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A Linear Regression of Differential PWV Calibration
Model to Improve the Accuracy of MODIS NIR
All-Weather PWYV Products Based on
Ground-Based GPS PWYV Data

Jiafei Xu

Abstract—Precipitable water vapor (PWYV) products derived
from the near-infrared (NIR) channels of the Moderate Resolution
Imaging Spectroradiometer (MODIS) instruments, onboard Aqua
and Terra satellites, were calibrated using a linear differential
PWYV (LinearDP) calibration model based on GPS-retrieved PWV
observations. All MODIS NIR PWYV pixels were classified into two
groups according to the cloud mask of each pixel. For each group,
MODIS NIR PWYV products and ground-based PWYV data from
453 GPS sites in Australia from January 2017 to December 2018
were utilized to determine the differential PWYV by subtracting GPS
PWYV from MODIS PWYV. Then, empirical regression relationship
between the differential PWV data and the MODIS PWYV products
was developed using a linear regression approach. The LinearDP
model coefficients were independently obtained from each month
for each group. The period for model validation spans from Jan-
uary to December in 2019. Comparison of calibrated MODIS NIR
PWYV versus GPS-derived PWYV over Australia showed that the
root-mean-square error (RMSE) of Aqua has reduced 42.61% for
clear group, 41.43% for cloudy group, and 41.45% for both clear
and cloudy groups; and has respectively reduced 53.76 %, 37.03 %,
and 39.33% for Terra. By comparing against ERAS PWYV data, the
RMSE reduced 37.21%-43.14 % for Aqua and 38.73 %-53.87 % for
Terra. The improvement of MODIS NIR PWYV products is further
validated in China, with an RMSE reduction of 24.53 %-31.78 % for
Aqua and 28.26%-38.69 % for Terra against reference PWYV from
214 GPS stations. The mean bias was reduced to —0.415-0.752 mm
in Australia and to —0.382-2.013 mm in China.

Index Terms—GPS, lineardp, moderate resolution imaging
spectroradiometer (MODIS), near-infrared, precipitable water
vapor (PWYV).

1. INTRODUCTION

ATER vapor is one of the most important atmospheric
components in the climate system [1], [2], [3]. It plays a
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prominent role in atmospheric circulation [4], [5], energy trans-
portation [6], and meteorological and hydrological processes [7],
[8], which in return exerts a fundamental effect on both regional
and global climate change [9]. It also indirectly contributes to the
formation of clouds when the evaporation from ocean and inland
waters is increased due to the rise of the Earth’s temperature [10],
[11]. Itis an essential parameter in numerical weather prediction
models and other applications [12], [13], [14], [15], [16]. Based
on the ground-based water vapor observations, Sharifi et al.
[12] utilized the three-dimensional (3-D) variational (3DVAR)
data assimilation system of the weather research and forecasting
(WRF) model to perform rainfall prediction. The results showed
that the mean absolute error of the accumulated precipitation
was reduced about 5% and 13% in 24 h model simulation of
February and September cases, respectively. Manandhar et al.
[14] proposed a data-driven machine learning method to predict
rainfall using several parameters including water vapor, and the
validation results indicated that this approach can present a true
detection rate of 80.4% as well as a false alarm rate of 20.3%,
with an overall accuracy of 79.6%. A common observation of
the total water vapor content in the Earth’s atmosphere is the
precipitable water vapor (PWV), defined as the total atmospheric
water vapor contained in a vertical column of the cross-section
unit [17], [18]. Since atmospheric water vapor distribution varies
greatly in space and time [19], [20], high-quality continuous
PWYV observations are critical to study the Earth’s climate
system.

Several ground-based measurement instruments have been
utilized to observe PWYV, e.g., radiosonde [21], [22], [23] and
Global Positioning System (GPS) [24], [25], [26]. Radiosonde
and GPS are two widely used and also powerful in situ tech-
niques to obtain PWV information. But radiosonde PWV ob-
servations usually have a low temporal resolution, typically two
observations per day [20], [27], [28]. In contrast, GPS can pro-
vide continuous PWYV observations at high temporal resolution
throughout the day-time and night-time in all weather conditions
[20], [29]. The GPS PWYV observations also have a higher spatial
resolution compared with radiosondes, because the density of
in situ GPS sites is usually higher than that of radiosondes
[29]. In addition, the ground-based GPS PWV measurements
showed a good agreement with the in situ radiosonde PWV
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measurements, with accuracy better than 2 mm [20]. Conse-
quently, GPS measurements of atmospheric water vapor have
been widely employed as a reliable reference to evaluate PWV
measurements retrieved from satellite instruments [30], [31],
[32], [33], [34], [35].

Satellite remote sensing instruments provide another powerful
technique to observe PWV. The satellite-based measurements
can observe PWYV at a global scale using visible [36], NIR [37],
[38], [39], infrared (IR) [40], [41], and microwave bands [42],
[43]. Nevertheless, the visible or NIR band information is usu-
ally sensitive to the clouds in the sun-surface-sensor path, which
can result in large uncertainty in the retrieval of space-based
PWYV observations when there is a presence of clouds [36], [38].

In addition, the reanalysis PWV datasets provided by the Eu-
ropean Centre for Medium-Range Weather Forecasts (ECMWF)
[44], [45], the Japanese 55-year Reanalysis (JRA-55) [46], [47],
and National Center for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) [48], [49],
can also be employed to estimate atmospheric water vapor
distribution at large spatial scales. The reanalysis PWV data
have been reported to be used as the reference to evaluate against
other PWYV observation techniques [50], [51].

Among various satellite-retrieved remote sensing PWV prod-
ucts, the Moderate Resolution Imaging Spectroradiometer
(MODIS), developed by the National Aeronautics and Space
Administration (NASA), provides PWV products using NIR
bands information at a spatial resolution of 1000 m [52]. The
MODIS instrument on-board the Aqua satellite was launched
on May 4, 2002, and the one on-board the Terra satellite was
launched on December 18, 1999 [53]. The MODIS NIR PWV
products from the Aqua and Terra satellites (i.e., MYDOS5 for
Aqua and MODOS5 for Terra) are retrieved using 2-channel
and 3-channel ratio approaches [52]. Three NIR water vapor
absorption channels located at 905, 936, and 940 nm and two
NIR window channels at 865 and 1240 nm are utilized. The
MYDO05 and MODO5 are available over land, ocean, and clouds
areas with sun glint [52].

MODIS NIR PWYV products have a larger error when data are
collected over dark surfaces or under cloudy conditions [52].
Comparison of the MODIS/Terra NIR PWV products against
in situ GPS-derived PWV data in North America showed an
overall root-mean-square error (RMSE) of 5.480 mm under clear
conditions, but showed an overall RMSE of 13.066 mm under
cloudy conditions [54]. This is mainly because the NIR channels
of MODIS instrument are sensitive to the clouds. To the best
of our knowledge, there has been no publication related to the
improvement of the accuracy of the MODIS NIR PWYV products
under cloudy conditions.

Some calibration approaches have been developed to im-
prove the accuracy of the PWV product from MODIS NIR
bands. In the work by Bai et al. [55], a climate type-related
calibration method was proposed to improve the accuracy of
the official MODIS NIR PWYV products, and the results showed
that the RMSE of the original MODIS NIR PWYV product was
overall reduced by around 20%. Zhu et al. [56] developed a
grid-based calibration model to enhance the performance of
the MODIS NIR PWV measurements, which implies that the
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model can reduce RMSE by 53% to 0.6-4.3 mm. However,
these calibration models are utilized to improve the accuracy
of the MODIS NIR PWYV products under confident clear con-
ditions [55], [56]. In addition, several calibration algorithms
were developed to enhance the accuracy of satellite-based IR
PWYV products using differential PWV data, under all-weather
conditions. For instance, Chang et al. [57] proposed a cloud
mask-related differential linear adjustment model (CDLAM) to
improve the all-weather accuracy of the IR PWV products from
the MODIS sensor. The results indicated that the CDLAM model
can greatly enhance the all-weather accuracy of the MODIS IR
PWYV products with RMSE reduction in the range between 22%
and 51%. They also developed a differential linear adjustment
model (DLAM) to enhance the accuracy of IR PWV product
from the Atmospheric Infrared Sounder (AIRS) instrument,
with RMSE reduced by around 16% [58]. Both CDLAM and
DLAM methods employed the ECMWF reanalysis PWV data
to calibrate the satellite-based IR PWYV products [57], [S8]. The
performance of these calibration methods for satellite-based NIR
and IR PWYV products was generally validated with the training
data, not using an independent dataset that was observed at a
different time [55], [56], [57], [58].

