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Abstract. The MODIS precipitable water vapor (PWV) product has been widely used in hydrometeorological and hydro-

ecological research because of its kilometer-scale spatial resolution, daily temporal resolution, and global coverage. However, 

its regional applicability, error characteristics, and correction methods remain insufficiently evaluated in arid regions because 10 

radiosonde (RS) stations are sparsely distributed and their routine observations at fixed times rarely coincide with MODIS 

overpasses. Based on RS observations and two Global Navigation Satellite System (GNSS) meteorological stations over the 

arid Hexi Corridor, we established a two-stage method in which fixed-time RS observations were first used to identify the 

most suitable GNSS-PWV retrieval scheme and correct the resulting estimates, after which the corrected GNSS-PWV series 

was used to evaluate MODIS-PWV at satellite overpass times. Results show that the GNSS-PWV retrievals were sensitive to 15 

weighted mean temperature (Tm) estimation, and those obtained using integrated Tm agreed better with RS-PWV. After RS-

based linear correction, the corrected GNSS-PWV achieved R = 0.97 and RMSE = 2.30 mm. Relative to the corrected GNSS-

PWV, MODIS-PWV showed a systematic overestimation, with mean biases of 2.21 mm at the reference station GSIA and 

2.88 mm at the transfer-test station GSCM, and larger biases during high-PWV periods in summer. A univariate linear 

correction can effectively reduce the bias, with the RMSE decreasing from 3.47 to 2.05 mm at GSIA and from 5.22 to 3.58 20 

mm at GSCM. This two-stage RS–GNSS–MODIS method provides a methodological reference for evaluating satellite-derived 

water vapor products and supporting their regional application in arid regions. 

1 Introduction 

Atmospheric water vapor is one of the most active components of the Earth’s climate system, and its column-integrated amount 

is commonly expressed as precipitable water vapor (PWV). In addition to influencing the radiation budget through the 25 

greenhouse effect of water vapor, atmospheric water vapor regulates convective development, cloud microphysical processes, 

and precipitation efficiency through latent heat transport and phase changes, thereby exerting an important influence on the 

regional hydrological cycle and extreme precipitation events (Ding et al., 2022; Trenberth et al., 2005). Under global warming, 

the water-holding capacity of the atmosphere is expected to increase by approximately 7% for every 1 °C increase in air 

temperature (Miao et al., 2016). Numerous studies have shown that the spatiotemporal variation in atmospheric water vapor is 30 

closely associated with the acceleration of the hydrological cycle and the intensification of extreme precipitation (Allan and 

Soden, 2008; Held and Soden, 2006). Therefore, accurate and spatiotemporally continuous PWV information has become 
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essential for improving numerical weather prediction and supporting climate diagnosis and land–atmosphere interaction 

studies (Bai et al., 2025; Liu and Xia, 2010; Wu et al., 2021). 

Among the available PWV observation and retrieval methods, radiosondes directly measure vertical atmospheric profiles. 35 

Microwave radiometers infer atmospheric water vapor from microwave emission and absorption, GNSS meteorology retrieves 

PWV from water-vapor-related signal propagation delays, and satellite near-infrared methods use water vapor absorption 

features in reflected solar radiation (Bevis et al., 1992; Zhao et al., 2018). Although RS observations are often treated as 

reference measurements, sounding stations are sparse and provide only twice-daily, discontinuous observations (Wang, 2018). 

The more recently developed GNSS meteorology technique overcomes the temporal sampling limitation with observation 40 

intervals as short as 30 seconds, providing all-weather, continuous, high-temporal resolution ground-based monitoring. It has 

thus become a key validation data source for satellite products (Wang et al., 2007). In terms of spatial coverage, both RS and 

GNSS provide station-scale information, whereas satellite remote sensing products can characterize the spatially continuous 

distribution of atmospheric water vapor over large areas. As a result, the integration of multisource satellite observations to 

produce PWV datasets with high spatial and temporal resolution has become an important research direction (Liu et al., 2025; 45 

Li et al., 2023; NASA/LARC/SD/ASDC, 2013). However, due to the differences in retrieval mechanisms for various water 

vapor products, inconsistencies and systematic biases still exist (Li et al., 2003). Therefore, ground-based accuracy assessment 

and bias correction of satellite water vapor products provide an important basis for their quantitative application and subsequent 

multisource integration. 

