TZ
station, followed by 26.7 ◦C at RQ station, while the minimum temperature bias 21.6 ◦C
is seen at AK station. This indicates that the land-use category not only affects the air
temperature in the near-ground atmospheric layers, but also induces a discrepancy in
the variation range of temperature, and that the variation range of air temperature in the
near-ground layers in the hinterland of the TD desert is larger than that in the oasis region.

3.2. Vertical Distribution Features of ERA5 ATPs in TD

The vertical atmospheric thermodynamic structure presented by ERA5 is similar to
that of RAOB, but an obvious discrepancy in the temperature variation range still exists
between the two, especially in the lower troposphere (Figure 5). The ERA5 ATPs in all the
atmospheric layers from 0 hPa to 1000 hPa are showed in Figure 5. The ERA5 ATPs under
actual ground surface are to be removed according to the RAOB ATPs in the calculation
process of the mean bias (MB), RMSE and correlations in Sections 3.4 and 3.5, since the
lowest altitude of the RAOB ATPs is the real terrain height of each station.
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The station name of each subplot is given in the upper-right corner of each subplot.

The monthly averaged ERA5 ATPs in July 2021 for the eight stations in TD shows
that the maximum air temperature appears in the near-ground layers. Meanwhile, the
ERA5 ATPs fail to reflect the shallow temperature inversion layer below the 30 m altitude
presented in the RAOB ATPs. The minimum temperature appears near 100 hPa in the
ERA5 ATPs.

3.3. Vertical Distribution Features of GIIRS/FY-4A ATPs in TD

Relative to the RAOB ATPs, the ATP retrievals from GIIRS/FY-4A are rather different
(Figure 6). The overall variation tendency of air temperature from the GIIRS/FY-4A ATPs
with varying altitude is similar with that of the RAOB ATPs, but the variation amplitude of
the GIIRS/FY-4A ATPs is much larger, especially in the lower layers. The maximum air
temperature from the GIIRS/FY-4A ATPs ranges from 55.5 ◦C at RQ station to 39.0 ◦C at KE
station in the near-ground layers, while the minimum air temperature of the GIIRS/FY-4A
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ATPs alters from−61.9 ◦C at TZ station again to−58.0 ◦C at KE station around 100 hPa. Due
to the discrepancy in the topography of the eight RAOB stations, the effective GIIRS/FY-4A
comparison could only be conducted in the altitudes between 11 and 931 hPa, that is, from
level 11 to level 95 of the 101 layers in the retrieved atmospheric temperature profiles. At
931 hPa, the largest varying amplitude of temperature is 36.5 ◦C,at KC station, while the
smallest is 27.1 ◦C, at TZ station. From this level to the level with the air pressure around
200 hPa, almost all the smallest variation ranges appear over the TZ in the hinterland of TD
and the RQ, which is the oasis station with the relatively smallest oasis area. At 11 hPa, the
largest varying range is 28.8 ◦C, at TZ station, and the smallest is 6.2 ◦C, at KE station.
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Second, there is a relatively more obvious temperature inversion layer over stations
TZ, KE and RQ relative to the RAOB ATPs. Such an inversion only exists at the lowest
two layers, i.e., level 97 to level 96 of the GIIRS/FY-4A ATPs, with the air pressure varying
from 986.1 hPa to 958.6 hPa. The temperature inversion and its varying range seem to be
correlated to the air temperature rather than to the altitude above each individual station
in the temperature retrievals, which is not as reasonable as that from RAOB.

Furthermore, the largest decreasing rate of the maximum temperature (dotted red
lines in Figure 4) detected in the layers below 800 hPa at TZ station in RAOB cannot be seen
in the retrieved ATPs there (dotted red lines in Figure 6), and the maximum temperature
appears at RQ station instead of TZ station.

3.4. Biases and RMSE

To quantitatively analyze the discrepancy of the ATPs between RAOB and GIIRS/FY4A,
and further compare it with that of ERA5, the monthly averaged bias and RMSE of GI-
IRS/FY4A and ERA5 are calculated respectively (Figure 7).