In this study, we proposed a linear differential PWV (Lin-
earDP) calibration model to improve the accuracy of the official
MODIS NIR PWYV products under both clear and nonclear con-
ditions using ground-based high accuracy GPS-derived PWV
data. The in sitru GPS PWV data were utilized to calculate the
differential water vapor information by subtracting reference
GPS-derived PWV data from the official MYDO0S5 or MODO5
PWYV products. All MODIS NIR PWYV pixels were categorized
into two groups (clear group and cloudy group) based on the
cloud-mask of each pixel. For each group, the regression rela-
tionship between the differential PWV and the official MODIS
NIR PWV products was determined with a linear regression
method, and the empirical model parameters were estimated
for each month. In contrast to previous differential PWV-based
calibration approaches (CDLAM and DLAM), our LinearDP
model utilized GPS PWYV as the reference PWV to calibrate the
MODIS NIR PWYV products under all-weather conditions. Our
model was developed for the MODIS NIR PWYV products, which
is different from both CDLAM and DLAM employed for the
satellite-based IR PWV products. We calibrated the MODIS NIR
PWYV products more frequently (monthly), which is supposed
to have better calibration performance. The LinearDP model
performance was independently evaluated against an indepen-
dent dataset, which was independently observed in at a different
time and region. Our LinearDP approach for MODIS NIR PWV
products is developed based on our regression results after trying
different functions (linear, quadratic, and exponential), which is
different from the CDLAM or DLAM model relying on a linear
relationship assumption between differential PWV and satellite
IR PWYV products [57], [58].

Section II provides a detailed description of the study region
and the datasets used in this research. The methodologies for
ground-based GPS water vapor retrieval and the LinearDP ap-
proach to improve the MODIS NIR PWYV products are presented
in Section III. The evaluation metrics used for model validation
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TABLE I
SUMMARY OF DATA CHARACTERISTICS USED FOR MODEL DEVELOPMENT AND EVALUATION COLLECTED DURING THE PERIOD BETWEEN JANUARY 1, 2017 AND
DECEMBER 31, 2019 OVER AUSTRALIA AND CHINA

Data source Time Span Tempqral Span?l Function Region

resolution resolution
GPS data hourly 493 sites, point

data

MODIS geolocation product ~ January 1,2017-December 31, 2018 daily or 1000 m model development Australia
MODIS cloud mask product twice 1000 m
MODIS NIR PWV product daily 1000 m
GPS data hourly 667 Sg:f; pomt Australia, and China
MODIS geolocation product _ daily or 1000 m . Australia, and China
MODIS cloud mask product January 1, 2019-December 31, 2019 twice 1000 m model validation Australia, and China
MODIS NIR PWYV product daily 1000 m Australia, and China
ECMWEF PWYV product hourly 31 km Australia

are also shown. In Section IV, the validation results between
the calibrated MODIS NIR PWYV data against GPS-retrieved
reference PWV observations and ECMWF reanalysis PWV
data are described. The discussion of the evaluation results is
presented in Section V. Section VI gives the conclusions of this
article.

II. STUDY AREA AND DATA
A. Study Region

This study region covers two areas: Australia and China, with
latitude from 10°41° S to 43°39° S and longitude from 112°57’
E to 153°45’ E in Australia, and with latitude from 16°42’ N to
53°33’ N and longitude from 73°40’ E to 135°03” E in China. As
the study region covers both tropical and mid-latitude areas, the
characteristics of climates and land surface covers vary widely
from place to place. In particular, the climate in Australia is
usually humid and temperate, which is a representative climate
in the Southern Hemisphere region [59]. The China includes
arid, cold, polar, and temperate climate [60], a representative in
the Northern Hemisphere region.

In this region, a total of 667 ground-based stations, equipped
with both GPS receivers and meteorological observation device,
were selected. In Australia, 453 of the ground-based GPS sites
were employed for the development and validation of PW'V cali-
bration model. The other 214 GPS stations were located in China
and they were utilized to further evaluate the accuracy of the
calibrated MODIS NIR PWYV data. The calibrated MODIS PWV
were retrieved after employing the calibration model developed
using the Australian GPS PWV data. The spatial distribution of
the 667 ground-based GPS sites is displayed in Fig. 1.

B. Data

Three types of datasets were employed to develop and eval-
uate the calibration model in this study, i.e., GPS-derived PWV
data, MODIS-derived PWV data, and reanalysis PWV product.
The detailed characteristics of the datasets used in this study are
presented in Table I.

1) GPS-Derived PWV Data: In this article, the PWV data
were hourly estimated from ground-based GPS measurements
and they were regarded as the reference to develop and evaluate
the new calibration model. The PWV retrieval is based on the

55°N
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45°st -
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Fig. 1. Geographic location of the in situ GPS sites over Australia and China.
453 of these sites are located in Australia, and 214 stations are situated in China.

zenith total delay (ZTD) products, which were provided by
Geoscience Australia for the GPS stations in Australia [61] and
Crustal Movement Observation Network of China (CMONOC)
for the GPS stations in China [62]. The detailed description of
this PWYV retrieval approach is given in Section III. As shown in
Table I, the two-year GPS-retrieved PWYV data from January 1,
2017 to December 31, 2018 from 453 stations in Australia were
utilized to establish the new LinearDP calibration model. The
GPS-derived PWV data between January 1, 2019 to December
31,2019 from 453 sites in Australia and 214 sites in China were
used as reference PWV to evaluate the performance of the new
LinearDP calibration model.

Considering the PWV highly variable feature in time,
we require the time difference between two collocated data
sources, i.e., GPS and MODIS observations, be smaller than
30 min.
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2) MODIS Data: The MODIS is a radiometer sensor on
board the Aqua and Terra satellites, launched on 4 May, 2002
and 18 December, 1999, respectively [53]. It observes the Earth
in 36 spectral bands ranging in wavelength from 0.4 to 14.4
pm and at varying spatial resolutions from 250 to 1000 m [18].
The MODIS instrument can collect imagery of the same area on
Earth approximately 3 h apart, and the entire Earth’s surface can
be imaged every one to two days [18], [53].

Five NIR channels, including three NIR water vapor absorp-
tion channels at 905, 936, and 940 nm and two NIR window
channels centered at 865 and 1240 nm, are employed to retrieve
atmospheric water vapor over areas with sun glint, e.g., land
areas, oceanic areas, and clouds [52]. The water vapor retrieval
approach relies upon the 2-channel and 3-channel ratios of radi-
ance from three NIR absorption channels and two NIR window
channels [52]. As presented in Table I, three pairs of MODIS
data products from both Aqua and Terra satellites were used
in this work. They are geolocation product (MYDO03/MODO03)
[63], PWV product (MYDO05/MODO05) [64], and cloud mask
product MYD35/MOD35) [65]. These products have identical
spatial resolution of 1000 m. For each MODIS NIR PWV
pixel, the geolocation field from MYD03/MODO03 was utilized
to obtain the precise geographic location information, and the
cloud-mask flag from MYD35/MOD35 was used as a quality
control to obtain the clear confidence level information. The
MODIS cloud mask product has four conditions according to
clear level, namely, Confident Clear (probability >99%), Prob-
ably Clear (>95%), Probably Cloudy (>66%), and Confident
Cloudy (<66%) [65].

Two-year MODIS data observed from January 1, 2017 to
December 31, 2018 over Australia were employed to construct
the new LinearDP calibration model. One-year MODIS data
from January 1, 2019 to December 31, 2019 over both Australia
and China were utilized for the validation of the LinearDP
calibration model.

3) Reanalysis PWV Data: The reanalysis PWV data from
ECMWEF during the period from January 1, 2019 to December
31, 2019 over Australia (see Table I) were utilized as another
reference to evaluate the performance of the proposed LinearDP
calibration model. The fifth generation of ECMWF Reanalysis
(ERAS) [66], [67] PWYV data were selected as they have higher
spatiotemporal resolution (31 km x 31 km; hourly) [55] than
their predecessor ERA-Interim (79 km x 79 km; 6 hourly) [44].
In addition, ERAS5 reanalysis PWV data showed a higher accu-
racy than JRA-55 and NCEP/NCAR PWYV data, after comparing
with GPS reference PWV data [69].

III. METHODOLOGY

A. Retrieval of Ground-Based Water Vapor Data Using GPS
Measurements

The signals between GPS satellites and GPS receivers are
usually delayed by the troposphere. This signal propagation
delay in the neutral atmosphere is called slant tropospheric delay
(STD), which can be converted to zenith total delay (ZTD) using
a mapping function [70]. ZTD can be estimated in GPS data
analysis. Theoretically, ZTD can be further decomposed into
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zenith hydrostatic delay (ZHD) and zenith wet delay (ZWD).
The ZHD can be estimated as follows [70]:

ZHD = (2.2997 4+ 0.0024) Py/f (¢, H) (1)

where Py is the pressure (hPa) at the height of the ground-based
GPS station and f (¢, H) is a function for the correction due to
gravity changes and can be expressed as [70]

f (g, H) = 1—0.00266cos2¢ — 0.00028H  (2)

where ¢ and H are the latitude and height (km) of in situ GPS
site, respectively. The ZWD can be obtained by subtracting the
ZHD from the ZTD, from which GPS PWYV data can be derived
using the equation as follows [70]:

PWV =11-ZWD 3)

where IT is a scale parameter, which can be estimated from the
water vapor weighted mean temperature [71]. It is written as
[70]
10°
n=————— 4)
pR (£ + 1)

where
ki/g = kJQ — mkzl (5)

and p is the density of liquid water vapor, 10> kg/m?; R is the gas
constant of water vapor, 461 J/kg/K; ks is the refraction constant,
3.776x 10° K2/hPa; k' is the refraction constant, 16.48 K/hPa;
k1 and ko are physical constants; m is the ratio of the water
vapor gas constant and the dry air gas constant; and 75, is the
water vapor weighted mean temperature.

