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Abstract: Although ground-based precipitable water vapor (PWV) can be obtained with a high
temporal resolution and spatial resolution of tens of kilometers in an urban area using Global
Navigation Satellite System (GNSS) observation, it remains fairly sparse in the vast regions over
Mainland China. Satellite-derived PWV has a high spatial resolution, thereby enabling the accurate
investigation of regional climate change. However, understanding the quality of satellite-derived
PWYV products is a prerequisite before use, which has become the focus of this study. PWV products,
namely, MODO05_L2 and MYDO05_L2, over the entirety of Mainland China derived from MODerate
Resolution Imaging Spectroradiometer (MODIS) onboard Terra and Aqua satellites are validated over
the period 2000-2017 using multiple sources, including GNSS, radiosonde, AErosol RObotic NETwork
(AERONET), and European Center for Medium-Range Weather Forecasts ERA-Interim (ECMWFE).
The accuracy of MODIS PWYV products is less than 4.3 mm over the entirety of Mainland China;
however, it varies in four areas of South China (SC), North China (NC), Northwest China (NWC),
and Tibetan Plateau (TP), separately with values ranging from 3 mm to 6 mm. A linear fit model is
applied to calibrate the MODIS PWV products, and the accuracies of the corrected PWV from MODIS
infrared (IR) and near-infrared (NIR) products have been improved by approximately 7.5% and
50.6%, respectively. The MODIS PWYV is compared and calibrated in the four areas, and the improved
accuracies vary widely. The root mean square error (RMSE) of IR PWYV is approximately less than
4 mm over China except for the SC area with a value of approximately 5.3 mm after calibration,
whereas the values of NIR PWV are approximately 2 mm over the entirety of Mainland China, except
for the TP area, with a value of approximately 2.6 mm. The MODIS NIR PWV performs better than
that of IR PWYV data in most areas of Mainland China regardless of whether with calibration. The
validation and calibration of MODIS water vapor products over Mainland China also indicate their
capability to investigate the seasonal and annual variations as well as long-term trend changes in
water vapor in China.
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1. Introduction

Atmospheric water vapor is a major component in the troposphere, which has influ-
enced the energy budget, hydrological cycle, climate change at global/regional scales, and
the development of weather fronts [1-3]. Its radiative effects may intensify the response of
climate and cause further global warming [4,5]. The long-term trend of PWV has a positive
relationship with the variations in precipitation and atmospheric temperature [6]. Fur-
thermore, water vapor plays a crucial role in obtaining surface temperature using satellite
data [7], and an evident positive relationship existed between water vapor and surface
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temperature. Improved knowledge of variations in the transport of atmospheric water
vapor is important for weather forecasting [8].

Precipitable water vapor (PWV) is a measurable parameter that mainly comprises
tropospheric and stratospheric water vapor, which is generally used to investigate water
vapor changes and their contribution to climate change [9]. PWYV is the total atmospheric
water vapor content integrated along a column of the unit area [10], which varies greatly in
space and time. At present, PWV can be obtained from various techniques. The radiosonde
is one of the most common techniques for PWYV retrieval, and it has the longest recordings;
the technique has been used for over half a century [11]. Radiosonde-derived PWYV is
often considered a reference for validating the quality of other measuring techniques
because of its high accuracy [12,13]. However, its limitations, such as low temporal-spatial
resolution, high costs, and uncontrollable balloon, hinder its usability to conduct water
vapor monitoring over large regions [11,14]. Furthermore, the inhomogeneity problem
induced by the changes in processing and calibration strategies, measurable practice,
variant equipment types, or other issues also exist and are difficult to handle [6].

In addition to the widest applications of positioning, navigation, and timing (PNT), the
Global Navigation Satellite System (GNSS) has become a useful and convenient approach to
PWYV retrieval [15], and the accuracy of the derived PWV is approximately 1-2 mm [16]. The
GNSS technique has elicited considerable attention in retrieving atmospheric water vapor
because of its high level of accuracy, high temporal resolution, low cost, and all-weather
measurements [17]. Therefore, GNSS-derived PWYV is generally regarded as a reference
to validate the PWV obtained from satellite-based observation. In addition, the high
temporal resolution of GPS-derived PWV enables the investigation of the short-term span
and nowcasting analysis, such as the diurnal variation and precipitation forecasting [17-20].
Some uncertainties and modeling errors related to the mapping function have a combined
uncertainty of GPS-derived PWV at 5-7% [15,21,22]. Although GNSS-derived PWYV has
many advantages, the ground-based measurements remain coarse, especially for areas with
mountains and deserts over the west part of China.

In addition to GNSS and radiosonde, ground-based PWV can also be derived from
sun photometers [19]. This technique is conducted using a 940 nm wavelength of strong
water vapor absorption to estimate water vapor information [23,24]. PWYV can also be
derived from the AErosol RObotic NETwork (AERONET), which was founded by NASA
and includes more than 300 sun photometers globally. The modified Langley algorithm
has been applied to estimate the PWV value using the spectral transmission of solar
irradiance at 0.940 um [25]. Similar to the GNSS technique, AERONET sun photometers
can provide water vapor information with high accuracy and low maintenance cost in
real time [26,27]. Although AERONET-derived PWYV can also be used to monitor short-
term water vapor variations, its low spatial resolution limits its application. Furthermore,
PWYV can be obtained in a form of grid points from the reanalysis products of numerical
weather models; however, its accuracy is relatively low compared with the aforementioned
techniques.

China is an ideal place for the investigation of regional atmospheric water vapor
responses to global warming [28]. In China, influence factors, such as latitude, geographic
altitude, and monsoon (atmospheric circulation), all exist. In Ref. [29], the authors have
found that the PWV over China shows evident seasonal variations, which are mainly
caused by the influence of the East Asian monsoon. Over the past decades, China has
experienced a period of urban modernization, the transformation of people from rural to
urban, and industrialization. Furthermore, global warming, the abnormality of atmospheric
circulation, El Nifio, and the continuous precipitation have a considerable impact on the
atmospheric water vapor variation. Therefore, the investigation of water vapor variations
in China is crucial, especially in the southeastern coastal areas with dense populations, the
Tibetan Plateau (TP) with its high altitude, and the desert regions in the northeast of China.