The absolute values of mean biases of the ERA5 ATPs (Figure 7a) are generally smaller
than 2 K for all the eight stations. The maximum temperature appears near the ground.
Most of the mean bias values are less than 1 K in the middle layers between 800 hPa and
200 hPa. The monthly averaged RMSE of the ERA5 ATPs (Figure 7b) are generally within
3 K, except for that in the upper layers over KS station and that in the lower layers over RQ
station. The maximum RMSE is about 11 K near land surface at RQ station, and it is 8 K at
around 100 hPa at KS station.
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Compared with the ERA5 ATPs, the absolute values of the mean bias of the GIIRS/FY-
4A ATPs (Figure 7) are larger, but the RMSEs are smaller. Most of the biases of the
GIIRS/FY-4A ATPs are less than 3 K, and their RMSEs are smaller than 3 K. The maximum
bias and RMSE of the GIIRS/FY-4A ATPs both appear near the ground. It should be noted
that both of the maximum absolute values of the negative bias and the maximum RMSE
are at TZ station in the hinterland of TD, which implies that the land surface emissivity and
temperature of the sheer-desert underlying surface have a significantly negative impact on
the retrieval quality of the GIIRS/FY-4A ATPs.

In summary, the majority of the GIIRS/FY-4A ATPs with QC flags equal to 0 or 1 are
reliable in TD, with the most preferable performance at the TZ station in the TD hinterland
where the land–surface category is sheer desert, with the topography being relatively flatter
and far from the mountains around the TD.

3.5. Correlation

Having analyzed the biases and RMSEs of the GIIRS/FY-4A ATPs and ERA5 ATPs,
we further investigate their correlations with the RAOB ATPs in the entire observed atmo-
spheric layers.

Relative to the correlation coefficients between the ERA5 ATPs and RAOB ATPs
(Figure 8), the correlation coefficients between the GIIRS/FY-4A and RAOB ATPs (Figure 9)
are slightly smaller, except for that at RQ and KS stations. The correlation coefficient
between the ERA5 ATPs and RAOB ATPs at RQ station is 0.992 (Figure 8h), but the
correlation coefficient value increases to 0.9954 between the GIIRS/FY-4A ATPs and RAOB
ATPs (Figure 9h). This is because ERA5 severely underestimates the temperature in the
lower troposphere at RQ station, as shown in Figure 7a,b. The oasis area around RQ station
is small, surrounded by a large desert. Such a situation has been better considered in the
retrieval process of the GIIRS/FY-4A ATPs than in the construction of ERA5 reanalysis
data. Meanwhile, ERA5 also underestimates the air temperature in the upper troposphere
at KS station, which is indicated by the purple lines in Figure 7a,b. In addition, the largest
increment of correlation coefficients from GIIRS/FY-4A to ERA5 appears at HT and MF
stations, which means that the quality of the ERA5 ATPs is obviously better than the
GIIRS/FY-4A ATPs at these two stations, especially in the lower levels.
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All the correlation coefficients between the GIIRS/FY-4A ATPs and RAOB ATPs (Fig-
ure 9) for the eight stations have passed 0.98, indicating that the GIIRS/FY-4A ATPs are 
highly correlated with the RAOB ATPs, and thus are acceptable in the further possible use 

Figure 8. The scatterplots of ERA5 ATPs and RAOB ATPs. The station name of each subplot is given
in the upper-left corner of each subplot. The blue hollow circles stand for the air temperatures of
both ERA5 and RAOB ATPs, with their correlation coefficients (Corr in the plot) available in the
lower-right corner of each subplot. The red solid line is the function plot of y = x, which is plotted as
the reference to compare the temperatures of ERA5 and RAOB.

Remote Sens. 2023, 15, 2925 12 of 19 
 

 

small, surrounded by a large desert. Such a situation has been better considered in the 
retrieval process of the GIIRS/FY-4A ATPs than in the construction of ERA5 reanalysis 
data. Meanwhile, ERA5 also underestimates the air temperature in the upper troposphere 
at KS station, which is indicated by the purple lines in Figure 7a,b. In addition, the largest 
increment of correlation coefficients from GIIRS/FY-4A to ERA5 appears at HT and MF 
stations, which means that the quality of the ERA5 ATPs is obviously better than the 
GIIRS/FY-4A ATPs at these two stations, especially in the lower levels.  