Among satellite-derived water vapor products, the Moderate Resolution Imaging Spectroradiometer (MODIS), onboard the 50 

Terra and Aqua platforms, provides near-infrared PWV retrievals with relatively high spatial resolution and global coverage 

and has been widely used in weather process analysis, climate research, and hydro-ecological applications (Gao et al., 1993; 

Liu et al., 2006). The near-infrared algorithm retrieves column-integrated water vapor from the differential absorption of 

reflected solar radiation in water vapor absorption and atmospheric window bands near 0.940 μm (Kaufman and Gao, 1992; 

Gao and Goetz, 1990; Gao and Kaufman, 2003). Because this retrieval depends on reflected solar radiation, variations in 55 

surface spectral reflectance can affect the retrieved PWV, as examined by Wang et al. (2005). MODIS-PWV has also been 

used as an auxiliary product for atmospheric-delay correction in InSAR applications (Liu et al., 2007). As documented in 

numerous studies, the errors in MODIS-PWV are closely related to regional atmospheric moisture conditions, cloud conditions, 

and underlying surface characteristics and consequently exhibit marked regional and seasonal differences (Liu et al., 2026; Lu 

et al., 2011; Zhu et al., 2021). According to an error evaluation based on 246 GNSS stations across China, there is a systematic 60 

overestimation of MODIS-PWV relative to GNSS, with larger biases under humid summer conditions (Zhu et al., 2021), which 

is reported to have an error range from 3 to 6 mm across different regions (Zhao et al., 2022). Arid regions are characterized 

by low atmospheric water vapor content, but existing studies often evaluate errors across the entire Northwest China or even 

combine it with the Tibetan Plateau, leaving considerable uncertainty regarding the representativeness of the reported errors 

for typical arid environments. Moreover, although several correction approaches, including linear regression, regional 65 

correction, and machine-learning methods, have been proposed for MODIS-PWV (Liu et al., 2026; Xiong et al., 2021; Ghaderi 
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and Rahimzadegan, 2022), local ground-based validation and applicability assessments specifically targeting arid regions 

remain limited.  

Due to sparse RS stations and difficulty in matching the RS data with satellite overpasses, many previous studies have directly 

used GNSS-derived PWV as the reference for evaluating MODIS-PWV, so residual errors in the GNSS retrieval may be 70 

propagated into the MODIS-PWV assessment. To address this, we focus on the Hexi Corridor, a typical arid region with 

publicly available RS observations, and use RS-PWV to identify the GNSS-PWV retrieval method suitable for this region; the 

resulting optimal GNSS-PWV is then adopted as the reference for evaluating MODIS-PWV. In this study, we compared two 

widely used GNSS processing methods, including the precise point positioning (PPP) and regional network processing based 

on GAMIT/GLOBK (hereafter GAMIT). For weighted mean temperature (Tm) estimation, in addition to the conventional 75 

Bevis empirical model, Tm was calculated by vertical integration of ERA5 temperature and humidity profiles to reduce the 

potential errors associated with the Bevis model in arid environments (Cui et al., 2025). Accordingly, this study has three 

specific objectives: (1) to identify the combination of GNSS processing strategy (PPP or GAMIT) and Tm estimation method 

(the Bevis empirical model or ERA5 profile integration) that yields the most reliable PWV estimates in arid environments 

under limited RS observations; (2) to quantify the magnitude, direction, and seasonality of MODIS-PWV errors over the Hexi 80 

Corridor; and (3) to develop a region-specific correction model and evaluate its effectiveness and transferability in reducing 

MODIS-PWV errors under similar arid conditions. Through this two-stage RS–GNSS–MODIS method, this study provides a 

methodological reference for evaluating and correcting satellite-derived water vapor products in arid regions, particularly in 

areas where GNSS stations exist but radiosonde observations are unavailable. 

2 Data and methods 85 

2.1 Study area 

The study area is located in the western Hexi Corridor of Gansu Province, within the inland arid region of northwestern China 

(Fig. 1). Because it is far from oceanic moisture sources, the region has a typical temperate continental arid climate, 

characterized by scarce precipitation, strong evaporation, and generally low atmospheric water vapor content (Yu et al., 2017; 

Zhang et al., 2015). The underlying surface is dominated by Gobi, desert, and bare rock, with sparse vegetation and relatively 90 

high surface reflectance, making the region representative of the arid land-surface environment of northwestern China (Luo et 

al., 2012; Zheng et al., 2015). The combination of low atmospheric water vapor content and a high-albedo surface provides a 

suitable setting for evaluating the applicability of MODIS-PWV in arid regions. 

Two GNSS stations are located within the study area: GSIA (39.794° N, 98.327° E) and GSCM (39.851° N, 96.766° E). GSIA 

is located near the Jiuquan radiosonde station, allowing time-matched GNSS-PWV and RS-PWV observations to be obtained; 95 

it was therefore selected as the reference station. GSCM, which lacks collocated radiosonde observations, was used as a 

transfer-test site to evaluate the established relationship between GNSS-PWV (calibrated with the reference station) and 

MODIS-PWV. 
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Figure 1: Location map of study area and distribution of ground-based observation stations. 100 

Basemap: ArcGIS World Imagery (Source: Esri, Vantor, Earthstar Geographics, and the GIS User Community). Map lines 

delineate study areas and do not necessarily depict accepted national boundaries. 