Although many ground-based stations from GNSS, radiosonde, or AERONET have
been used with high accuracy and relative intensity in urban areas in China to obtain
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atmospheric water vapor, the spatial resolution of PWV is fairly sparse in the vast regions
over China, especially for areas in Southern Tibetan Plateau (TP) and the Himalayas
with few ground-based observations. Therefore, satellite remote sensing is an alternative
technique for deriving PWV distribution. As a more feasible monitoring technology,
satellite remote sensing techniques elicit high interest due to its capability to obtain spatial
distribution and variation of PWV on a large regional scale [10].

MODerate Resolution Imaging Spectroradiometer (MODIS) is one of the most widely
used sensors for water vapor monitoring and is onboard NASA’s Terra and Aqua space
platforms [10,30]. MODIS-derived PWYV can be available on a global scale with a high
spatial resolution (1 x 1 km for near-infrared (NIR) and 5 x 5 km for infrared (IR) PWV)
and low cost. Its evaluation has been investigated using ground-based PWV data on a
global scale [19,21,31]. In China, [32] validated MODIS PWV products using one year of
GPS observations and found an evident improvement after the correction of the MODIS
water vapor product over the TP. In Ref. [9], the authors compared the Terra and Aqua
MODIS PWYV over Southern Tibet using GPS-derived PWYV of 22 ground-based stations
for the period of January to October 2008. The result revealed that MODIS-derived PWV
tends to overestimate water vapor under clear-sky conditions with a root mean square error
(RMSE) from 2.1 to 3.2 mm. In Ref. [19], the authors validated the atmospheric water vapor
derived from MODO05 and MODO07 in Hong Kong using radiosonde data with correlation
coefficients both larger than 0.87. [11] validated the MODIS PWYV using 26 GPS stations in
China; however, such a number of stations is insufficiently far to represent the general result
in China. In Ref. [33], the authors found that the MODIS NIR PWYV product has a better
agreement than IR PWV when compared with the one-year radiosonde data of 83 stations
in China. In addition, the quality of PWV derived from the MODIS IR during nighttime is
superior to that obtained during the daytime. In Ref. [34], the authors have verified that
the MODIS PWYV products are underestimated in a dry area but overestimated in a moist
region using 3-year data when compared with the Atmospheric Infrared Sounder (AIRS).
In Ref. [35], the authors analyzed the variation of PWV over China using the MODIS NIR
PWYV product from 2011 to 2013, thereby revealing the clear geographic differences in water
vapor. In Ref. [25], the authors have analyzed the PWV in China, but only eight GPS and
five AERONET sites are selected to represent all of China, which is insufficient for the vast
regions of China in terms of the number of ground-based sites.

Although some studies have been conducted to validate the quality of MODIS PWV
over Mainland China, those studies remain at the stage of case studies for a specific
area or limited stations for a short time. Therefore, the quality of MODIS-derived PWV
products in Mainland China has not been well-investigated due to its vast region, varied
topography, and lack of valid and long-term reference datasets. Thus, this study validates
the accuracy of Terra and Aqua MODIS IR/NIR PWYV products for a time span of 2000 to
2017 over the entire Mainland China using multisource data, including GNSS, radiosonde,
AERONET, and European Center for Medium-Range Weather Forecasts (ECMWF) ERA-
Interim. Furthermore, a linear fit model is applied to calibrate a MODIS PWV product
with considerable improvement and apply for the analysis of seasonal and long-term PWV
variations. The validation and calibration of MODIS water vapor products are crucial in
using such products for the assimilation into the regional or global climate model and other
studies over China, which is helpful for enhancing the model’s capability to calculate the
radiative forcing and predict climate change.

2. Study Area and PWYV Datasets
2.1. Description of the Study Area

China is located in East Asia with areas from 18° N to 54° N in latitude and 73° E to
135° E in longitude; it has a territory of more than 9.7 million km? and a population of
1.339 billion [36]. PWV changes largely over Mainland China in space and time due to the
influence of diverse monsoons and the topography (mountains in the west and flat plains
in the east). Furthermore, the PWV over China shows an evident seasonal variation, which
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is mainly caused by the influence of the East Asian monsoon [29]. All the preceding factors
allow the investigation of regional atmospheric water responses to global warming.

In this study, Mainland China is divided into four areas, namely, North China (NC),
South China (SC), Northwest China (NWC), and Tibetan Plateau (TP). NC and SC are
divided based on the 0 °C isothermal lines and 800 mm annual rainfall. NC and NWC are
separated on the basis of non-monsoon and monsoon climate lines, as well as 400 mm an-
nual rainfall. TP is isolated because of the high altitudes and cold climate. Figure 1 presents
the four areas in Mainland China and the ground-based GNSS/radiosonde/ AERONET
stations used.
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Figure 1. Distributions of AERONET, Crustal Movement Observation Network of China (CMONOC),
and radiosonde stations used. The blue, magenta, and red lines denote the boundaries of the four
geographical areas.

2.2. PWYV Datasets

Four types of PWV datasets are obtained from 2000 to 2017 and used in this study. They
consist of 6 h homogenized radiosonde PWYV dataset [3], 6 h Integrated Global Radiosonde
Archive (IGRA) Ver. 2 radiosonde PWYV dataset, 6 h CMONOC PWYV dataset [37], 1-h
CMONOC PWYV dataset [38], 1 h AERONET PWYV dataset, 6 h ERA-Interim PWV dataset,
and 12 h MODIS IR and NIR PWYV products. The characteristics of these datasets are
summarized in Table 1. The radiosonde, AERONET, and CMONOC PWYV datasets are
available at ground-based stations over Mainland China, and 6 h ERA-Interim PWV data are
gridded onto a 0.125° x 0.125° grid point over Mainland China. Homogenized radiosonde
PWYV dataset, CMONOC PWYV dataset, and AERONET PWV dataset are used because they
have been validated with good performance and meet the requirement of this study.

CMONOC PWYV (2000-2015; [37]): The dataset consists of more than 260 ground-
based GNSS stations in China from the CMONOC over the period of 1999-2015. Two
phases are performed, that is, Phase I from 1999 to 2010 and Phase II from 2010 to the
present; approximately 27 and more than 260 ground-based GNSS stations are included
over China for two phases, respectively. Parameter ZTD is estimated using the PPP
technique with the Position And Navigation Data Analyst (PANDA) package [38], with
an accuracy comparable to the final ZTD product (~4 mm). Two key parameters, namely,
weighted mean temperature and surface air pressure, are used to convert ZTD to PWV;
these parameters have been retrieved from the synoptic station or ERA-Interim product and
validated with accuracies of 1.8 K and 0.7 hPa over China when compared to the radiosonde
data, respectively. The 6 h GNSS-derived PWYV is validated using the radiosonde data and
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ERA-Interim with an average RMSE of 0.75 mm, whereas the maximum and minimum
values are 1.10 mm and 0.55 mm, respectively.