 
Figure 8. The scatterplots of ERA5 ATPs and RAOB ATPs. The station name of each subplot is given 
in the upper-left corner of each subplot. The blue hollow circles stand for the air temperatures of 
both ERA5 and RAOB ATPs, with their correlation coefficients (Corr in the plot) available in the 
lower-right corner of each subplot. The red solid line is the function plot of y = x, which is plotted 
as the reference to compare the temperatures of ERA5 and RAOB. 

 
Figure 9. The scatterplots of GIIRS/FY-4A ATPs and RAOB ATPs. The station name of each subplot 
is given in the upper-left corner of each subplot. The blue hollow circles stand for the air tempera-
tures of both GIIRS/FY-4A and RAOB ATPs, with their correlation coefficients (Corr in the plot) 
available in the lower-right corner of each subplot. The red solid line is the function plot of y = x, 
which is plotted as the reference to compare the temperatures of GIIRS/FY-4A and RAOB. 

All the correlation coefficients between the GIIRS/FY-4A ATPs and RAOB ATPs (Fig-
ure 9) for the eight stations have passed 0.98, indicating that the GIIRS/FY-4A ATPs are 
highly correlated with the RAOB ATPs, and thus are acceptable in the further possible use 

Figure 9. The scatterplots of GIIRS/FY-4A ATPs and RAOB ATPs. The station name of each subplot is
given in the upper-left corner of each subplot. The blue hollow circles stand for the air temperatures
of both GIIRS/FY-4A and RAOB ATPs, with their correlation coefficients (Corr in the plot) available
in the lower-right corner of each subplot. The red solid line is the function plot of y = x, which is
plotted as the reference to compare the temperatures of GIIRS/FY-4A and RAOB.

All the correlation coefficients between the GIIRS/FY-4A ATPs and RAOB ATPs
(Figure 9) for the eight stations have passed 0.98, indicating that the GIIRS/FY-4A ATPs
are highly correlated with the RAOB ATPs, and thus are acceptable in the further possible
use of the GIIRS/FY-4A ATPs in synoptic diagnosis or data assimilation in Numerical
Weather Prediction (NWP). The largest correlation coefficient is found at HT station, while
the minimum is at MF station. Due to the similarity of the land-use category at TZ station
and RQ station, the correlation coefficients between the GIIRS/FY-4A ATPs and RAOB
ATPs at the two stations are smaller on the whole (Figure 8a,h). However, the GIIRS/FY-4A
ATPs and RAOB ATPs at TZ stations show a large difference in their correlation coefficient
in the lower layers with an air temperature higher than 20 ◦C, reflecting the impact of the
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sheer desert surface category on the retrieval quality of the GIIRS/FY-4A ATPs (Figure 9a).
Meanwhile, the great impact of topography on the retrieval process of the GIIRS/FY-4A
ATPs could also be seen from the relatively smaller correlation coefficient between the
GIIRS/FY-4A ATPs and RAOB ATPs at HT and MF stations, for the two stations are at the
southern slope of the Tianshan Mountains and the northern slope of the Kunlun Mountains,
where the terrain gradient is larger than that of the other six stations. (Figure 9f,h).

In order to judge whether the ERA5 ATPs and GIIRS/FY-4A ATPs follow the same
pattern of probability distribution with the RAOB ATPs, the Quantile-Quantile (QQ) plots
of them over the eight stations are provided below, with Figure 10 for the QQ plot between
the ERA5 ATPs and RAOB ATPs, and Figure 11 for the GIIRS/FY-4A and RAOB ATPs.
The air temperature from ERA5 is generally higher than the RAOB temperature, while the
FY4A-retrieved temperatures are generally lower than RAOB temperature. Meanwhile,
relative to the FY4A ATPs, the distribution of the ERA5 ATPs is more similar to that of
RAOB ATPs. The largest discrepancy between the GIIRS/FY-4A and RAOB ATPs appears
at MF station, while their smallest similarity is at RQ station.
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Figure 10. The QQ plots of ERA5 ATPs and RAOB ATPs at each selected station. The station name of
each subplot is given in the upper left corner of each subplot. The plus shaped blue point shows the
median value of both ERA5 and RAOB temperatures. The red solid line is the function plot of y = x,
which is plotted as the reference to compare the temperature of ERA5 and RAOB.