The water vapor weighted mean temperature (7},,) can be
computed from the surface temperature (7) at the GPS station
using a simple linear model [70]

T, = aTl,+b (6)

where coefficients a and b are 0.72 and 70.2, respectively [70],
[72].

Normally, T, can be obtained in two methods: (a) taking
surface temperature from meteorological stations and use Bevis
formula shown in (6); (b) using partial pressure of water vapor
and temperature from reanalysis data such as ERAS and com-
puting 7', by numerical integration at all pressure/geopotential
levels from the surface to the top of the atmosphere. 7, calcu-
lated from both (a) and (b) methods can be used to calculate ITin
(4). Results show that both (a) and (b) can produce comparable
PWYV. The RMSE between GPS PWYV calculated method (a) and
GPS PWYV calculated using method (b) is in the range of 0.1-0.7
mm in the tropics and in the range of 0.1-0.3 mm in the polar
region [71].

The use of method (a) is much simpler and more compu-
tationally saving than method (b). However, it requires in sifu
observation of surface temperature and many GNSS stations do
not have meteorological sensors to make in sifu temperature
measurement. In this work, our method is to obtain the surface
temperature data for method (a) from ERAS rather than in situ
observation. We analyzed the PWV data obtained using our
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method (a) and using method (b) from GNSS data in Australia
in January 2017 (see supplementary material). It shows that the
GPS PWV difference between the two sets of PWV is very
small. The RMSE difference is around 0.285 mm. This clearly
shows that our method of calculating T, using (6) and getting
meteorological data from ERAS has an accuracy comparable
with method (b).

In this article, the reanalysis meteorological data, i.e., atmo-
spheric pressure and surface temperature from ERAS5 reanalysis,
were used to estimate the ZHD and the coefficient I1. Consider-
ing that the heights between ERAS and GPS measurements are
usually different, the ERAS data, namely atmospheric pressure
and temperature, were corrected to the GPS station level in order
to accurately estimate PWYV retrievals from GPS observations,
which is based on a cubic convolution interpolation approach
[73]. In the GPS PWYV retrieval process, we require that the
spatial distance between ERAS data and GPS data not exceed
50 km and that the temporal difference between them not exceed
30 min. No interpolation of ERAS data has been performed. The
ZTD products from 667 GPS stations of Geoscience Australia
[61] and CMONOC in China [62] were used to retrieve ground-
based PWV data for model development and evaluation.

B. Development of the LinearDP Model for Improving
MODIS NIR PWV Products

In order to improve the retrieval accuracy of the operational
MODIS NIR PWYV products, a LinearDP calibration model was
developed using ground-based GPS water vapor data in this
research. The model to calibrate MODIS NIR PWYV products
is based on the regression fitting between the differential PWV
data and the official MODIS NIR PWV products, where the dif-
ferential PWV data are estimated by subtracting the GPS-derived
PWYV data from the official MODIS NIR PWV products. The
main steps for the development of the calibration model are
summarized as follows.

1) Classification of MODIS NIR PWV Pixels: The MODIS
cloud mask product has classified the MODIS pixels into
four groups according to probability of clear conditions, i.e.,
Confident Clear (probability >99%), Probably Clear (>95%),
Probably Cloudy (>66%), and Confident Cloudy (<66%) [65].
In this research, the MODIS NIR PWYV pixels were grouped
into two categories using the MODIS cloud-mask flags: cloudy
group and clear group. PWV pixels with cloud-mask flags of
“Confident Cloudy” or “Probably Cloudy” were classified as
the “cloudy” group; by contrary, PWV pixels with cloud-mask
flags of “Confident Clear” or “Probably Clear” were classified
as the “clear” group. For each group, the MODIS NIR PWV
pixels closest to in situ GPS stations were employed to develop
the calibration model in this study, and their spatial distance is
required to be smaller than 10 km. Temporally, we require the
time difference between two collocated data sources, i.e., GPS
and MODIS observations, be smaller than 30 min. This may
reduce the error caused by the PWV spatial variation between
MODIS and GPS observations [32], [74].

2) Calculation of Differential Water Vapor Data: The in situ
GPS-retrieved PWYV data were first matched with the official
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MODIS NIR PWYV products according to the spatial and tem-
poral criteria. Differential water vapor data were then calculated
from these two sets of PWV data by subtracting the reference
GPS-derived PWV observations from the MODIS PWV prod-
ucts. It is defined as

APWYV = PWVyoprs — PWVaps @)

where APWV is the calculated differential PWV data;
PWVyopis is the official MODIS NIR PWV product; and
PWYV gpg is the reference GPS-derived PWV observation.

3) Regression Analysis: An empirical regression relation-
ship between the differential PWV data and the official MODIS
NIR PWYV products independently was developed for both
cloudy and clear groups. The empirical regression was de-
veloped separately for both MODIS/Aqua and MODIS/Terra
satellites. The PWV data observed over Australia from January
1,2017 to December 31, 2018 were utilized as training datasets
in the regression analysis. The regression results are displayed
in Fig. 2. For both MODIS/Aqua and MODIS/Terra satellites, a
linear equation can be mathematically developed to characterize
the empirical regression relationship between the differential
PWYV data and the official MODIS NIR PWYV products, namely
LinearDP calibration model. It is defined as

APWYV =a-PWVyoprs +b 8)

where a and b are the regression coefficients.

It should be mentioned that, in the presence of clouds, the
MODIS NIR water vapor varied in a large range with a poor
retrieval accuracy. Thus the APWV had a large variation, as
shown in the Fig. 2(b) and (d). Apparently this was because of
the effect of clouds on MODIS NIR PWYV retrieval process. As
aresult, the retrieved MODIS NIR water vapor data over clouds
varied greatly with poor accuracies.

4) Calculation of LinearDP Model Parameters: Considering
the seasonal periodicity of the atmospheric water vapor [32],
[54], in this study the coefficients of the LinearDP model were
calculated on a monthly basis using the training datasets, i.e.,
the official MODIS NIR PWYV products and the GPS-retrieved
PWYV data from January 1, 2017 to December 31, 2018 over
Australia. It will reduce the seasonal effect on the LinearDP
regression model coefficients. The monthly model coefficients
were calculated for MODIS/Aqua and MODIS/Terra NIR PWV
products as well as two groups of data. Fig. 3 displays an
example of the monthly regression model parameters for the
MODIS/Terra NIR PWYV products for the clear group.

5) Calculation of the Calibrated MODIS NIR PWV Products:
After estimating monthly regression coefficients, i.e., a and b
in (8), we can determine the monthly calibrated differential
water vapor value, APW'V,, using (8) and the official MODIS
NIR PWYV products. Once the differential PWV data APW'V,
are obtained, we can calibrate the official MODIS NIR PWV
products by subtracting the differential PWV data:

PWV,. = PWVyoprs — APWV, )

where PWV., is the calibrated MODIS NIR PWYV data.
In this LinearDP model, the key step is to estimate the
regression parameters a and b using the official MODIS NIR
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Regression analysis between the differential PWV data against the official MODIS NIR PWV products. The spatiotemporally collocated MODIS-GPS

PWYV data sources during the period from January 1, 2017 to December 31, 2018 over Australia were selected for regression analysis. (a) and (b) Scatter points of
the differential PWV data versus the official MODIS/Aqua NIR PWYV products for clear and cloudy groups. (¢) and (d) Scatter points of the differential PWV data
versus the official MODIS/Terra NIR PWV products for clear and cloudy groups. N represents the number of collocated data points used for regression analysis.

The dashed black lines represent the empirical regression fitting.

PWYV products and the reference ground-based GPS-retrieved
PWYV data. These two sets of PWV data from January 1, 2017 to
December 31, 2018 over Australia were employed to estimate
the monthly model coefficients.

C. Evaluation Metrics

The calibrated MODIS NIR PWYV data, namely PWV ., were
evaluated on a pixel-by-pixel basis against two types of ref-
erence PWV data, i.e., in situ GPS-derived PWV data and
reanalysis ERAS PWYV data. Only MODIS NIR PWYV pixels
closest to each ground-based GPS station were selected for
model evaluation. Three statistical metrics were employed to
evaluate the performance of the calibration model: coefficient
of determination (R?), RMSE, and mean bias (MB). Equations
for these performance assessment metrics are given as follows:

2
w2 | S (PWV,-PWV,) (PWV,~PWV,)
\/ S (PWV,—PWV,)* (PWV,—TWV,)
(10)
_ /1 " 2
RMSE = \/ﬁ Zizl (PWV, — PWV,) (11)

MB = 12)

S|

> (PWV, — PWV,)
1=1

where PWV,, represents the observed PWV which are official
MODIS PWV products or calibrated MODIS PWV; PWV,
represents the mean observed PWV; PWV,. represents the refer-
ence PWV data from GPS or ERAS model; PWV . represents
the mean reference PWV data, and n represents the number
of data pairs. R> and RMSE show the difference between the
MODIS PWYV data against the reference PWV data. MB indi-
cates if MODIS-observed PWV data have been overestimated
or underestimated against the reference PWV data.