Table 1. Characteristics of datasets used in this study.

. Selected . Spatial Weather
Name Time Span Points Temporal Resolution Coverage Limitation
. 00:00 UTC and Global Land
Radiosonde 2000-2010 110 12:00 UTC stations No
00:00 UTC and Global Land
3] 2011-2017 84 12:00 UTC stations No
Radiosonde ~ 1999-2015 259 Every 6 h, all day China Land No
stations
(IGRA Ver.2)  2011-2017 249 Every 1h, all day China Land No
stations
CMONOC 2000-2017 8 15 min during daytime ~ GlovaiLand - Clear sky and
stations rain-free
[37] 2011-2017 964 Every 6 h, all day 0.125° No
CMONOC 20002017 - Every day and night 5km Clear sky only
[39] 20002017 - Every day 1km Clear sky only

CMONOC PWV (2010-2017; [39]): This dataset only contains the stations that belong
to Phase II CMONOC, which has 249 fixed GNSS stations. ZTD is estimated using the
double-difference technique with the GAMIT/GLOBK (Ver. 10.4) software. The surface
pressure and weighted mean temperature are calculated using the layered ERA-Interim
products, and the average values of RMSE are 1.14 hPa and 1.24 K, respectively, when
compared to that of the radiosonde data. The 1 h GNSS-derived PWYV is obtained and
validated with the average RMSE of 1.3 mm and 1.38 mm over Mainland China when
compared to the ECMWE- and radiosonde-derived PWYV, respectively.

Homogenized radiosonde PWV (2000-2010; [39]): This dataset contains daily ra-
diosonde at standard pressure levels from January 1945 to the end of 2010. A new approach
is used to homogenize the historical recording of dewpoint depression (DPD) and humidity
(up to 100 hPa) of radiosonde data. Kolmogorov-Smirnov and penalized maximal F tests
are applied to detect the change in distributions and mean shifts of variant bins of DPD [40].
The homogenized data includes data on the surface and 15 standard pressure levels from
1000 hPa to 10 hPa. In addition, the homogenized PWYV values are provided in three
levels (surface-500 hPa, 500-300 hPa, and 300-100 hPa). The temporal resolutions of PWV
recordings are recorded twice daily, which is the same as the raw radiosonde data.

IGRA Ver. 2 radiosonde PWV (2011-2017): In addition to the homogenized radiosonde
PWYV data obtained from [39], the radiosonde recording over the period 2011-2017 from the
IGRA Ver. 2, which has been reformatted as a homogenized data format since March 2009,
is used. In comparison with Ver. 1, IGRA Ver. 2 includes additional radiosonde stations,
and the data of over 2000 stations can be used with the earliest recordings that began in
1905 to the present. Rigorous quality checks have been conducted, and only 0.61% of dry
bias exists in the PWV over 300 hPa. In this study, only the profiles of recordings that reach
up to at least 300 hPa are used as valid data [41].

AERONET PWYV (2000-2017): The 1 h PWYV values of eight stations derived from
AERONET with the time period of 2000-2017 are also used in this study. The three levels of
PWYV data provided by AERONET are raw data (Level 1.0), cloud-screened data (Level 1.5),
and cloud-screened and quality-assured data (Level 2.0; [26]), which can be obtained from
the AERONET website (https:/ /aeronet.gsfc.nasa.gov/)(accessed on 5 July 2021). In this
study, the PWV values derived from Level 2.0 products are selected, and Table 2 provides
the geographic information of the selected eight stations.
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Table 2. Geographic information of the AERONET stations used.

Station Latitude (deg.) Longitude (deg.) Height (m)
Beijing (BJ) 39.977 116.381 92.0
Xianghe (XH) 39.754 116.962 36.0
Hongkong (HK) 22.303 114.180 30.0
Taihu (TH) 31.421 120.215 20.0
Sacol (SA) 35.946 104.137 1965.8
Xinglong (XL) 40.396 117.578 899.0
Nam (NA) 30.773 90.962 4746.0
Qoms (QO) 28.365 86.948 4276.0

ERA-Interim PWV (2011-2017): The ECMWF is an independent international organiza-
tion, which was founded in 1975 and constituted by 34 countries. ECMWF provides global
forecasts, climate reanalysis, and specific datasets; two types of reanalysis data, namely,
ERA-15 and -40, are mainly provided. The ERA-Interim project was initiated in 2006 to
bridge ECMWEF’s previous reanalysis and ERA-40 (1957-2002), which is a reanalysis of the
global atmosphere covering the data-rich period since 1979 and continuing in real time. The
temporal-spatial resolutions are recorded four times daily and 0.125° x 0.125°, respectively.
In this study, the layered reanalysis products (37 layers), which include specific humidity;,
pressure, and temperature, from 1000 hPa to 1 hPa are used to calculate PWV in China,
and the corresponding formulas can be referred to [38]. Approximately 2.1 mm of PWV
accuracy of ERA-Interim with negligible Biases in China was proven by Ref. [42] using
more than 260 GNSS stations; however, the atmospheric water vapor seems overestimated
by ERA-Interim over the TP.

MODIS PWV (2000-2017): As the first space instrument to adopt NIR bands equipped
with IR bands to sense the atmospheric water vapor [31], MODIS provides the NIR PWV
(daytime) and IR PW (day and night) products with a temporal resolution of two and
four times, respectively, each day for one location [34]. MODIS is onboard the Aqua and
Terra satellites, which were launched in 2002 and 1999, respectively. These satellites are
synchronous and undergo one location each day at 13:30 local time (LCT) in ascending
node and 10:30 in descending node. MODIS Level 2 PWYV products of Collection 61 from
Aqua (MYDO05_L2) and Terra (MODO05_L2) are obtained ata 1 x 1km and 5 x 5 km spatial
resolution using the NIR and IR algorithm [31].