2.2 Data 

2.2.1 Ground-based GNSS observations 

Both GNSS stations collected data from 1 September 2024 to 31 August 2025, encompassing a complete annual cycle of 105 

atmospheric water vapor variation. Both stations were equipped with dual-frequency Huace H6 GNSS receivers, providing 

continuous observations at a sampling interval of 30 s. The raw observations were subjected to basic quality control and format 

conversion using TEQC (Translation, Editing, and Quality Checking), during which data gaps and cycle slips were checked 

and epochs with low signal-to-noise ratios or pronounced multipath effects were removed. The resulting clean data were then 

used as input for the subsequent tropospheric delay estimation. 110 
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2.2.2 Radiosonde observations 

The Jiuquan upper-air radiosonde station is adjacent to GSIA (data available from: 

https://weather.uwyo.edu/upperair/sounding.shtml). Radiosondes are launched twice daily at 00:00 and 12:00 UTC, providing 

vertical profiles of pressure, temperature, dew-point temperature, and other meteorological variables from the surface to the 

upper atmosphere. PWV was calculated by integrating the sounding profiles and was used to evaluate the accuracy of GNSS-115 

PWV retrieved using the PPP and GAMIT methods. 

Based on the radiosonde profiles, PWV was calculated as follows (Zhang et al., 2019): 

PWV=
1

𝜌𝜔
∫

q(p)

g(p)
dp

ps

pt
 ,          (1) 

where 𝜌𝜔 is the density of liquid water (1000 kg m-3); q(p) and g(p) are the specific humidity (kg kg-1) and gravitational 

acceleration (m s-2) at pressure p, respectively; and pt and ps are the pressures at the profile top and surface, respectively. The 120 

integral was evaluated using the trapezoidal rule, and PWV was converted to millimeters. 

2.2.3 ERA5 reanalysis data 

To obtain surface pressure at the GNSS stations, the ERA5 hourly data on single levels provided by the European Centre for 

Medium-Range Weather Forecasts (ECMWF) were used (Hersbach et al., 2018a). The data have a horizontal resolution of 

0.25° × 0.25°. The single-level variables included surface pressure (sp) and surface geopotential (z). Surface geopotential was 125 

converted to geopotential height using H = z/g, and the resulting grid-point height was used together with the GNSS-station 

elevation to adjust the interpolated surface pressure. The adjusted station-level surface pressure was then used in the 

Saastamoinen model to calculate zenith hydrostatic delay (ZHD). 

In addition, the ERA5 hourly data on pressure levels were used to obtain air temperature, specific humidity, and geopotential 

at multiple levels (Hersbach et al., 2018b). These variables were used to calculate Tm by vertical integration, which was 130 

subsequently used to determine the water vapor conversion factor in the GNSS-PWV retrieval. 

2.2.4 MODIS satellite remote sensing data 

The MODIS, onboard the Terra and Aqua satellite platforms, provides global multispectral observations with high spatial 

resolution and daily temporal coverage. This study used the Terra/MODIS Level-2 precipitable water vapor product MOD05, 

together with the MOD03 geolocation product and the MOD35 cloud-mask product, for the spatial positioning, cloud screening, 135 

and station matching of MODIS-PWV. All datasets were obtained from the NASA LAADS DAAC platform (available at: 

https://ladsweb.modaps.eosdis.nasa.gov/search). 

MOD05 is the MODIS Near-Infrared Total Precipitable Water Product (MODIS Atmosphere Science Team, 2017a), with a 

spatial resolution of 1 km × 1 km, and provides atmospheric water vapor retrievals at Terra overpass times. Based on the 

radiometrically calibrated MOD021KM product, MOD05 retrieves the PWV using radiance information from water vapor 140 

absorption bands (the 0.940 μm) and adjacent atmospheric window bands. A channel-ratio method is used to reduce the 

influence of surface reflectance and retrieve tropospheric precipitable water vapor. 
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MOD03 is the MODIS Geolocation Fields Product and is generated simultaneously with the spectral observations (MODIS 

Science Data Support Team, 2017). It provides pixel-level latitude, longitude, and observation geometry, including the sensor 

viewing angle, solar zenith angle, and solar azimuth angle, at a spatial resolution corresponding to MOD05. In this study, 145 

MOD03 was used to determine the precise geographic locations and observation geometry of MOD05 pixels, providing the 

basis for station-centered spatial-window extraction and spatiotemporal matching. 