IV. RESULTS

To study if the LinearDP model could improve the accu-
racy of the official MODIS NIR PWYV products, the calibrated
MODIS PWYV data were evaluated by comparing against ref-
erence ground-based GPS-derived PWV data and reanalysis
ERAS PWYV datain Australia. The calibrated MODIS PWYV data
were also assessed in China by comparing with reference in situ
GPS-retrieved PWYV data. The calibrated MODIS PWV data in
this article were calculated using the monthly coefficients of the
empirical regression functions, which were monthly estimated
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Example of the calculated monthly model parameters between the differential PWV data against the official MODIS/Terra NIR PWYV products in clear

group. The spatiotemporally collocated MODIS-GPS PWV data sources during the period from January 1, 2017 to December 31, 2018 over Australia were selected
for the calculation of the monthly regression model coefficients. N represents the number of spatiotemporally collocated data points used for calculating monthly
regression model parameters. The dashed black lines represent the linear regression of these data.

using the training datasets: the official MODIS NIR PWYV prod-
ucts and in situ GPS-retrieved PWYV data collected over Australia
from January 1, 2017 to December 31, 2018.

A. Evaluation of the Calibrated MODIS NIR PWV Products
Using GPS-Derived Reference PWV Data in Australia

The calculated monthly model coefficients were employed
to calibrate the official MODIS NIR PWV products observed
over Australia from January 1, 2019 to December 31, 2019. The
calibrated MODIS NIR PWV data were then evaluated using in
situ reference PW'V data from 453 GPS sites over Australia. The
evaluation results were displayed in Figs. 4 and 5, showing that
the calibrated MODIS NIR PWYV data had superior accuracy
than the operational MODIS NIR PWV products.

The results showed that for the clear group, the RMSE was
reduced by 42.61% from 4.813 to 2.762 mm for Aqua satellite,
and by 53.76% from 5.506 to 2.546 mm for Terra satellite.
For the cloudy group, the RMSE was reduced by 41.43% from
14.574 mm to 8.536 mm, and 37.03% from 14.376 mm to 9.053
mm. For all MODIS NIR PWYV pixels obtained from both clear
and cloudy groups, the RMSE was reduced by 41.45% from
10.533 to 6.167 mm, and by 39.33% from 10.413 to 6.318 mm.

After using the LinearDP model developed in this research,
the MB was also reduced. The MB values were much close to
0 for both Aqua and Terra satellites. Meanwhile, the strength
of the correlation relationship between the calibrated MODIS
NIR PWYV data and the reference GPS-observed PWV data was

also improved, with the slopes and offsets closer to 1 and 0,
respectively.

The evaluation results were further discussed in a monthly
basis. As shown in Table II, the official MODIS NIR PWV
products were also improved in each month in terms of the
RMSE reduction. The monthly maximum RMSE reduction was
in January for Aqua satellite and in March for Terra satellite.
The RMSE was reduced by 45.94% from 14.865 to 8.036 mm
in January for Aqua satellite and by 49.25% from 16.245 to
8.336 mm in March for Terra satellite. The monthly minimum
RMSE reduction occurred in August for both Aqua and Terra
satellites, with an RMSE reduction of 29.68% from 5.478 to
3.852 mm for Aqua satellite and 29.89% from 6.149to 4.311 mm
for Terra satellite. The monthly slopes and offsets of the linear
regression lines between the calibrated MODIS NIR PWV data
and ground-based GPS-derived PWV data were much closer to
1 and 0, respectively, compared with the official MODIS NIR
PWYV products. For both Aqua and Terra satellites, the monthly
MB values tended to approach 0 when the calibration model
was applied. For both clear and cloudy group, the quality of
monthly metrics (R%, RMSE, and MB) was also enhanced after
the application of the calibration model, with higher correlation,
smaller RMSE, and lower MB against reference GPS PWV data
[see Fig. 6(a)—(f)]. Fig. 6(g) and (h) show that in each month,
the number of MODIS NIR PWV data that were enhanced after
the LinearDP calibration was significantly higher than that was
worsened after the LinearDP calibration, for both clear and
cloudy groups.
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31,2019 over Australia. (a)—(c) Scatter plots between the official MODIS/Aqua NIR PWYV products and the ground-based GPS-derived PWYV data for clear group,
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blue least frequent).

In addition, we showed in Figs. 7 and 8 the station-based R?,
RMSE, MB values between MODIS NIR PWV and GPS PWV
from January 1, 2019 to December 31, 2019 over Australia. The
PWYV values measured from the clear group were utilized. The
accuracies of both MODIS/Aqua and MODIS/Terra NIR PWV
products were improved with the employment of the LinearDP
model. In particular, the station-based RMSE was generally
reduced to below 4 mm in most GPS stations, lower than the
original MODIS NIR PWYV products that usually had an RMSE
of more than 4 mm. The station-based MB for the original
MODIS NIR PWYV products was often above 2 mm in most GPS
stations. With the use of the LinearDP model, the station-based
MB values at most GPS stations were usually reduced to —1-2
mm. In most GPS stations, the R? values of the original MODIS
NIR PWYV products were comparable to those of the calibrated
MODIS NIR PWV products.

B. Evaluation of the Calibrated MODIS NIR PWV Products
Using Reference Reanalysis PWV Data in Australia

To further evaluate the performance of the LinearDP model
developed model in this study, the accuracy of the calibrated
MODIS NIR PWYV data collected over Australia between Jan-
vary 1, 2019 and December 31, 2019 were also compared
against ECMWF ERAS PWYV data. The locations used for PWV

comparison were based on the geographic locations of the in sifu
453 GPS stations in Australia.

The results displayed in Figs. 9 and 10 suggested that the
calibration model developed in this work significantly improved
the retrieval accuracy of the MODIS NIR PWYV products. For
Aqua satellite, the LinearDP model reduced the RMSE by
37.21% from 4.708 to 2.956 mm for clear group, by 43.14%
from 14.918 to 8.482 mm for cloudy group, and by 42.51% from
10.749 to 6.180 mm for all MODIS/Aqua NIR PWYV pixels. For
the Terra satellite, the model reduced RMSE by 53.87% from
5.389 to 2.486 mm for clear group, by 38.73% from 14.636
to 8.967 mm for cloudy group, and by 40.70% from 10.539 to
6.250 mm all MODIS/Terra NIR PWYV pixels. The slopes for
Aqua satellite improved from 0.773 to 0.980 after calibration
for clear group, from 0.510 to 0.890 for cloudy group, and
from 0.462 to 0.937 for all MODIS/Aqua NIR PWYV pixels. The
corresponding offsets changed from 1.521 to 0.736 for clear
group, from 15.539 to 2.371 for cloudy group, and from 11.502
to 1.505 for all MODIS/Aqua NIR PWYV pixels. Similarly, the
slopes and offsets of the linear regression lines for Terra satellite
were much closer to 1 and 0.

The monthly comparison between the MODIS NIR PWV
data and the reference ERAS PWV data was performed, with
results displayed in Table III. For Aqua satellite, the monthly
maximum RMSE reduction was 49.39% from 16.85 to 8.528
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Evaluation of the PWV data calculated from MODIS/Terra measurements versus the in situ GPS-retrieved PWV data from January 1, 2019 to December

31,2019 over Australia. (a)—(c) Scatter plots between the official MODIS/Terra NIR PWV products and the ground-based GPS-derived PWYV data for clear group,
cloudy group, and all MODIS NIR PWYV pixels, respectively. (d)—(f) Scatter plots between the calibrated MODIS/Terra NIR PWV products and the ground-based
GPS-derived PWV data for clear group, cloudy group, and all MODIS NIR PWYV pixels, respectively. All MODIS NIR pixels are obtained from both clear and
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blue least frequent).

mm in March, and the minimum RMSE reduction was 32.35%
from 10.243 to0 6.929 mm in May. For Terra satellite, the monthly
maximum RMSE reduction was 47.29% from 15.063 to 7.940
mm in January, and the monthly minimum RMSE reduction
was 30.63% from 5.432 to 3.768 mm in August. After Lin-
earDP calibration, the monthly slopes and offsets for both Aqua
and Terra satellites were much closer to 1 and 0, respectively.
The monthly MB values were closer to 0 too after calibration.
With the employment of the calibration method, the monthly
R?, RMSE, and MB were improved for both clear and cloudy
groups compared to the original MODIS NIR PWV products,
as displayed in Fig. 11. For both clear and cloudy groups, many
more data points showed an improvement after the LinearDP
calibration than those showing an accuracy degradation.