IR-derived PWYV is generated as one component of the atmospheric profile product
(MYD07/MODQ7) and simply added to MYD05/MODO05 for convenience. Three water
vapor-absorbing channels (i.e., bands 17, 18, and 19) and two atmospheric window channels
(i.e., bands 2 and 5) are used to determine the amount of column water vapor. The obtained
MODIS PWYV has errors usually in the range between 5% and 10% due to the uncertainties
in atmospheric profiles and spectral responses, the influence of haze, and surface spectral
calibration [30,43-45]. Given that the atmospheric water vapor derived from MODIS is
vulnerable to the influence of clouds in the field of view, only PWYV values derived from
Terra and Aqua MODIS under clear-sky conditions are used in this study. Pixels with 99%
confidence clarity are determined using the cloud mask product.

3. Validation of MODIS PWV

The temporal-spatial misregistration of PWV data between MODIS and other tech-
niques is an important problem that affects the comparison result. Therefore, in this study,
the MODIS PWYV products are averaged over the grids centered on the location of GNSS,
radiosonde, AERONET stations, or ERA-Interim grid points to overcome the misregistra-
tion issue. The resolution of MODIS MODO05 (MYDO05) NIR and IR PWYV data are 1 km
and 5 km, respectively. Therefore, 9 x 9 and 4 X 4 grids are determined for the average,
which indicates the spatial resolution of 9 km and 20 km for two conditions, respectively.
In Ref. [44], the authors also declared that at least five grid points existed in the selected
range, which is also adopted in the experiment of the present study. In addition to spatial
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matching, temporal misregistration is also considered. In Ref. [8] and Ref. [25], the authors
selected the time difference of 30 min for the matched pair of MODIS and GNSS PWYV data,
which is relatively large because the water vapor changed dramatically in a short time,
especially during the precipitation period [21]. Therefore, the time difference is decreased
to 15 min between the MODIS and AERONET/CMONOC PWYV [39] to reduce the PWV
error caused by time misregistration.

3.1. Comparison of MODIS and Radiosonde PWV

Terra passes China at approximately 10:00-11:00 and 22:00-23:00 LCT each day,
whereas Aqua passes China at approximately 01:00-02:00 and 13:00-14:00 LCT [10]; mean-
while, the radiosondes are generally launched twice daily at 08:00 and 20:00 LCT. Obtaining
the exactly temporal collocated radiosonde values with Terra- and Aqua-derived PWV
values is impossible. Therefore, the time difference of PWV data between radiosonde and
MODIS is limited within £4 h according to the previous study [33].

The PWYV values of 117 homogenized radiosonde stations derived from [40] is used
to validate the MODIS PWYV products over Mainland China. The RMSE and Bias for each
paired point are calculated to obtain the averaged RMSE and Bias of four areas, as shown
in Table 3. Figure 2 presents the scatterplots of the radiosonde-derived versus MODIS-
derived IR/NIR PWYV values. As shown in Table 3, the MODIS IR/NIR PWYV products
have significant regional differences over Mainland China, thereby further verifying the
reasonability of dividing China into four areas. A high correlation exists between MODIS
PWYV and radiosonde PWYV, especially for the NIR product with a maximum value of up to
approximately 0.95 (Figure 2). The largest PWV differences for MODIS IR and NIR PWV
products occur in the SC area, with RMSE of 7.00 mm and 5.84 mm, whereas the smallest
values are 2.54 mm and 2.60 mm in the TP area, respectively. As shown in Figure 2, the IR
PWYV products have been underestimated when the atmospheric water vapor is low and
overestimated when its value is large. The NIR PWV has a higher accuracy than IR PWV
when compared using radiosonde data but overestimates PWV with an average bias of
2.33 mm.
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Figure 2. Scatterplots of the radiosonde-derived versus MODIS-derived IR/NIR PWV values over
the period of 20002010 in the four areas in China, where (al-a4) are the comparison of MODIS IR
and radiosonde PWYV, and (b1-b4) are the comparison of MODIS NIR and radiosonde PWYV.
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Table 3. Statistical result of PWV differences between MODIS IR/NIR and radiosonde PWV

(unit: mm).
MODIS Area RMSE Bias
NC 4.56 0.50
SC 7.00 —0.13
IR PWV NWC 4.80 1.39
TP 2.54 —0.53
Mean 5.16 0.551
NC 3.86 1.56
SC 5.84 3.31
NIR PWV NWC 4.82 3.14
TP 2.60 1.26
Mean 4.60 2.33

3.2. Comparison of MODIS and AERONET PWV

AERONET PWYV data of eight stations with hourly temporal resolution over Mainland
China are used to validate the quality of MODIS PWV products. Table 4 shows the RMSE
and bias of PWV differences between AERONET- and MODIS-derived PWV from the
period of 2000 to 2017. Figure 3 shows the scatterplots of AERONET-derived versus
MODIS-derived PWYV for different areas over Mainland China.
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Figure 3. Scatterplots of the AERONET-derived versus MODIS-derived IR/NIR PWYV values over
the period of 2000-2010 in the four areas in China, where (al-b4) are the comparison of MODIS IR
and AERONET PWYV, and (c1-d4) are the comparison of MODIS NIR and AERONET PWV.
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Table 4. RMSE and bias of eight paired stations between AERONET- and MODIS-derived IR/NIR
PWYV over the period of 2000-2017.

MODIS IR MODIS NIR

Station : :
RMSE Bias RMSE Bias
Beijing (B]) 3.38 2.28 3.18 2.17
Xianghe (XH) 3.68 2.70 2.73 1.84
Hongkong (HK) 9.24 6.25 419 2.42
Taihu (TH) 5.97 3.68 6.19 4.45
Sacol (SA) 5.03 3.32 5.68 4.86
Xinglong (XL) 4.36 3.83 1.98 1.17
Nam (NA) 1.71 0.35 4.03 3.16
Qoms (QO) 0.92 —0.61 4.12 3.18

The MODIS-derived PWYV values agree well with AERONET PWYV data at eight
stations, with maximum and minimum RMSE /bias values of 9.24/6.25 mm in Hong Kong
Station and 0.92/—0.61 mm in Qoms Station for MODIS IR PWYV, respectively, whereas
the maximum and minimum values for NIR PWYV are 6.19/4.45 mm in Taihu Station
and 1.98/1.17 mm in Xinglong Station, respectively. Combining Figure 3 shows that the
maximum RMSE/Bias occurs at stations with high PWV values between 0 mm and 80 mm,
whereas the minimum RMSE /bias occur at stations only with low values ranging from
0 mm to 30 mm. In addition, the IR/NIR PWYV products are overestimated at most stations
when compared with the AERONET PWV.