3.6. Probability Distribution Function (PDF) of ATP Biases

As is shown in Figure 12 and Table 3, there are three major discrepancies in bias PDF
between ERA5 and FY4A. The first one is the variation range of Xc. The Xc of the ERA5
bias PDF ranges from −0.429 to −0.016, and all of the biases of ERA5 are negative values,
with the average of their absolute values being 0.142. The Xc of GIIRS/FY-4A ATPs bias
PDF ranges from −0.645 to 0.478, and only four out of eight biases of GIIRS/FY-4A ATPs
are negative, with the average of their absolute values being 0.319, which is larger than that
of the ERA5 ATPs. The second difference lies in the maximum value of the PDF curves.
The maximum value of ERA5 bias PDF ranges from 29.888 to 73.726, and the average value
is 60.562; the A of the GIIRS/FY-4A ATPs bias PDF ranges from 22.068 to 36.179, with an
average of 30.134, much smaller than that of the ERA5 ATPs. Meanwhile, the maximum
value of the GIIRS/FY-4A ATPs bias PDF remains almost all the same at the eight stations,
but the peak value of the ERA5 ATPs bias PDF changes from the desert station (TZ) and
the small-area oasis station (RQ) to the other oasis stations. The top values of the ERA5
ATPs bias PDF at TZ and RQ stations are similar to that of the GIIRS/FY-4A ATPs bias PDF,
but much larger at the other six oasis stations. The third difference is that the Confidence of
Determination (COD) of the GIIRS/FY-4A ATPs bias PDF is slightly smaller than that of
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ERA5 generally. The mean COD of the GIIRS/FY-4A ATPs bias PDF is 0.986, and that of
ERA5 is 0.997.
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Figure 11. The QQ plots of GIIRS/FY-4A ATPs and RAOB ATPs at each selected station. The station
name of each sub-plot is given in the upper-left corner of each subplot. The plus shaped blue point
shows the median value of both GIIRS/FY-4A and RAOB temperatures. The red solid line is the
function plot of y = x, which is plotted as the reference to compare the temperature of GIIRS/FY-4A
and RAOB.

Remote Sens. 2023, 15, 2925 15 of 19 
 

 

 
Figure 12. Bias PDFs of ERA5 ATPs and GIIRS/FY-4A ATPs at each station, with atmospheric pres-
sure layer from 0 hPa to 1000 hPa. The station name of each subplot is given in the upper-left corner 
of each subplot. The red dashed lines stand for the PDF curves of ERA5 ATPs, and the blue solid 
lines stand for the PDF curves of GIIRS/FY4A ATPs. 

Table 3. Xc and COD of bias of both the ERA5 and GIIRS/FY-4A ATPs bias PDF at eight stations. 

 ERA5 FY4A 
 TZ KE KC AK KS HT MF RQ TZ KE KC AK KS HT MF RQ 

Xc −0.057 −0.295 −0.052 −0.086 −0.016 −0.117 −0.084 −0.429 −0.217 −0.645 −0.279 0.307  0.270 0.478  0.173 −0.184 
A 39.438 64.761 73.726 68.093 62.748 72.146 73.700 29.888 29.011 33.099 34.108 33.331 36.179 22.068 28.229 25.050 