Figs. 12 and 13 show the station-based comparison results
between the PWV data from MODIS clear group and ERAS
from January 1, 2019 to December 31, 2019 over Australia. It
can be seen that the LinearDP calibration method can enhance
the performance of the PWV observations at MODIS NIR bands
at most GPS stations. The station-based RMSE for the original
MODIS NIR PWYV products was often above 3 mm at most
stations, while for the calibrated MODIS NIR PWYV data the
station-based RMSE at most stations was usually below 3 mm.
The station-based MB was generally reduced to —1-1 mm

at most stations, better than the original MODIS NIR PWV
products with MB values of more than 1 mm at most stations.
For R?, the original MODIS NIR PWV products showed a
very similar magnitude with the calibrated MODIS NIR PWV
products, at most GPS stations.

C. Evaluation of the Calibrated MODIS NIR PWV Products
Using Reference GPS PWV Data in China

In addition to Australia, the LinearDP calibration model was
also evaluated in a different regions, i.e., China. This allows a
more comprehensive evaluation of the performance of the cali-
bration model in different geographical regions. In this article,
the calibrated MODIS NIR PWYV data over China were derived
from the monthly regression model coefficients for the period
January 1, 2019 to December 31, 2019. A total of 214 GPS
stations over China were used in this comparison analysis. As
shown in Section III, the monthly regression model coefficients
were estimated from the training datasets over Australia during
January 1, 2017 to December 31, 2018.

Considering the seasonal difference between China and Aus-
tralia, the monthly regression model parameters used for China
region need to match the ones of Australia with similar mete-
orological characteristics. The LinearDP model coefficients in
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TABLE II
MONTHLY EVALUATION AGAINST REFERENCE GPS-RETRIEVED PWV DATA DURING THE PERIOD FROM JANUARY 1, 2019 TO DECEMBER 31,
2019 OVER AUSTRALIA.

Aqua Terra
PWYV product
Slope  Offset R> RMSE MB Slope  Offset R? RMSE MB

MYDO05/MODO05 0.302 20.112 0.134 14.865 -1.921 0.311 20.005 0.136  14.248 -3.111

Jan Calibrated
MYDO05/MODOS 0964  0.838 0.530 8.036 0.177 0.948 1.004 0.557 7.507 0.452
MYDO05/MODO05 0.369 16.459 0.163 13.003 -1.631 0.366 17.027  0.171 13.234 -3.093

Feb Calibrated
MYDO05/MODO05 0.942 0.844 0.537 7.701 0.648 0.973 0.449 0.585 7.165 0.240
MYDO05/MODO05 0.239 21.162 0.082 16.113 -5.033 0.235 21.809 0.076  16.425 -6.922

Mar Calibrated
MYD05/MODOS 0.968 0.569 0.420 8.815 0.278 0.994 0.195 0.457 8.336 -0.031
MYDO05/MODO05 0372 12.595 0.198 10.674 -1.061 0.305 15.160 0.110 12.102 -4.034

Apr Calibrated
MYDO05/MODO5 1.054 -0.794 0.452 6.738 -0.243 1.093 -1.061 0.400 7.372 -0.729
MYDO05/MODO05 0334 11.389 0.126 10.202 -1.634 0.352 11.536  0.127 10.079 -2.965

May Calibrated
MYDO05/MODO5 1.070 -0.052 0.366 6.930 -1.022 1.083 -0.604  0.335 6.932 -0.678
MYDO05/MODO05 0.286 10.631 0.106 8.919 -1.822 0.313 10.966  0.117 9.048 -3.118

Jun Calibrated
MYDO05/MODOS 0.978 0.548 0.351 5.654 -0.240 0.988 0.559 0.327 5.812 -0.385
MYDO05/MODO05 0.344 8.319 0.170  6.667 -0.421 0.305 9.518 0.121 6.945 -1.799

Jul Calibrated
MYDO05/MODOS 0.889 1.154 0.388  4.354 0.264 0.924 1.177 0.386 4.299 -0.207
MYDO05/MODO05 0.515 5.175 0.335 5478 0.274 0.458 6.498 0.225 6.149 -0.743

Aug Calibrated
MYDO05/MODO5 1.017 -0.425 0.526 3.852 0.240 1.091 -1.115 0.460 4311 0.077
MYDO05/MODO05 0.392  8.025 0.197 6.898  -0.666 0.329 9.375 0.142 7.429 -1.586

Sep Calibrated
MYD05/MODOS 1.008 0.067 0510 4257 -0.165 0.998 0.236 0.483 4.341 -0.208
MYDO05/MODO05 0.369 10.120 0.185 7.904 -1.043 0.331 11.127  0.161 8.071 -1.959

Oct Calibrated
MYD05/MODOS 0.834 1.510 0486 5.074 1.263 0.809 1.865 0.492 4.880 1.384
MYDO05/MODO05 0.452 10.496 0.252 9.538 -2.341 0.402 11.205 0.194 9.479 -2.783

Nov Calibrated
MYDO05/MODOS 0.853 1.146 0.548 6.196 1.620 0.884 0.479 0.551 5.768 1.672
MYDO05/MODO05 0467 11.034 0.316 9.248 -0.368 0.448 11.948  0.269 9.482 -1.456

Dec Calibrated
MYD05/MODOS 0.830 2.058 0.560  6.248 1.706 0.858 1.636 0.569 6.042 1.468

spring months (September, October, and November) in Aus-
tralia were employed to calculate the calibrated MODIS NIR
PWYV data in spring months (March, April, and May) in China.
Considering the different climates in the two hemispheres, sim-
ilarly for the other months, a shift of six months needs to be
considered.

The evaluation results were presented in Figs. 14 and 15. As
shown in Fig. 14, the original and the calibrated MODIS/Aqua
NIR PWYV products were evaluated using reference in situ
GPS-derived PWV data. It is clearly found that the overall
difference between the MODIS/Aqua NIR PWYV products and
the reference GPS-retrieved PW'V data was reduced after using
the LinearDP calibration model, with an RMSE reduction of
31.78% from 4.408 to 3.007 mm for clear group, 24.53% from
14.294 to 10.787 mm for cloudy group, and 24.93% from 11.484
to 8.621 mm for all MODIS NIR PWYV pixels from both clear

and cloudy groups. The MB values for MODIS/Aqua NIR PWV
product were reduced from 2.547 (overestimated) to 0.237 mm
(overestimated) for clear group, from —8.323 (underestimated)
t0 2.013 mm (overestimated) for cloudy group, and from —4.065
(underestimated) to 1.317 mm (overestimated) for all MODIS
NIR PWYV pixels.

In Fig. 15, the evaluation results of the MODIS/Terra satel-
lites indicated that the LinearDP calibration model developed
in this study significantly improved the retrieval accuracy of
MODIS/Terra PWYV, and reduced the RMSE by 38.69% from
4.451 to 2.729 mm for clear group, by 28.26% from 15.675
to 11.245 mm for cloudy group, and by 28.74% from 12.539
to 8.935 mm for all MODIS/Terra NIR PWV pixels. After
calibration, the size of MB value were reduced from 2.648
(overestimated) to —0.382 mm (underestimated) for clear group,
from —9.359 (underestimated) to 0.407 mm (overestimated) for
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Fig. 6.  Monthly comparison of MODIS PWV measurements against reference GPS PWV measurements from January 1, 2019 to December 31, 2019 over

Australia, using PWV data from the clear group and cloudy group. (a), (¢), (e), and (g) MODIS-measured NIR PWV data versus reference GPS-measured PWV
data in clear group. (b), (d), (f), and (h) MODIS-measured NIR PWYV data versus reference GPS-measured PWYV data in cloudy group.

cloudy group, and from —4.656 (underestimated) to 0.098 mm
(overestimated) for all MODIS/Terra NIR PWYV pixels.

The significant improvement of the official MODIS/Aqua and
MODIS/Terra NIR PWV products in China further confirmed
and illustrated the effectiveness of the LinearDP model devel-
oped in this study.

In addition, the monthly evaluation analysis was also con-
ducted and shown in Table IV. For MODIS/Aqua NIR PWV
products, the monthly maximum RMSE reduction was 44.10%
from 19.481 to 10.889 mm in August; the monthly minimum
RMSE reduction was 7.92% from 5.262 to 4.845 mm in De-
cember. For MODIS/Terra NIR PWYV products, the monthly
maximum RMSE reduction was 45.39% from 21.926 to 11.974
mm in July, with the monthly minimum RMSE reduction of
5.90% from 5.695 to 5.359 mm in January. After LinearDP

calibration, most of the monthly slopes of the linear regression
lines for both Aqua and Terra satellites were closer to 1. The
monthly MB values were also closer to O after calibration. As
presented in Fig. 16, the calibrated MODIS NIR PWV data
generally showed higher R?, lower RMSE, and smaller MB
with respect to reference GPS PWYV data in each month in both
clear and cloudy groups. For both clear and cloudy groups,
the monthly number of the data improved by the LinearDP
calibration method was significantly larger than that worsened
by the calibration method.