3.3. Comparison of MODIS and GNSS PWV

The number of paired points is limited due to the relatively large temporal resolution
for 6 h CMONOC PWYV [37]. Therefore, the time difference of 1 h, which was also used
by [11], is selected for comparison between CMONOC PWYV [37] and MODIS PWV in
this section. Comparisons between MODIS IR/NIR PWV products and GNSS-derived
PWYV are shown in Figure 4, in which the PWV values obtained from Aqua and Terra
satellites are compared separately. Table 5 provides the statistical result of RMSE and bias
of PWV differences for Aqua and Terra satellites of IR/NIR PWV products over the period
2000-2015. From the table, MODIS IR/NIR PWYV products have a good agreement with
GNSS PWV values. The RMSE values of IR/NIR PWV products in each area are different
but have high coefficients of over 0.9, except for Aqua IR PWYV in areas of SC and TP. The
Aqua and Terra NIR PWYV products appear to have good quality, with high coefficients of
up to 0.95; however, these products show a unanimously positive bias when compared
with GNSS-derived PWV.

Table 5. Comparison results between Aqua/Terra MODIS PWV products and GNSS PWYV [39] in the
four areas over Mainland China during the period of 2000-2015 (unit: mm).

MODIS Area RMSE Bias MODIS Area RMSE Bias
NC 4.09 1.31 NC 3.21 2.27

SC 5.51 0.77 SC 4.23 3.10

Aqua-IR NWC 3.54 1.48 Aqua-NIR NWC 3.37 2.75
TP 2.62 0.08 TP 2.86 2.16

Mean 4.39 1.07 Mean 3.58 2.64

NC 2.62 —0.09 NC 3.71 3.01

SC 3.12 —0.51 SC 3.09 2.14

Terra-IR NWC 291 0.42 Terra-NIR NWC 391 3.26
P 1.86 —0.11 TP 3.21 2.51

Mean 2.63 0.18 Mean 3.61 291
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Figure 4. Scatterplots of GNSS-derived versus MODIS-derived IR/NIR PWV values over the period
of 2000-2015 in the four areas in China, where (al-b4) are the comparison of MODIS IR and GNSS
PWYV, and (c1-d4) are the comparison of MODIS NIR and GNSS PWV.

In comparison with the statistical results from radiosonde data, a relatively small
RMSE /bias and higher R2 are observed between MODS PWYV products and GNSS PWV
data in the four areas. This result is reasonable because the time difference between
CMONOC PWYV [37] and MODIS PWYV is 1 h, whereas the value is 4 h between the ra-
diosonde and MODIS comparison. The atmospheric water vapor is continuously changing,
and the PWV can be sharply increased or decreased especially during the precipitation
period [21]; therefore, the large time difference will affect the validated result of MODIS
PWYV products. Furthermore, the relatively large PWV discrepancies of MODIS-derived
PWYV compared with GPS/radiosonde are possibly caused by the various physical method-
ologies for the three techniques. The MODIS PWYV has instantaneous values using the
scanned MODIS mirror (also referred to as a scan line), which requires only 1.447 s [16].
GPS-derived observations have certain intervals (e.g., 1, 15, or 30 s), and PWV is col-
lected from the inverted dome above the selected elevation angle (e.g., 7°, 10°, or 15°).
Radiosonde data are observed along the flight trajectory of the sounding balloon; therefore,
the radiosonde-derived PWV has integration values that will be affected by the horizontal
drift occasionally.

4. Calibration and Application of MODIS PWV

As presented in Section 3, extensive comparisons in specific points between MODIS
and AERONET and in different areas among MODIS IR/NIR, radiosonde, and GNSS
illustrate the scale factors varying from 0.8 to 1.9, and a unanimously positive bias exists
between MODIS PWYV products and different referenced PWV data, especially for the
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MODIS NIR PWYV products. This phenomenon indicates that MODIS PWV products are
possibly calibrated, which was conducted by [16,46] and [9] using a linear model. Therefore,
the MODIS-derived PWV products over China should be calibrated before use for seasonal
and long-term analysis.

4.1. Calibration of MODIS PWV Using Radiosonde Data

The radiosonde PWV data of 84 stations derived from IGRA Ver. 2.0 over the period
of 2011-2017 is used to calibrate the MODIS PWV product at those points using the linear
fit model proposed by [7]. Table 6 shows the comparison results between MODIS and
radiosonde with and without calibration, and Figure 5 provides the scatterplots in the four
areas over Mainland China. Although the slope and intercept of PWV between calibrated
MODIS IR and radiosonde have been decreased, the RMSE and bias of PWYV differences
between calibrated MODIS IR and radiosonde are not improved, which is expected in
NC and SC areas. This finding may be caused by the poor quality of MODIS IR PWV
and the calibration method does not work well in areas with large errors. Another reason
is misregistration, especially in respect of time (4 h of time difference). By contrast, the
calibrated result seems to work well for MODIS NIR PWYV, and the positive bias has been
decreased to approximately 0. As shown in Figure 5, although the slopes and intercepts of
calibrated NIR PWYV in the four areas have been close to 1 and 0, respectively, the coefficients
in NC and NWC areas have decreased. These results indicate the large difference between
MODIS and radiosonde PWYV, which corrupts the calibrated result.
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Figure 5. Scatterplots of the MODIS-derived IR/NIR PWYV values with and without calibration over
the period of 2011-2017 in the four areas in China, where (al-b4, c1-c4) are the comparison of MODIS
IR/NIR and GNSS PWYV, and (b1-b4,d1-d4) are the comparison of calibrated MODIS IR/NIR and
GNSS PWV.
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Table 6. Statistical result of MODIS PWV with and without calibration over the period of 2011-2017
in the four areas of China (unit: mm).