MOD35 is the MODIS Cloud Mask Product (MODIS Atmosphere Science Team, 2017b), which evaluates the cloud condition 

of each pixel through a series of decision tests based on multispectral brightness temperatures and reflectance characteristics, 

together with spatial texture and observation geometry. It classifies each determined pixel into four confidence levels according 150 

to the unobstructed field-of-view quality flag: confident cloudy, probably cloudy, probably clear, and confident clear. In this 

study, MOD35 was used to establish a clear-sky screening criterion in which pixels classified as probably clear or confident 

clear were retained. By matching the MOD35 cloud-mask fields with MOD05 on a pixel-by-pixel basis, pixels affected by 

clouds were removed, thereby reducing PWV underestimation or retrieval distortion when cloud-top reflectance dominates the 

observed radiance signal. 155 

2.3 Data processing and methods 

2.3.1 Tropospheric delay estimation and PWV retrieval 

For tropospheric delay estimation, two commonly used GNSS processing methods were applied independently to estimate 

zenith total delay (ZTD): precise point positioning (PPP) and regional network processing based on GAMIT. In the PPP 

approach, observations from each GNSS station were processed independently using precise satellite orbit and clock products, 160 

and the station coordinates, receiver clock offsets, carrier-phase ambiguities, and ZTD were estimated simultaneously. By 

contrast, GAMIT combined the stations in the study area with several reference stations to form a regional network and derived 

the ZTD time series through joint adjustment. 

The quality-controlled GNSS observations sampled at 30 s intervals were processed separately using PPP and GAMIT. ZTD 

was estimated at 1 h intervals, producing an hourly ZTD time series. ZTD was then separated into zenith hydrostatic delay 165 

(ZHD) and zenith wet delay (ZWD) (Shen, 2018): 

ZTD = ZHD + ZWD,          (2) 

ZHD was calculated using the Saastamoinen model (Saastamoinen, 1973): 

ZHD = 0.0022768
Ps

1-0.00266 cos(2φ) -0.00028H
,         (3) 

where Ps is the surface pressure at the station (hPa), φ is latitude, and H is station elevation (km). Surface pressure for the ZHD 170 

calculation was obtained from ERA5 single-level data through spatial interpolation and elevation adjustment. 

After ZWD was obtained, it was converted to PWV using Tm and the water vapor conversion factor (Π): 

PWV=Π × ZWD,            (4) 
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Π=
1×106

ρRv[(
k3
Tm

+k2
'
)]
,            (5) 

where Π is the water vapor conversion factor related to Tm, serving as a critical parameter for mapping the wet delay into water 175 

vapor mass. ρ represents the density of liquid water (1000 kg m-3), and Rv = 0.462 J g-1 K-1 and Rd = 0.287 J g-1 K-1 are the 

specific gas constants for water vapor and dry air, respectively. The atmospheric refractivity constants are k1 = 77.604 K hPa-

1, k2 = 64.790 K hPa-1, k3 = 3.776 × 105 K2 hPa-1, 𝑘2
′ = 𝑘2 − 𝑘1

𝑅𝑑

𝑅𝑣
. 

2.3.2 Estimation of weighted mean temperature 

Weighted mean temperature (Tm) is a key intermediate physical variable in the conversion of zenith wet delay into PWV and 180 

represents the vertically weighted temperature state of atmospheric water vapor. Two methods were compared to estimate Tm. 

The first method was the Bevis empirical model, in which Tm is approximated as a linear function of surface air temperature 

(Ts): 

Tm = 70.2 + 0.72Ts,            (6) 

However, the vertical temperature structure in arid regions is relatively complex, and surface temperature may differ 185 

substantially from the weighted temperature of the atmospheric column. This empirical relationship may therefore introduce 

systematic bias under such conditions (Wang et al., 2016; Xie et al., 2025), producing occasional extreme outliers in the GNSS-

PWV estimates. 

The second method used the vertical profiles of temperature and specific humidity provided by the ERA5 pressure-level data 

to calculate Tm through discrete integration according to its physical definition. The water vapor conversion factor Π was then 190 

recalculated using the resulting integrated Tm. The atmospheric column was divided into multiple layers, and Tm was calculated 

as follows: 

Tm = 
∑

ek
Tk

∆zkk

∑
ek

Tk
2k ∆zk

,            (7) 

where Tk, ek, and Δzk are the temperature, water vapor pressure, and thickness of the k-th atmospheric layer, respectively. 

In practice, the ek at each pressure level was calculated from the ERA5 temperature and specific humidity data. Vertical 195 

integration was then performed to obtain Tm for each station and observation time, which were used to calculate Π and retrieve 

GNSS-PWV. 