Moreover, we conducted the station-based comparison be-
tween MODIS-based PWV and GPS-based PWV from January
1,2019 to December 31,2019 over China, using three evaluation
metrics i.e., RZ, RMSE, and MB. The three statistical metrics
were estimated utilizing the data from the clear group. The
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PWYV data. (d)—(f) Calibrated MODIS/Aqua NIR PWYV products versus reference GPS-measured PWV data.
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station-based RMSE and MB at most stations were generally
reduced after applying the LinearDP calibration model, as results
shown in Figs. 17 and 18. In most GPS stations, the station-based High quality water vapor observation through satellite re-
RMSE was usually reduced below 4 mm, with MB reducedinthe  mote sensing instruments is vital in many Earth observation
range between —1 mm and 2 mm. The correlation R? of the orig- ~ systems. This study proposed a novel empirical LinearDP cal-
inal MODIS NIR PWYV products was comparable to that of the ibration approach to improve the accuracy of NIR PWYV prod-
calibrated MODIS NIR PWYV products, at most GPS stations. ucts from MODIS/Aqua (MYDO5 products) and MODIS/Terra

V. DISCUSSION
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Fig. 9. Evaluation of the PWV data calculated from MODIS/Aqua measurements versus the reanalysis ERAS PWYV data from January 1, 2019 to December 31,
2019 over Australia. (a)—(c) Scatter plots between the official MODIS/Aqua NIR PWV products and the reanalysis ERA5 PWV data for clear group, cloudy group,
and all MODIS NIR PWYV pixels, respectively. (d)—(f) Scatter plots between the calibrated MODIS/Aqua NIR PWYV products and the reanalysis ERAS PWYV data
for clear group, cloudy group, and all MODIS NIR PWYV pixels, respectively. All MODIS NIR pixels are obtained from both clear and cloudy groups. N represents
the number of spatiotemporally collocated MODIS-ERAS data points selected for comparison analysis. The dashed red lines represent the linear regression results
of these data. The points colored with a rainbow scale illustrate the frequency of the MODIS NIR PWYV values (brown most frequent, blue least frequent).

Clear Cloudy All
80 300 300 300
70
. 250 . 250 250
o0 . 60
£ 200 £ r 1200 £ 200
~ 50 ~ 5 ~5
< < <
= 40 150 = 1150 = 150
A - =5
% 30 v bt
< - 100 < 100 <° 100
~ y = 0.748x+1.148 o~ y=0477x+15.321 P~ 'y = 0.469x+10.636
= 20 R*=0.909 = R*=0.176 = R*=0.270
RMSE=5.389 50 RMSE=14.636 50 RMSE=10.539 50
10 MB=3.975 MB=-9.030 MB=-1.786
N=73,072 N=58,110 N=131,182
0 0 0 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
MODIS/Terra PWV (mm) MODIS/Terra PWV (mm) MODIS/Terra PWV (mm)
(a) (b) (©)
Clear Cloudy All
80 300 80 300 80 300
’ ’
70 ’ 70 > 70 ,
e’ 250 L 250 , 250
w 8,
T 60 e, =60 72 E 60 ,
200 1200 200
E 50 g 50 g 50
z z z
Z 40 150 2 40 1150 2 40 150
A ~ o
230 ' 30 | 30
< 100 < 100 < 100
o ¥ = 0.966x+0.824 ~ y=0.877x+2.293 g y=0.923x+1.417
&= 20 R*=0912 &= 20 R*=0.381 &= 20 R?=0.615
RMSE=2.486 50 RMSE=8.967 50 RMSE=6.250 50
10 MB=-0.276 10 MB=0.346 10 MB=0.000
N=73,072 N=58,110 N=131,182
0 0 0 0 0 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Calibrated MODIS/Terra PWV (mm) Calibrated MODIS/Terra PWV (mm) Calibrated MODIS/Terra PWV (mm)
(d) () (®
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and all MODIS NIR PWYV pixels, respectively. (d)—(f) Scatter plots between the calibrated MODIS/Terra NIR PWYV products and the reanalysis ERAS PWV data
for clear group, cloudy group, and all MODIS NIR PWYV pixels, respectively. All MODIS NIR pixels are obtained from both clear and cloudy groups. N represents
the number of spatiotemporally collocated MODIS-ERAS data points selected for the comparison analysis. The dashed red lines represent the linear regression
results of these data. The points colored with a rainbow scale illustrate the frequency of the MODIS NIR PWV values (brown most frequent, blue least frequent).



7942 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022
‘—‘— MYD035 —&— Calibrated MYD0S —#— MODO05 —#— Calibrated MOD0S —— Enhanced MYD03S —— Worsened MYD0S5 —#— Enhanced MOD05 —#— Worsened MOD0S
1 T T T T T T T T T T T T 1 T T T T T T T T T T T T
N s — — — — == — — U |
o 0.6 1o 0.6 .
0.4 1 0.4 F 1
021 b 021 q
0 . . . . . . . \ . . . . 0 | . n \ n . n \ .
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month of 2019 Month of 2019
(a) (b)
30 T T T T T T T T T T T 30 T T T T T T T T T T T T
27 . 27F <
=241 1 =24r 1
g g
21 b 21 q
g 18 7 é 18 | q
m15r 1 misF B
wni2r 1 wni2r bl
E ol ] nz: ol W ]
6F 1 6F .
3 L gﬁ:ﬁA A i 3 L 4
0 ’ N ’ n n n N " n " 0 A . . . . . 5 5 . ) ) )
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month of 2019 Month of 2019
(©) ()
10 T T T T T T T T T T T T 10 T T T T T T T T T T T T
5 F—a—%—% o o 1 5t ] J
~ k- g i A8 | ~ L. &= e —A— Calibrated MYDO5 | _|
s 0 - g 0 —A— rODOS
é -S5h 1 g SE —=— Calibrated MODOS |
o -10F 1 m-l0r 1
= -I5f 1 =I5 ~
=20 A =20 1
25 L L L L L L L L L L L L 25 , , \ . \ \ \ , . . L .
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month of 2019 Month of 2019
() ®
7000 T T T T T T T T T T T T 7000 T T T T T T T T T T T T
] <
£ 6000 - 1 £ 6000 -
0 5000 - 4105000 +
G -
© 4000 - 1 © 4000
e -
_g 3000 q B 3000
£ fooo| W Il
Z 1000 - {2 1000 -
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month of 2019 Month of 2019
(2 (h)
Fig. 11.  Monthly comparison of MODIS PWV measurements against reference ERAS PWV measurements from January 1, 2019 to December 31, 2019 over

Australia, using PWV data from the clear group and cloudy group. (a), (c), (e), and (g) MODIS-measured NIR PWV data versus reference ERA5 PWYV data in
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Evaluation of the PWV data calculated from MODIS/Aqua measurements versus the in situ GPS-retrieved PWV data from January 1, 2019 to December
31, 2019 over China. (a)—(c) Scatter plots between the official MODIS/Aqua NIR PWYV products and the ground-based GPS-derived PWV data for clear group,
cloudy group, and all MODIS NIR PWYV pixels, respectively. (d)—(f) Scatter plots between the calibrated MODIS/Aqua NIR PWYV products and the ground-based
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TABLE III
MONTHLY EVALUATION AGAINST REFERENCE ERAS5 PWV DATA DURING THE PERIOD FROM JANUARY 1, 2019 TO DECEMBER 31, 2019 OVER AUSTRALIA.