MODIS Area RMSE RMSE (Cal.) Bias Bias (Cal.)
NC 4.47 4.70 0.32 0.38
SC 6.48 6.58 —0.85 0.41
IR PWV NWC 3.88 3.30 0.56 0.04
TP 2.20 2.10 —0.91 —0.03
Mean 4.59 4.48 0.04 0.20
NC 4.26 2.81 2..38 —0.10
SC 5.87 3.46 3.88 —0.14
NIR PWV NWC 441 2.29 3.01 —-0.17
TP 2.55 1.50 1.60 —0.08
Mean 4.59 2.70 2.87 —0.13

4.2. Calibration of MODIS PWV Using GNSS Data

To remove the influence of time difference on the calibrated MODIS PWV product,
the 1 h GNSS PWV of 249 stations derived from [38] over the period of 20112017 is used
with a time difference of 15 min. Furthermore, the Aqua and Terra satellites have been
compared separately to evaluate the PWV quality of each satellite. Table 7 provides the
comparison result of MODIS PWYV products and GNSS PWYV, and Figures 6 and 7 show the
scatterplots of PWV with and without calibration.
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Figure 6. Scatterplots of the MODIS-derived IR PWV values with and without calibration over
the period of 2011-2017 in the four areas in China, where (al-b4, c1-c4) are the comparison of
Aqua/Terra IR and GNSS PWYV, and (b1-b4,d1-d4) are the comparison of calibrated Aqua/Terra IR

and GNSS PWV.
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Figure 7. Scatterplots of the MODIS-derived NIR PWV values with and without calibration over the
period 2011-2017 in the four areas in China, where (al-b4, c1-c4) are the comparison of Aqua/Terra
NIR and GNSS PWYV, and (b1-b4, d1-d4) are the comparison of calibrated Aqua/Terra NIR and
GNSS PWV.

A similar result can be concluded from Table 7 that the accuracy of the calibrated
Aqua and Terra MODIS NIR has been improved. The RMSE of calibrated MODIS IR
PWV is also decreased in NC and SC areas when compared with that without calibration,
which is different from the result concluded from the comparison between MODIS IR
and radiosonde PWV. This finding indicates that the large time difference between the
compared paired PWV data is the main reason for the poor result of MODIS IR PWV after
calibration using radiosonde data. The average improved percentage for NIR PWYV is
50.6%, whereas that for IR PWYV is approximately 7.5%, which indicates the effectiveness
of the linear fit model, especially for NIR PWYV. Furthermore, the large positive bias of
MODIS NIR PWYV has been remarkably calibrated with the linear fit model. Combining
Figures 6 and 7 indicate that the accuracy of Terra and Aqua IR/NIR PWV products is
comparable; however, the quality of the NIR PWYV product is better than that of the IR
PWYV product. Nevertheless, some large PWV differences exist for the calibrated result of
MODIS IR/NIR PWYV in the TP area with an average altitude that exceeds 3 km, which
indicates the poorly calibrated effect of the linear fit model in this area. In Ref. [9], the
authors proved that the calibrated result of MODIS PWV products over Southern Tibet
with an altitude of GPS sites larger than 3 km is relatively poor, which is consistent with
the result in this study.
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Table 7. Statistical result of RMSE and bias derived from MODIS IR/NIR PWYV products with and
without calibration using GNSS PWYV derived from [39], where Per. refers to the improved percentage
of RMSE after calibration.

MODIS Area RMS RMS (Cal.) Per. Bias Bias (Cal.)

NC 4.50 4.15 7.78 1.04 0.10
SC 5.80 5.51 5.00 0.41 0.24
Aqua-IR NWC 4.40 3.53 19.77 1.29 0.02
TP 2.92 2.86 2.05 —0.84 0.19
mean 4.62 4.18 9.52 0.66 0.10
NC 3.68 3.51 4.62 -0.19 0.14
SC 4.78 4.52 5.44 —1.00 0.22
Terra-IR NWC 3.73 3.11 16.62 0.51 0.04
TP 2.48 2.20 11.29 —0.83 0.03
mean 3.81 3.48 8.66 —0.26 0.11
NC 4.13 3.97 3.87 0.39 0.12
SC 5.45 5.26 3.49 —0.50 0.21
MODIS IR NWC 4.08 3.36 17.65 0.90 0.03
TP 2.72 2.54 6.62 —0.86 0.09
mean 4.29 3.97 7.46 0.13 0.10
NC 3.65 1.72 52.88 2.09 0.02

SC 4.61 2.12 54.01 3.01 -0.10

Aqua-NIR NWC 4.53 1.94 57.17 3.41 -0.15
TP 3.12 2.90 7.05 1.66 0.20

mean 4.07 2.17 46.68 2.60 —0.02
NC 3.82 1.63 57.33 2.01 0.14
SC 5.21 1.95 62.57 3.49 0.03

Terra-NIR NWC 4.57 1.83 59.96 3.44 —-0.14
TP 3.13 241 23.00 1.36 0.12
mean 4.25 1.96 53.88 2.59 0.01
NC 3.73 1.69 54.69 2.04 0.07

SC 4.90 2.09 57.35 3.20 —0.06

MODIS NIR NWC 4.56 1.89 58.55 3.45 —-0.15
TP 3.08 2.56 16.88 1.49 0.14

mean 4.15 2.05 50.60 2.58 —0.01

To better understand the accuracy distributions of calibrated MODIS PWYV products
over the GNSS stations, Figures 8 and 9 illustrate the RMSE and bias distributions of
MODIS IR/NIR PWV products with and without calibration in the four areas of Mainland
China. The quality of the calibrated MODIS PWV products at the GNSS sites has been
improved, especially for the NIR PWYV in areas of SC, NC, and NWC. For the TP area, a
limited improvement of RMSE values of IR PWV is shown in Figure 8§, whereas the values
of bias have been decreased largely. In comparison with the GNSS PWV data, MODIS
NIR PWV is overestimated over nearly the entire Mainland China, whereas the IR PWV is
underestimated over the southeast of China and TP areas.
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Figure 8. RMSE distribution of paired stations between MODIS and GNSS over the period of
2011-2017, where the first row (al,a2) is the RMSE of MODIS IR/NIR PWV without calibration, and
the second row (b1,b2) is the values with calibration using GNSS PWYV.
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Figure 9. Bias distribution of paired stations between MODIS and GNSS over the period of 2011-2017,
where the first row (al,a2) represents the Bias of MODIS IR /NIR PWYV without calibration and the
second row (b1,b2) denotes the values with calibration using GNSS PWV.
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4.3. Calibration of MODIS PWV Using ERA-Interim Product