2.3.3 MODIS data preprocessing and spatiotemporal collocation 

Because the near-infrared water vapor absorption bands are sensitive to atmospheric conditions and cloud cover, the MODIS 

near-infrared PWV algorithm is mainly applicable under daytime clear-sky or near-clear-sky conditions. Cloud screening was 200 

therefore required before evaluating MODIS-PWV. Following previous studies, orbital images with high overall cloud-free 

fractions were prioritized, and MOD05 retrievals were included in the analysis only under locally near-clear-sky conditions. 
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The MOD05, MOD03, and MOD35 products were jointly used to preprocess and spatiotemporally match the MODIS-PWV 

over the study area. First, the three products from the same satellite overpass were co-registered to ensure strict pixel-level 

correspondence. The cloud-detection results from MOD35 were then used to remove pixels classified as “confident cloudy” 205 

or “probably cloudy”. Only pixels classified as “confident clear” or “probably clear” were retained as valid samples for 

comparison between MODIS-PWV and GNSS-PWV (Xu, 2022). 

After quality control, each Terra overpass time was used as the temporal reference. GNSS-PWV values within ±30 min of the 

overpass were selected from the hourly GNSS-PWV series corrected using RS-PWV and used as the corresponding ground-

based reference. For spatial matching, following Bai et al. (2021), a fixed 31 km × 31 km window centered on each GNSS 210 

station was adopted. The mean PWV of all MOD05 pixels within the window that satisfied the cloud-screening criteria was 

calculated as the station-matched MODIS-PWV. The resulting matched dataset was used for the subsequent accuracy 

assessment and linear correction of MODIS-PWV in the arid study area. 

2.3.4 Statistical metrics for accuracy assessment 

To evaluate the differences among the PWV datasets and the effects of correction, the Pearson correlation coefficient (R), root 215 

mean square error (RMSE), mean bias (Bias), and standard deviation of the differences (STD) were used as accuracy metrics. 

Let xi denotes the PWV value to be evaluated, yi is the corresponding reference PWV value, and N the number of paired 

samples. The symbols x̅ and y̅ denote the sample means of xi and yi, respectively. The metrics were calculated as follows: 

Pearson correlation coefficient: 

R=
∑ (xi-x̅)(yi-y̅)

N
i=1

√∑ (xi-x̅)
2N

i=1
√∑ (yi-y̅)

2N
i=1

,           (8) 220 

Root mean square error: 

RMSE=√
1

N
∑ (xi-yi)

2N
i=1 ,           (9) 

Mean bias: 

Bias=
1

N
∑ (xi-yi)

N
i=1 ,            (10) 

Standard deviation of the differences: 225 

STD=√
1

N-1
∑ [(xi-yi)-Bias]

2N
i=1 ,           (11) 

2.3.5 Linear correction of GNSS-PWV constrained by RS-PWV 

Because GSIA is adjacent to the Jiuquan radiosonde station, RS-PWV was used as a reference for GNSS-PWV correction at 

this site. A univariate linear correction model was established using the temporally matched RS-PWV and GNSS-PWV 

samples: 230 

PWVGNSS,corr=aG∙PWVGNSS,raw+bG,          (12) 
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where PWVGNSS,raw and PWVGNSS,corr are the raw and corrected GNSS-PWV values, respectively, and aG and bG are the slope 

and intercept, respectively. Bias, RMSE, STD, and R were calculated for both the raw and corrected GNSS-PWV series relative 

to RS-PWV. 

When RS-corrected GNSS-PWV is subsequently used as the reference, these metrics characterize the relative errors of the 235 

evaluated data with respect to the transfer reference rather than their absolute errors relative to RS-PWV. The accuracy 

assessment of MODIS-PWV therefore also requires an error propagation analysis that accounts for the residual errors in the 

corrected GNSS-PWV series. 

Because no radiosonde data are available near GSCM, a site-specific RS-PWV-constrained correction model was not 

established at this station. Instead, the correction relationship derived at GSIA was applied to GSCM to generate a corrected 240 

GNSS-PWV series under the same regional conditions and retrieval method. The resulting series was subsequently used to 

compare the relative errors of MODIS-PWV before and after correction and to assess the transferability of the correction model. 

2.3.6 MODIS-PWV correction and error propagation assessment 

Radiosonde observations were available only at fixed launch times, whereas MODIS-PWV was obtained at satellite overpass 

times. Because the observation times did not coincide, MODIS-PWV could not be directly validated against synchronous RS-245 

PWV. The RS-corrected GNSS-PWV series was therefore used as a transfer reference for evaluating and correcting MODIS-

PWV. 

Using the corrected GNSS-PWV as the reference and raw MODIS-PWV as the predictor, a univariate linear correction model 

was established: 

PWVMODIS,corr=aM∙PWVMODIS,raw+bM,          (13) 250 

where PWVMODIS,raw and PWVMODIS,corr are the raw and corrected MODIS-PWV values, respectively, and aM and bM are the 

slope and intercept. 