Aqua Terra
PWYV product
Slope  Offset R> RMSE MB Slope Offset R? RMSE MB
MYD05/MODO5 0297 20.627 0.126 14420 -3.373 | 0.272 20.877 0.114  15.063  -1.908
Jan Calibrated MYD05/MOD0O5 0931 1.759  0.545  7.546  0.191 0.935 1.650  0.521  7.940 0.189
MYD05/MODO5 0356 17.468 0.163 13.375 -3.310 | 0.348 16.810  0.147  13.158 -1.485
Feb Calibrated MYD0S/MODO05 0945 1.382  0.555  7.399  0.022 0.920 1.271 0.520  7.810 0.794
MYDO05/MODO05 0221 22.651 0.067 16.850 -7.504 | 0.223 21.819 0.072 16.403 -5.346
Mar Calibrated MYD05/MOD0O5 0978 1.197 0439 8528  -0.614 | 0.952 1295 0406 8912  -0.034
MYDO05/MODO05 0284 15991 0.102 12206 -4.526 | 0.349 13397  0.190 10.662  -1.447
Apr Calibrated MYDO5/MOD05 1045 0356 0393 7214  -1.221 1.008 0.467 0449 6497  -0.628
MYDO05/MODO05 0.335 12300 0.119 10.243 -3.494 | 0.317 12.038  0.119 10242  -2.035
May Calibrated MYD05/MOD0O5 ~ 1.042 0549 0322 6.929 -1.207 | 1.034 0908 0358 6876  -1.422
MYDO05/MODO5 0295 11.573 0.108 9.206  -3.518 | 0.279 11.108  0.105  8.943  -2.202
Jun Calibrated MYD05/MOD05 0951 1.479 0315 5793  -0.785 | 0.943 1.417 0341 5609  -0.620
MYDO05/MODO05 0275 10437 0.104 7.153  -2.376 | 0.310 9.411 0.159  6.672  -1.106
Jul Calibrated MYD05/MOD05 ~ 0-881 2294 0375 4283  -0.784 | 0.852 2305 0409  4.026  -0.421
MYD05/MODO5 0.440 7210 0226 6.110 -1.258 | 0.505 5709 0335 5432 -0.145
Aug Calibrated MYD05/MOD0O5  1.053  -0.169 0468  4.111  -0.438 | 0.997 0216 0526 3768  -0.180
MYDO05/MODO05 0.307 10.166 0.130  7.584  -2.122 | 0.368 8700  0.183 6963  -1.049
Sep Calibrated MYD05/MOD0O5 0956 1.320 0465 4369 -0.745 | 0.974 0.873 0504 4196  -0.548
MYDO05/MODO5 0305 11.877 0.141 8297 -2.350 | 0.331 11.020 0.161  8.034  -1.397
Oct Calibrated MYD0O5/MOD05  0-772  2.894 0460 4903  0.993 0.806 2325 0492 4824 0.908
MYDO05/MODO05 0387 11.775 0.184  9.624  -3.141 | 0.441 10.892  0.240  9.695  -2.571
Nov Calibrated MYD05/MOD05  0-854  1.386  0.529  5.766 1.315 0.845 1.534 0539  6.201 1.390
MYDO05/MODO05 0415 13297 0238 9.859 -2.193 | 0435 12301  0.283  9.558  -0.999
Dec Calibrated MYD05/MOD0O5 ~ 0-833 2920  0.551 5983  0.731 0.805 3.241 0.542  6.184 1.075

All MODIS NIR PWYV pixels obtained from both clear and cloudy groups were used.

(MODO5 products) under all-weather conditions (both clear
and cloudy) based on in situ GPS-retrieved PWV data. The
relationship between the differential PWV and the official
MODIS PWYV data was built through an empirical regression.
The differential PWV data were calculated by subtracting the
GPS-observed water vapor data from the official MODIS PWV
products.

The MODIS NIR PWYV pixels were grouped into two cate-
gories (clear and cloudy) based on the cloud-mask flags of the
MODIS cloud mask product [65]. For each category, MODIS
PWYV products and ground-based GPS PWV data observed
over Australia during January 1, 2017 and December 31, 2018
were employed as the training datasets to estimate the empirical
regression function.

Considering the variation characteristics of the PWV, the Lin-
earDP regression model coefficients were calculated monthly
for each group and each satellite. The accuracy of the model
was evaluated by comparing the calibrated MODIS NIR PWV
data against reference ground-based GPS-retrieved PWV data
as well as ECMWEF reanalysis ERAS PWYV products.

MODIS NIR PWV products are affected by clouds, as
satellite-based NIR measurements cannot penetrate the clouds
[54]. This is different from satellite-based IR PWV products
that are little affected by the clouds [32]. The clouds can result
in poor quality MODIS NIR PWYV data, with an RMSE of larger
than 10 mm, as shown in our work and the previous work [54].
The official MODIS NIR PWYV products under clear conditions
have a higher accuracy than those under cloudy conditions. The
accuracy of operational MODIS NIR PWYV products generally
is in the range of 4 to 6 mm under clear conditions [30], [54],
[55]. This level of PWV accuracy still needs to be improved, not
to mention the PWV accuracy under cloudy conditions.

By employing our LinearDP approach, the quality of PWV
products from MODIS NIR channels was greatly enhanced
under both clear and cloudy conditions, obtaining higher corre-
lation, smaller RMSE, and lower MB with respect to reference
PWYV data.

For calibration results over Australia region, the RMSE re-
duction for the Aqua satellite was 42.61% from 4.813 to 2.762
mm for the clear group, 41.43% from 14.574 to 8.536 mm for
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Fig. 15.

Evaluation of the PWV data calculated from MODIS/Terra measurements versus the in situ GPS-retrieved PWV data from January 1, 2019 to December

31, 2019 over China. (a)—(c) Scatter plots between the official MODIS/Terra NIR PWV products and the ground-based GPS-derived PWV data for clear group,
cloudy group, and all MODIS NIR PWYV pixels, respectively. (d)—(f) Scatter plots between the calibrated MODIS/Terra NIR PWYV products and the ground-based
GPS-derived PWV data for clear group, cloudy group, and all MODIS NIR PWYV pixels, respectively. All MODIS NIR pixels are obtained from both clear and
cloudy groups. N represents the number of spatiotemporally collocated MODIS-GPS data points selected for the comparison analysis. The dashed red lines represent
the linear regression results of these data. The points colored with a rainbow scale illustrate the frequency of the MODIS NIR PWYV values (brown most frequent,

blue least frequent).

the cloudy group, and 41.45% from 10.533 to 6.167 mm for
all MODIS/Aqua data (both clear and cloudy groups), when
compared with reference GPS PWYV data. For the Terra satellite,
the RMSE was reduced by 53.76% from 5.506 to 2.546 mm
for the clear group, 37.03% from 14.376 m to 9.053 mm for
the cloudy group, and 39.33% from 10.413 to 6.318 mm for
all MODIS/Terra satellite data (both clear and cloudy groups).
When compared with ERA5 PWYV reference data, the RMSE of
the Aqua satellite PWV products has reduced by 37.21% from
4.708 to 2.956 mm for the clear group, 43.14% from 14.918
to 8.482 mm for the cloudy group, and 42.51% from 10.749 to
6.180 mm for all MODIS Aqua data. The RMSE of the Terra
satellite PWV products was reduced by 53.87% from 5.389 to
2.486 mm for the clear group, 38.73% from 14.636 to 8.967 mm
for the cloudy group, and 40.70% from 10.539 to 6.250 mm for
all MODIS Terra data.

For calibration results over China region, the RMSE of
MODIS/Aqua PWV products has reduced by 31.78% from
4.408 to 3.007 mm for the clear group, 24.53% from 14.294
to 10.787 mm for the cloudy group, and 24.93% from 11.484
to 8.621 mm for all MODIS/Aqua data, when compared with
reference PWV data from 214 GPS stations in China. For the
Terra satellite, the RMSE has reduced by 38.69% from 4.451 to
2.729 mm for the clear group, by 28.26% from 15.675 to 11.245
mm for the cloudy group, and by 28.74% from 12.539 to 8.935
mm for all the Terra satellite data.

In terms of RMSE reduction, the performance of the LinearDP
model in China was slightly poorer than in Australia, which is

probably because the model coefficients were computed from
the data collected in Australia. China covers a larger geograph-
ical area than Australia. The climatic variation in China is also
more significant than Australia. This could also be a factor for the
slightly poorer performance of the calibration model in China.

The LinearDP model can greatly improve the all-weather
accuracy of the official MODIS NIR PWYV products in both
Australia and China regions. The good performance of the model
in the two representative regions of Southern Hemisphere and
Northern Hemisphere indicates that the calibration model can
be applied to other similar regions to enhance the accuracy of
MODIS NIR PWV measurements under all weather conditions.
This LinearDP model can be a promising tool to improve the
accuracy of MODIS NIR PWYV products and even other satellite-
based NIR PWV products.

Our LinearDP calibration model can calibrate MODIS NIR
PWYV data with an improved accuracy under both clear and
cloudy sky conditions, which is different from previously pub-
lished calibration models that only focused on the calibration of
MODIS NIR PWYV product under clear sky conditions. Under
clear sky conditions, the RMSE reduction in Bai et al. [55]
was around 20%. As a comparison, our LinearDP model has
reduced RMSE by more than 40% in Australia and more than
30% in China. In recent work by Zhu et al. [56], the accuracy for
MODIS NIR PWYV products was improved by 53% to 0.6—4.3
mm. However, their model performance was usually validated
with the training data, not using an independent dataset that was
observed in at a different time. In our research, the model was
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Fig. 16.  Monthly comparison of MODIS PWV measurements against reference GPS PWV measurements from January 1, 2019 to December 31, 2019 over
China, using PWYV data from the clear group and cloudy group. (a), (c), (e), and (g) MODIS-measured NIR PWYV data versus reference GPS-measured PWV data
in clear group. (b), (d), (), and (h) MODIS-measured NIR PWV data versus reference GPS-measured PWYV data in cloudy group.
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Fig. 17.  Annual R?, RMSE, and MB values for MODIS/Aqua PWV measurements against reference GPS PWV measurements at each GPS station from January
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TABLE IV
MONTHLY EVALUATION AGAINST REFERENCE GPS-RETRIEVED PWV DATA DURING THE PERIOD FROM JANUARY 1, 2019 TO DECEMBER 31, 2019 OVER CHINA.