COD 0.996 1.000 1.000  1.000 1.000 0.999 1.000  0.983 0.995  0.994 0.984 0.994  0.998 0.962  0.998 0.959  

The bias PDFs at all the eight stations are also compared among the lower (1000–700 
hPa), middle (700–200 hPa) and higher (200–0 hPa) layers (Figure 13). The values of Xc of 
the GIIRS/FY-4A ATPs bias PDF for the whole atmospheric layer, the upper layers above 
200 hPa, the middle layers and the lower layers below 700 hPa are 0.062 K, −0.08089 K, 
−0.50806 K and 0.28811 K, respectively; and, accordingly, the COD values are 0.99582, 
0.99063, 0.99827 and 0.98999, respectively. The PDF distribution of the GIIRS/FY-4A ATP 
bias values in the whole atmospheric layer is thus better than those in the lower, middle 
and higher layers. The values of Xc of the ERA5 ATPs bias PDF for the whole atmospheric 
layer, the upper layers, the middle layers and the lower layers are −0.11391 K, −0.20009 K, 
0.0743 K and −0.11391 K, respectively; and the COD values are 0.99947, 0.99958, 0.99924 
and 0.99947, respectively. Thus, the PDF distribution of the ERA5 ATP bias values in the 
lower troposphere are worse than those of the whole, middle and higher layers. 

Figure 12. Bias PDFs of ERA5 ATPs and GIIRS/FY-4A ATPs at each station, with atmospheric
pressure layer from 0 hPa to 1000 hPa. The station name of each subplot is given in the upper-left
corner of each subplot. The red dashed lines stand for the PDF curves of ERA5 ATPs, and the blue
solid lines stand for the PDF curves of GIIRS/FY4A ATPs.

Table 3. Xc and COD of bias of both the ERA5 and GIIRS/FY-4A ATPs bias PDF at eight stations.

ERA5 FY4A

TZ KE KC AK KS HT MF RQ TZ KE KC AK KS HT MF RQ

Xc −0.057 −0.295 −0.052 −0.086 −0.016 −0.117 −0.084 −0.429 −0.217 −0.645 −0.279 0.307 0.270 0.478 0.173 −0.184

A 39.438 64.761 73.726 68.093 62.748 72.146 73.700 29.888 29.011 33.099 34.108 33.331 36.179 22.068 28.229 25.050

COD 0.996 1.000 1.000 1.000 1.000 0.999 1.000 0.983 0.995 0.994 0.984 0.994 0.998 0.962 0.998 0.959
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The bias PDFs at all the eight stations are also compared among the lower (1000–700 hPa),
middle (700–200 hPa) and higher (200–0 hPa) layers (Figure 13). The values of Xc of the
GIIRS/FY-4A ATPs bias PDF for the whole atmospheric layer, the upper layers above
200 hPa, the middle layers and the lower layers below 700 hPa are 0.062 K, −0.08089 K,
−0.50806 K and 0.28811 K, respectively; and, accordingly, the COD values are 0.99582,
0.99063, 0.99827 and 0.98999, respectively. The PDF distribution of the GIIRS/FY-4A ATP
bias values in the whole atmospheric layer is thus better than those in the lower, middle
and higher layers. The values of Xc of the ERA5 ATPs bias PDF for the whole atmospheric
layer, the upper layers, the middle layers and the lower layers are −0.11391 K, −0.20009 K,
0.0743 K and −0.11391 K, respectively; and the COD values are 0.99947, 0.99958, 0.99924
and 0.99947, respectively. Thus, the PDF distribution of the ERA5 ATP bias values in the
lower troposphere are worse than those of the whole, middle and higher layers.
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Figure 13. Bias PDFs of ERA5 ATPS and GIIRS/FY-4A ATPS in different layers of all eight stations.
The subplot (a) indicates the PDF curves of both ERA5 ATPs and GIIRS/FY-4A ATPs at pressure
layers from 0 hPa to 1000 hPa, while (b) is for 0 to 200 hPa, (c) for 200 to 700 hPa, and (d) for 700 to
1000 hPa. The red dashed lines stand for the PDF curves of ERA5 ATPs, and the blue solid lines for
the PDF curves of GIIRS/FY4A ATPs.