Given that residual cloud contamination, local variations in surface reflectance, and spatiotemporal collocation errors can cause 

anomalous deviations in some paired samples, to reduce their influence on the fitted parameters, the difference (ΔPWV) 

between raw MODIS-PWV and corrected GNSS-PWV at GSIA was defined as: 255 

ΔPWV = PWVMODIS,raw - PWVGNSS,corr,          (14) 

Paired samples outside the μ±3σ range were treated as outliers, where μ and σ are the mean and standard deviation of ΔPWV, 

respectively. The final correction equation was established using all remaining valid GSIA samples. The same μ±3σ criterion 

was applied to identify anomalous validation samples at GSCM. 

Because the corrected GNSS-PWV still contains residual error relative to RS-PWV, the absolute error of MODIS-PWV with 260 

respect to true reference includes not only its errors relative to corrected GNSS-PWV, but also the residual error of corrected 

GNSS-PWV relative to RS-PWV. The propagated biases of raw and corrected MODIS-PWV were calculated as: 

BiasMODIS,abs,raw=BiasMODIS,rel,raw+BiasGNSS,corr,         (15) 
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BiasMODIS,abs,corr=BiasMODIS,rel,corr+BiasGNSS,corr,         (16) 

Similarly, the corresponding propagated RMSE values were estimated as: 265 

RMSEMODIS,abs,raw=√RMSEMODIS,rel,raw
2 +RMSEGNSS,corr

2 ,        (17) 

RMSEMODIS,abs,corr=√RMSEMODIS,rel,corr
2 +RMSEGNSS,corr

2 ,        (18) 

where BiasMODIS,rel,raw and RMSEMODIS,rel,raw denote the relative bias and RMSE of raw MODIS-PWV against corrected GNSS-

PWV, respectively; BiasMODIS,rel,corr and RMSEMODIS,rel,corr mean the corresponding quantities after MODIS-PWV correction. 

BiasGNSS,corr and RMSEGNSS,corr are the residual bias and RMSE of corrected GNSS-PWV relative to RS-PWV, respectively. 270 

The propagated RMSE provides an approximate radiosonde-referenced error estimate because synchronous RS-PWV 

observations at exact MODIS overpass times are unavailable and the covariance term cannot be determined for individual 

matched samples. Propagated absolute bias (Abs Bias) and absolute root mean square error (Abs RMSE) were calculated only 

for GSIA. At GSCM, where no independent RS-PWV observations are available, only R, RMSE, STD, and Bias relative to 

corrected GNSS-PWV were calculated before and after MODIS-PWV correction to assess the relative correction performance 275 

after model transfer. 

3 Results 

3.1 Selection of the GNSS-PWV retrieval scheme 

At the reference station GSIA, GNSS-PWV was estimated separately using both PPP and GAMIT methods, and the retrievals 

were validated against RS-PWV from Jiuquan radiosonde station as the reference. Each of the two retrieval methods was also 280 

combined with two Tm estimation approaches, resulting in a total of four combination schemes. These schemes were compared 

to evaluate their applicability under arid conditions. 

3.1.1 Comparison of PPP and GAMIT under the Bevis-Tm scheme 

Comparison of GNSS-PWV retrievals using PPP and GAMIT under the Bevis-Tm scheme with RS-PWV at GSIA showed 

better agreements for the GAMIT/Bevis scheme with RS-PWV than the PPP/Bevis scheme (Fig. 2). Although the Bias values 285 

of both schemes were close to zero, indicating no evident overall systematic bias, the residual time series showed several large 

outlying residuals for PPP/Bevis under moderate PWV conditions. The GAMIT/Bevis combination scheme showed better 

linear agreement with the observations, with a correlation coefficient of 0.94 and both RMSE and STD of approximately 3.4 

mm. The linear fitting results also indicated that this scheme was more suitable for subsequent correction, as its residuals were 

more concentrated across both low- and high-PWV ranges, demonstrating better overall stability. 290 
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Figure 2: Comparison of GNSS-PWV and RS-PWV at GSIA under the Bevis-Tm scheme: (a) scatterplot and fitted line for PPP; 

(b) residual time series for PPP; (c) scatterplot and fitted line for GAMIT; and (d) residual time series for GAMIT. 

3.1.2 Comparison of PPP and GAMIT under the integrated Tm scheme 

To reduce the potential parameterization errors introduced by the Bevis-Tm model under arid conditions, Tm was further 295 

calculated according to its physical definition by integrating vertically, based on which the water vapor conversion factor was 

recalculated. Comparison between the RS-PWV and the GNSS-PWV retrieved by PPP and GAMIT under integrated Tm 

scheme shows that (Figs. 3a–b) the PPP/integrated-Tm scheme produced better retrieval results than the PPP/Bevis-Tm scheme. 