To evaluate further the quality of MODIS PWYV products with and without calibration
in a higher spatial resolution, the PWV values at grids with the temporal-spatial resolutions
of four times (i.e., UTC 00, 06, 12, and 18) daily and 1° x 1°, respectively, are derived from
the ECMWEF ERA-Interim reanalysis product. Table 8 provides the statistical result of
RMSE, bias, and coefficient (R) of the MODIS PWYV product with and without calibration
for 964 grid points over Mainland China in the period 2011-2017. The R in the TP area is
decreased after the calibration of MODIS IR/NIR PWYV, except for some similar conclusions
previously obtained. In addition, the RMSE of MODIS PWYV is slightly large in the com-
parison with ERA-Interim than that of the comparison with GNSS PWYV derived from [37]
and [38]. The reason for this result is because the PWV value derived from ERA-Interim is
the reanalyzed data of the numerical weather model, and its accuracy is relatively poorer
than the GNSS-derived PWYV, especially for areas without adequate assimilated ground-
and space-based meteorological data.

Table 8. Statistical results of MODIS IR/NIR PWV products with and without calibration for 964 grid
points over the period 2011-2017.

MODIS Area RMS RMS (Cal.) Bias Bias (Cal.) R2 R2 (Cal.)

NC 4.14 3.57 0.27 —0.01 0.9250 0.9453

SC 7.65 6.44 2.04 0.19 0.8950 0.9239

IR PWV NWC 3.84 3.49 —0.51 0.01 0.8999 0.9142
P 4.38 3.68 —3.42 -0.29 0.8195 0.7911

mean 4.59 3.97 —0.51 -0.03 0.9240 0.9378

NC 3.47 1.69 1.03 —0.01 0.9663 0.9858

sC 5.85 2.73 2.92 —0.07 0.9619 0.9827

NIR PWV NWC 2.84 2.14 0.77 —0.02 0.9472 0.9626
TP 3.93 4.14 —2.57 1.12 0.8281 0.8163

mean 3.58 2.82 0.11 0.28 0.9489 0.9557

Figures 10 and 11 show the distributions of RMSE and Bias of MODIS IR/NIR PWV
products with and without calibration, respectively. Here, the grid points over the TP
area are not calibrated for the following reasons: (1) the variation of relatively small PWV
differences between MODIS ERA-Interim PWYV will lead to a relatively large slope due
to the small PWV value over the TP area (average value of 6 mm), thereby leading to a
poorly calibrated result; and (2) the RMSE of uncalibrated MODIS PWYV products in TP area
is less than 3 mm and approximately 3 mm for MODIS NIR and NIR PWYV, respectively,
when compared with the GNSS PWV [38], which is sufficient for some meteorological
studies. The PWYV threshold accuracy of 5 mm has been set for global numerical weather
prediction (NWP) models based on the World Meteorological Organization (WMO; WMO
Observing requirements database, http:/ /www.wmo-sat.info/db/ (accessed on 10 August
2021)); [46]), and it is especially important in climate modeling for PWV < 3 mm [47]. As
shown in Figures 10 and 11, the calibrated result of the MODIS PWV product is good, espe-
cially for SC with adequate atmospheric water vapor (average value of 24 mm). The bias
of MODIS PWYV products has been significantly decreased to approximately 0, especially
for the NIR product. In comparison with the RMSE and bias of IR/NIR PWV products,
except for the TP region, the quality of the NIR PWV product is better than that of IR PWV
regardless of calibration or without calibration.
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Figure 10. RMSE distribution of paired stations between MODIS and ERA-Interim over the period
2011-2017, where the first row (al,a2) is the bias of MODIS IR /NIR PWV without calibration, and

the second row (b1,b2) is the values with calibration using ERA-Interim PWV.
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Figure 11. Bias distribution of paired stations between MODIS and ERA-Interim over the period
2011-2017, where the first row (al,a2) is the bias of MODIS IR/NIR PWV without calibration, and

the second row (b1,b2) is the values with calibration using ERA-Interim PWV.
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Figure 12 shows the distributions of slope and intercept of the linear fit model to
calibrate the MODIS PWV over Mainland China. From the figure, the slope and intercept
of IR PWYV are more fluctuated with the values ranging from 0.8 mm to 1.2 mm and from
—6 mm to 6 mm, respectively; by contrast, the values of NIR PWYV are relatively stable,
which vary from 0.9 mm to 1.1 mm and 0.5 mm to 1.5 mm, respectively. The negative
intercepts of IR PWV change to positive values from southeast to the northwest of China;
however, the positive values of NIR PWV are distributed over Mainland China. Following
the characteristics of slow change in coefficients of the established linear fit model, the
slope and intercept at any location can be obtained by an interpolation method. Therefore,
the calibrated 5 x 5 km IR product with an accuracy of less than 4 mm in NC and NWC
and approximately 6 mm in SC can be obtained. Furthermore, the calibrated 1 x 1 km NIR
PWYV products with an accuracy of less than 3 mm can be obtained in Mainland China,
which is especially important for some regional climate studies over the region.

(a1) Slope (MODIS IR vs ECMWF) (a2) Slope (MODIS NIR vs ECMWF)
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Figure 12. Distributions of slope and intercept of the linear model established to calibrate the MODIS
PWYV products using ECMWF ERA-Interim PWV data, where the first row (al,a2) is the distribution
of slope, and the second row (b1,b2) refers to the distribution of intercept.

4.4. Analysis of Seasonal and Long-Term PWV Variations

In addition to the radiosonde and GNSS PWYV, the MODIS-derived PWYV is suitable
for extracting the monthly average value using daily water vapor value, which can be used
to investigate the seasonal and annual variation of atmospheric water vapor [47,48]. The
variations are usually correlated with surface temperature, rainfall, topography, latitude,
and monsoon [39,49-52]. As mentioned previously, the regional features of PWV variation
exist over China; thus, the seasonal variation of MODIS PWV calibrated using GNSS
PWYV from [38] is analyzed in the four areas of China. Figure 13 illustrates the seasonal
distribution of PWYV derived from MODIS and GNSS PWYV over the period of 2011-2017,
and the evidently seasonal variations exist in the four areas. The largest PWV value appears
in July for NC, SC, and NWC areas with approximately 25, 37, and 18 mm, respectively;
however, this value occurs in August in the TP region with approximately 13 mm. The
calibrated NIR PWYV has a better agreement with GNSS PWV in NC, SC, and NWC areas;



Atmosphere 2022, 13, 1763

19 of 23

however, the calibrated IR PWV agrees well with GNSS PWYV in TP area, which also
indicates the poorly calibrated effect of the linear fit model in the TP area.
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Figure 13. Seasonal variation of PWV derived from MODIS IR/NIR and GNSS PWV over the period
of 2011-2017 in the four areas in China, where (a—d) are NC, SC, NWC and TP of China.