Generally, almost all the PDF distributions of the GIIRS/FY-4A and ERA5 ATP biases
follow the Gaussian distribution. At the sheer desert station in the hinterland of TD and the
small-area oasis station RQ, the PDFs of the GIIRS/FY-4A and ERA5 ATPs bias are similar
to each other. Conventional observations are rather rare near TZ station in the hinterland
of the TD and RQ stations in small-area oases surrounded by a large desert, and the ERA5
ATPs thus do not perform better in these regions than the GIIRS/FY-4A ATPS. From this
perspective, the GIIRS/FY-4A ATPS are rather credible and valuable in filling the big gap
of conventional measurement in desert regions, and they could thus contribute to more
accurate estimates of ERA5 in the TD region.
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4. Conclusions

It is difficult to determine the exact vertical distribution situation of atmospheric
temperature based on limited conventional observations in the Taklimakan Desert (TD).
At present, the geostationary Interferometric Infrared Sounder (GIIRS) onboard the FY-
4A satellite can effectively eliminate this gap, and a bias analysis of the GIIRS/FY4A
ATPs should be the first step before its application in the local synoptic diagnosis or its
further assimilation in the regional NWP system. In this study, the ATPs from seven
conventional RAOB stations in an oasis region around TD and a field experimental RAOB
site in the hinterland of TD in July 2021 have been taken as the true values to quantitatively
validate the bias distribution characteristics of the GIIRS/FY-4A ATPs in TD. The bias
features of the ERA5 ATPs in the Taklimakan Desert have been analyzed synchronously
and also compared with the biases of the GIIRS/FY-4A ATPs for the purpose of objectively
evaluating the reliability of the GIIRS/FY-4A ATPs. The conclusions drawn from the
analysis are summarized as follows:

(1) The averaged percentage of the effective GIIRS/FY-4A temperature retrievals out of
all the grid numbers in and around TD is 71.94%. The maximum percentage of the
GIIRS/FY-4A ATPs with QC flags equal to 0 or 1 out of all the grid numbers in and
around TD can reach up to 62.65% of all the retrieved grid points in the 101 layers on
average, with its mean percentage being 33.06%.

(2) The RMSE of the GIIRS/FY-4A ATPs are generally smaller than that of the ERA5
ATPs, which are within 3 K and 11 K, respectively. The smallest bias and RMSE of the
GIIRS/FY-4A ATPs appear near the TZ station in the hinterland of TD.

(3) Relative to the correlation coefficients between the ERA5 ATPs and RAOB ATPs, the
correlation coefficients between the GIIRS/FY-4A ATPs and RAOB ATPs are slightly
smaller in general. Meanwhile, the air temperature from GIIRS/FY-4A is generally
higher than that from RAOB, while the air temperature from ERA5 is generally lower
than that from RAOB.

(4) Almost all the PDF distributions of the GIIRS/FY-4A and ERA5 ATPs bias obey a
nearly Gaussian distribution, with the latter better than the former in most of the oasis
stations. The bias PDF distributions of both the GIIRS/FY-4A ATPs and ERA5 ATPs
are more consistent with each other at the sheer desert or small-area oasis stations
than at the large-area oasis station.

Due to the time range of the experimental field measurements, the time period of
evaluation of the GIIRS/FY-4A ATPs is limited to July 2021. During this summer, the land
surface emissivity (LSE) is rather different from that during the winter. The discrepancy of
LSE in different seasons may induce differences in the retrieval quality of the GIIRS/FY-4A
ATPs. Therefore, the conclusions drawn in this study could only represent the situation
during the summer, rather than during any other seasons. The authors will evaluate the
precision of the GIIRS/FY-4A ATPs in the winter in the future once radiosonde observations
in the hinterland of TD are available. Meanwhile, with the discrepancy of temporal
and spatial resolution, the RAOB ATPs need to be interpolated to be consistent with the
GIIRS/FY-4A and ERA5 ATPs. Different interpolation methods would bring about minor
differences between the interpolation results, and this point is worthy of further research.
All in all, the results of this study can serve as a basis for the merging of the GIIRS/FY-4A
ATPs and ERA5 ATPs in desert regions so as to recognize the real atmospheric structure for
synoptic analysis or weather prediction.
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