The correlation coefficient increased to 0.97, while RMSE and STD were 3.89 and 2.49 mm, respectively, indicating that the 

incorporation of integrated Tm can substantially reduce the errors of the PPP-derived PWV estimates. Although GNSS-PWV 300 

showed an overall underestimation relative to RS-PWV (with a Bias of −2.99 mm), the fitted relationship indicated marked 

improvement in terms of both consistency and stability of the estimates across the entire range of PWV. 
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By contrast, the GAMIT/integrated-Tm scheme (Figs. 3c–d) exhibited no evident improvement in the statistical metrics 

compared with the GAMIT/Bevis scheme, indicating that the influence of integrated Tm differed between the two GNSS 

processing methods. For PPP, the use of integrated Tm substantially increased the correlation with RS-PWV and reduced both 305 

random errors and residual dispersion; for GAMIT, however, the results obtained using integrated Tm showed little difference 

from those obtained using Bevis-Tm. 

 

Figure 3: Comparison of GNSS-PWV and RS-PWV at GSIA under the integrated Tm scheme: (a) scatterplot and fitted line for 

PPP; (b) residual time series for PPP; (c) scatterplot and fitted line for GAMIT; and (d) residual time series for GAMIT. 310 

3.2 Establishment of the corrected GNSS-PWV series 

Comparison of the four combination schemes at the GSIA station showed that, in terms of both accuracy metrics and the 

overall residual distribution, the PPP/integrated-Tm scheme had the best overall accuracy and linear correction conditions. 

Therefore, the RS-PWV was used to linearly correct the GNSS-PWV estimates obtained using this scheme, so as to produce 

an RS-constrained corrected GNSS-PWV and to analyze the errors changes before and after correction. On this basis, the 315 
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corresponding correction relationship was further applied to the GSCM station, where no radiosonde observations were 

available, to construct a corrected GNSS-PWV series for this station. 

Based on the temporally matched RS-PWV samples and GNSS-PWV estimates obtained using the PPP/integrated-Tm scheme 

at GSIA, the following linear correction equation was established:  

PWVGNSS,corr = 1.107∙PWVGNSS,raw  + 2.057,         (19) 320 

After linear correction using RS-PWV, variations in GNSS-PWV showed good agreement with those in RS-PWV (Fig. 4a), 

and the systematic pre-correction underestimation was substantially reduced. The scatterplot further showed that the corrected 

points moved markedly closer to the 1:1 line (Fig. 4b), with Bias decreased from −2.99 to 0.00 mm, RMSE decreased from 

3.89 to 2.30 mm, and STD decreased to 2.30 mm. The corrected series thus provided a suitable reference for the subsequent 

evaluation and correction of MODIS-PWV at GSIA. For GSCM, where radiosonde observations were unavailable, the 325 

correction equation derived at GSIA was applied to the original GNSS-PWV retrievals, producing an RS-constrained corrected 

GNSS-PWV series for the subsequent evaluation of MODIS-PWV at GSCM. 

 

Figure 4: Comparison of GNSS-PWV before and after correction at GSIA using the PPP/integrated-Tm scheme: (a) time series; 

and (b) scatterplots and fitted lines before and after correction. 330 

3.3 Accuracy assessment of MODIS-PWV in the arid study area 

After the corrected GNSS-PWV series had been constructed, the error characteristics of MODIS-PWV in the arid region were 

further evaluated. To reduce the influence of individual outlying matched samples on the accuracy statistics, outliers were 

removed using the μ ± 3σ criterion based on the differences between MODIS-PWV and corrected GNSS-PWV. All subsequent 

accuracy assessments and linear corrections were conducted using the valid samples after outlier removal. 335 

As shown in Fig. 5, MODIS-PWV generally captured the intra-annual variations in PWV at both stations, with the timing of 

high and low PWV periods and most episodic fluctuations broadly consistent with the ground-based reference series. However, 

MODIS-PWV was generally higher than the reference series, and the residual dispersion tended to increase under higher PWV 
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conditions. The mean biases were 2.21 mm at GSIA and 2.88 mm at GSCM, with corresponding RMSE values of 3.47 and 

5.22 mm, respectively (Fig. 5). The other statistical metrics are shown in Fig. 5. After accounting for the residual error in the 340 

corrected GNSS-PWV and its propagation, the Abs RMSE at GSIA was 4.16 mm. The results at the GSIA station indicate that 

MODIS-PWV can track the temporal variation in total column water vapor over the arid Hexi Corridor but still shows 

systematic overestimation relative to the RS-constrained reference. This positive bias is also confirmed at GSCM under similar 

arid conditions. 

 345 

Figure 5: Comparison of MODIS-PWV and corrected GNSS-PWV: (a) time series at GSIA; (b) scatterplot and fitted line at GSIA; 

(c) time series at GSCM; and (d) scatterplot and fitted line at GSCM. 