In addition to the seasonal variation of PWYV, the long-term MODIS-derived PWV can
also be used for the trend analysis of atmospheric water vapor. The annual, semi-annual,
and seasonal periods, as well as the trend component in GNSS PWYV time series, can be
modeled by the linear sine and cosine model [41]. Therefore, this model is used for the
estimation of PWV trend and different periods over Mainland China. Prior to the modeling
of MODIS-derived PWV time series, the preprocess of PWV time series is performed using
the interquartile range (IQR) method [53] to remove the outlying PWV values. The PWV
data used should be homogenized before use due to the magnitude of climate signal being
comparable with that of long-term PWYV time series. The error induced by inhomogeneous
long-term series will corrupt the change in trend estimation. Therefore, the homogenized
radiosonde PWV data derived from [39] is used and compared with that of MODIS PWYV.

Table 9 shows the estimated result of different amplitudes and trend component using
the radiosonde and MODIS PWV with and without calibration, and Figure 14 shows the
long-term distribution of PWV time series in the four areas. The PWV time series derived
from MODIS agree well with that from radiosonde. The amplitudes and average PWV
values estimated using different PWV datasets are similar in each area. The average PWV
values are different in the four areas with the range of approximately 624 mm. The
SC region has the largest atmospheric water vapor, whereas the least PWV is observed
in the TP region. Annual amplitude shows a similar variation condition with average
PWYV with values ranging from approximately 5 mm to 16 mm. The NC region shows a
relatively large semi-annual and seasonal amplitudes when compared with other areas
with values of 4.47 mm and 1.86 mm, respectively. Seasonal amplitude can be neglected
in SC and TP regions because of their characteristic of geographical location and altitude,
respectively. Although similar trends of PWV are observed in the four areas in Figure 14,
their trend components are varied largely. However, most of the trends do not pass the
95% significance test due to the limitation of time length. The number of years required for
PWYV time series is between 30 and 40 years to detect the significant trends of atmospheric
water vapor [54].
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Table 9. Estimated parameters of linear PWV model using radiosonde and MODIS PWV time series
over the period of 2000-2008.

Parameter Area Radiosonde PWV MODIS (Uncal.) MODIS (Cal.)
NC 12.40 12.32 13.03
Average PWV SC 23.76 24.01 24.97
value (mm) NWC 7.96 9.57 8.17
TP 6.19 6.26 6.65
NC 0.03 £ 0.03 (A) —0.03 £ 0.03 (A) —0.05 £ 0.04 (A)
Trend SC 0.17 £ 0.05 (A) 0.03 £ 0.05 (A) 0.04 £ 0.06 (A)
(mm/year) NWC 0.01 +0.02 (A) 0.01 +0.02 (A) —0.06 + 0.02 (A)
TP 0.03 £ 0.02 (A) —0.02 £ 0.02 (A) —0.03 £ 0.03 (A)
NC 12.49 12.62 13.82
Annual SC 15.88 16.92 18.72
amplitude (mm) NWC 6.85 9.07 8.63
TP 5.37 5.50 5.84
NC 4.47 4.34 4.73
Semi-annual SC 2.89 3.08 3.62
amplitude (mm) NWC 2.46 2.90 2.78
TP 1.34 1.61 1.56
NC 1.86 1.97 2.22
Seasonal SC 0.37 0.27 0.33
amplitude (mm) NWC 0.92 1.15 1.10
TP 0.08 0.24 0.07

A and A refer to the trend component that pass or do not pass the 95% significance test, respectively.
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Figure 14. Distributions of PWV time series in the four areas of Mainland China over the period of
2000-2008, where (a—d) are NC, SC, NWC and TP of China.

5. Conclusions

The quality of MODIS PWV products with the longest time is initially validated
comprehensively using ground-based GNSS, AERONET, radiosonde, and ECMWF ERA-
Interim PWYV data over Mainland China, which is divided into four areas, and the calibra-
tion of the MODIS PWV products are conducted. Seasonal and long-term PWYV variations
derived from MODIS are also analyzed in this study.

The accuracies of MODIS IR/NIR PWYV are different when compared with GNSS,
radiosonde, and ERA-Interim. Generally, the accuracies of MODIS IR and NIR PWV
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products are approximately 4.6-5.0 mm and 4.1-4.3 mm over Mainland China, respectively.
In dry areas of NC and NWC, an RMSE value of 3.7-4.6 mm is obtained for MODIS PWV
products. In humid SC areas, the RMSE value is from 4.8 mm to 5.8 mm and 4.6 mm to
5.2 mm for MODIS IR and NIR PWV products, respectively. The least RMSE is observed in
the TP area with the largest value of approximately 3 mm for MODIS IR and NIR PWV
products. However, the accuracy of MODIS PWV has been improved after the linear
calibration, especially for the NIR PWV product with an improvement percentage of up
to approximately 50%. The overall RMSE values of MODIS IR/NIR PWV have decreased
to approximately 4 mm and 2 mm over Mainland China after calibration, respectively.
The comprehensive comparison of MODIS PWV with multiple PWV data over Mainland
China shows that (1) the PWV value retrieved from MODIS NIR has a better consistency
with GNSS/radiosonde PWV than that from MODIS IR in China. This result indicates
the MODIS NIR PWYV is preferred for regional climate studies if available. (2) A large
unanimously positive bias is observed for MODIS NIR PWYV, and a linear fit model is
effective to correct the quality of NIR PWV over Mainland China, except for the TP area
with an average altitude exceeding 3 km. (3) The calibration coefficient of the linear
fit model obtained using ERA-Interim can be interpolated into grid points of MODIS
PWYV products, which is critical to obtain the calibrated 5 x 5 km IR PWV product over
Mainland China. This calibrated MODIS PWV with good quality is critical for Chinese
studies, especially for regional climate change, weather, and other investigations over
Mainland China.
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