Aqua Terra
PWYV product
Slope  Offset R* RMSE MB Slope  Offset R? RMSE MB
MYDO05/MODOS 0907 2137 0506 5427 -1.605 | 0.888 2702 0505 5.695  -2.06l
Jan L ibrated MYDOSMODOS 0973 2552 0576 4445 1522 | 0999 2384 0581 5359 1397
MYDO05/MODOS 0864 2640 0496 5787 -1.777 | 0843  3.164 0471 6338  -2.118
Feb o ibrated MYDOSMODOS 1027 2814 0588 4945 1528 | 1.106  -2.447 0530 5777 1372
MYDO05/MODOS 0896 2.173 0466 6379 -1.434 | 0860 3215 0403 7445  -2.152
Mar L ibrated MYDOS/MODOS 1016 2706 0551 5264 1124 | 1124 2572 0449 6503 1215
MYDO05/MODOS 0762 5733 0441 9234 -3082| 0714 7012 0376 10293  -3.603
APT L brated MYDOSMODOS 1049 3384 0483 8468 2559 | 1104  -2.653 0494 8378 0942
MYD05/MODOS 0717 8961 0334 12199 -5357 | 0701  10.029 0317 13252 -5.920
May o brated MYDOSMODOS 1147 4153 0480 9489 1308 | 1165  -3.341 0487 9964  0.079
MYD05/MODOS 0441 20448 0.155 18260 -9.788 | 0393 22526 0.123 19.744 -10.769
un L ibrated MYDOSMODOS 1324 6285 0461 11338 232 | 1344 5763 0429 12320 -3.429
MYD05/MODOS 0409 24216 0201 20.176 -8.586 | 0347 26891 0.154 21926 -9.917
WL ibrated MYDOSMOD0s 1204 3959 0572 11336 2638 | 1177  -1259 0560 11974  -4.328
MYD05/MODOS 0351 23886 0.142 19.481 -8385 [ 0308 25803 0.117 20.786  -8.700
Aug b rated MYDOSMODOS 1102 0369 0537 10.889 3317 | 1102 0.897 0515 11566  -3.896
MYD05/MODO5 0534 14662 0274 14142 -6342 [ 0478 16503 0219 15410 -7.027
SeP ibrated MYDOSMODOS 1013 0724 0539 8884 0395 | 1023 0634 0533 9264  -1.1s8
MYDO05/MODOS 0.633  10.045 0344 11997 -5.135 | 0.648 9913 0358 11.888 -4.895
Ot librated MYDOSMODOS 1191 3333 0485 8965 0173 | 1191  -1.712 0508 9055  -1.638
MYDO05/MODOS 0.665 5.098 0383 7.618 -2.154 | 0678 5235 0383 7706  -2.291
NoV- - librated MYDOS/MODOS 1006 2767 0392 7255 1681 | 1000  -1.677 0394 7029 1677
MYDO05/MODOS 0790 1937 0459 5262 -0579 | 0799 2164 0482 5229  -0.850
Dec o librated MYDOSMODOS 0746 -1.752 0555 4845 0752 | 0722 -0751 0553 4588 0.884

All MODIS NIR PWYV pixels obtained from both clear and cloudy groups were used.
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Fig. 18.  Annual R?, RMSE, and MB values for MODIS/Terra PWV measurements against reference GPS PWV measurements at each GPS station from January
1,2019 to December 31, 2019 over China, using PWV data from the clear group. (a)—(c) Original MODIS/Terra NIR PWV products versus reference GPS-measured
PWYV data. (d)—(f) Calibrated MODIS/Terra NIR PWV products versus reference GPS-measured PWV data.
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Evaluation of the PWYV data calculated from MODIS/Terra measurements versus the in situ GPS-retrieved PWV data from January 1, 2019 to December

31, 2019 over Australia, under all weather conditions. (a) Scatter plots between the official MODIS/Terra NIR PWV products and the ground-based GPS-derived
PWYV data under all weather conditions. (b) Scatter plots between the calibrated MODIS/Terra NIR PWYV products and the ground-based GPS-derived PWYV data
under all weather conditions, using our model. (c) Scatter plots between the calibrated MODIS/Terra NIR PWV products and the ground-based GPS-derived PWV
data under all weather conditions, using CDLAM. Both correction methods are developed and validated using the data of 2019 over Australia. N represents the
number of spatiotemporally collocated MODIS-GPS data points selected for the comparison analysis. The dashed red lines represent the linear regression results
of these data. The points colored with a rainbow scale illustrate the frequency of the MODIS NIR PWYV values (brown most frequent, blue least frequent).

thoroughly assessed using the dataset observed in a different
time and region. Our LinearDP model utilized GPS PWV as the
reference PWV to calibrate the MODIS NIR PWYV products,
which is different from the previous differential PWV based
calibration models that used ECMWF PWYV data [57], [58]. In
contrast to the previous differential PWV based calibration ap-
proaches utilized for the satellite-based IR PW'V products [57],
[58], our calibration approach was developed for the MODIS
NIR PWV products, which is more challenging due to the
larger effect of clouds. In addition, we calibrated the MODIS
NIR PWYV products more frequently (monthly) to enhance the
performance of the calibration. This work is the first time to
enhance the quality of the official MODIS NIR PWV products
under all-weather conditions.

Intercomparison result showed our LinearDP model has
slightly better performance in improving the quality of MODIS
NIR PWYV products in all-weather conditions, as the results
presented in Fig. 19. This may be because our Linear approach is
developed based on in situ high-accuracy GPS PWV data, and
this model coefficients are estimated more frequently, namely
monthly. In addition, compared with the independent validation
result of our model displayed in Fig. 5, our method also showed
slightly better accuracy in terms of RMSE, with an RMSE of
6.318 mm smaller than the CDLAM model (RMSE = 6.752
mm). More importantly, our method is calibrated using real
world PWV observation data (e.g., GPS). This is different from
some other methods (e.g., [57], [58]), where the remote sensing
satellite PWV data are calibrated using modeled PWV. The
advantage of using real world PWV data in calibration is that
1) it can better reflect PWYV variation in the real world; 2)
the real PWYV observations usually have higher accuracy. The
calibration calculation can be done at a more frequent interval
(e.g., monthly, seasonally) according to the real world PWV
variation.

It is noted that after the performance of our LinearDP model
under cloudy condition can still be enhanced, particularly when
the PWYV values are in the 0—10 mm. The small PWYV values

do not necessarily suggest the dry atmosphere . This is mainly
because satellite-based NIR observations cannot penetrate the
clouds in the presence of clouds. Due to the effect of clouds
on MODIS NIR PWYV retrievals, the official MODIS NIR PWV
products cannot provide good quality water vapor measurements
in the presence of clouds [54]. The poor quality MODIS NIR
PWYV products under cloudy conditions resulted in a large vari-
ation in the magnitude of differential PWV (APWV) data, in
the range of —60 to 20 mm, as shown in Fig. 2(b) and (d).
Thus, the regression parameters a and b have a large uncertainty
when they are estimated using the poor quality differential PWV
under cloudy condition. The calibrated PWV data calculated
using a and b therefore have a poor performance. Particularly,
all the small value PWV data (0—10 mm) became larger than 10
mm after the calibration. How to calibrate the low PWYV values
(0—10 mm) accurately still needs to be further investigated in the
future.

VI. CONCLUSION

In this article, we have developed a novel LinearDP calibration
model to improve the accuracy of the official MODIS NIR PWV
products under both clear and cloudy conditions, using ground-
based GPS-derived PWV measurements. The performance of
the model was independently validated over both Australia and
China using GPS-derived PWV data as references. Our findings
from this work can be summarized as follows:

1) Over Australia region, the RMSE for Aqua satellite has
reduced by 42.61% for clear group, 41.43% for cloudy
group, and 41.45% for MODIS/Aqua both clear and
cloudy combined groups. For Terra satellite, the RMSE
has reduced by 53.76%, 37.03%, and 39.33% for the clear,
cloudy, and combined groups, respectively.

2) Over China region, the RMSE of MODIS/Aqua prod-
ucts was reduced by 31.78%, 24.53%, and 24.93% for
the clear, cloudy, and combined groups, respectively. For
MODIS/Terra PWV products, the RMSE was reduced
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by 38.69%, 28.26%, 28.74% for the clear, cloudy, and
combined groups, respectively.

3) The LinearDP model is very robust and stable. Its perfor-
mance in China is comparable to that in Australia, though
the coefficients of the calibration model were estimated
using the data from Australia only without data from
China.

4) The quality of the water vapor products retrieved from
MODIS NIR channels can be significantly improved using
this empirical LinearDP regression model. The correla-
tions have been improved and RMSE against ground-
based GPS PWV data has been reduced.

Notably, the accuracy of calibrated MODIS NIR PWYV prod-
ucts under cloudy sky conditions was still much lower than that
under clear sky conditions. It is our future goal to further improve
the PWYV retrieval accuracy under cloudy conditions.
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