3.4 Correction of MODIS-PWV based on the corrected GNSS-PWV series 

Using the corrected GNSS-PWV series as the reference, a linear correction equation for MODIS-PWV was first established 

from the valid GSIA samples after removal of the 3σ outliers. The equation was then applied to GSCM to examine the 350 
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applicability of the statistical relationship under the same regional conditions. The linear correction equation for MODIS-PWV 

is given as follows: 

PWVMODIS,corr = 0.817 × PWVMODIS,raw - 0.071,         (20) 

After correction, both the RMSE and STD of MODIS-PWV relative to the corrected GNSS-PWV decreased to 2.05 mm, with 

Bias reduced to 0.00 mm (Fig. 6). The corrected samples moved markedly closer to the 1:1 line, and the residual distribution 355 

also improved substantially. These results show that the univariate linear model effectively reduced the systematic bias and 

the overall error level. The correction equation established at GSIA was further applied to GSCM (Fig. 7). After correction, 

Bias decreased from 2.88 to 0.62 mm, RMSE decreased from 5.22 to 3.58 mm, and STD decreased from 4.35 to 3.53 mm. 

Taken together, the results from GSIA and GSCM show that the univariate linear model established using the corrected GNSS-

PWV series can effectively reduce the systematic overestimation of MODIS-PWV and improve its agreement with ground-360 

based water vapor observations to some extent. The statistical relationship derived at GSIA remained applicable under similar 

arid conditions. 
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Figure 6: Comparison of MODIS-PWV with corrected GNSS-PWV at GSIA (Top) before and (Bottom) after linear correction: 

(Left) scatterplot and fitted line and (Right) their residual time series. 365 
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Figure 7: Comparison of MODIS-PWV with corrected GNSS-PWV at GSCM (Top) before and (Bottom) after applying the GSIA-

derived linear correction: (Left) scatterplots and fitted lines and (Right) the corresponding residual time series. 

4 Discussion 

The results show that MODIS-PWV can capture the intra-annual variation in total column water vapor over the arid Hexi 370 

Corridor, but it exhibits an overestimation of approximately 2–3 mm across the entire study period, with larger errors during 

summer when atmospheric water vapor is relatively high. This positive bias has also been reported in previous evaluations of 

MODIS-PWV in various regions across China. Similar overestimation results are also found in other arid regions outside 

China (Khaniani et al., 2020). The error characteristics of MODIS-PWV are found to be closely related to regional atmospheric 

moisture background, seasonality, and the underlying surface environment (Lu et al., 2011; Zhu et al., 2021; Wang et al., 2017; 375 

Zhao et al., 2022). 
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Among the GNSS-PWV retrieval schemes examined in this study, PPP combined with integrated Tm was the most suitable 

option to be applied in the arid study region, although linear correction was still required. This result demonstrates the necessity 

of using ground-based RS-PWV observations to constrain GNSS-PWV, rather than directly using the uncorrected GNSS-PWV 

retrievals. The Tm estimation method had a marked influence on PPP-derived PWV, whereas GAMIT-derived PWV showed 380 

little difference between the integrated and empirical Tm schemes. Previous studies have identified the Tm model as a source 

of uncertainty in GNSS-PWV retrieval and shown that empirical Tm relationships are not strictly consistent across different 

regions or seasons (Wang et al., 2016; Sapucci, 2014). This is also verified in this study, suggesting that the Bevis empirical 

Tm equation may have limited applicability under arid and low-moisture conditions. The improvement produced by the 

integrated Tm was most evident for the PPP method, indicating that a physically based estimate of Tm is more effective than 385 

an empirical relationship in reducing outlying errors in arid regions. 

Regarding the application conditions and error distribution of remotely sensed water vapor products, MODIS near-infrared 

PWV retrieval relies on ratios between water vapor absorption bands and atmospheric window bands, and the algorithm is 

applicable primarily under daytime and clear-sky conditions after removing the cloud-contaminated pixels. Although strict 

cloud-mask screening improves pixel purity, it also concentrates the available samples within a clear-sky subset, resulting in 390 

a smaller sample size and potential representativeness bias (Diedrich et al., 2015; Gao and Kaufman, 2003). Based on previous 

discussions of the error sources in MODIS-PWV retrieval, the increased dispersion observed during periods of relatively high 

atmospheric water vapor may result from the combined effects of residual thin clouds or sub-pixel cloud contamination, 

differences in surface albedo, and variations in observation geometry (Bai et al., 2021). In arid regions, the relatively 

homogeneous and stable underlying surface facilitates the integration of ground-based observations and multisource remote-395 

sensing data to investigate both the causes of the overall MODIS-PWV overestimation and the spectral-response mechanisms 

associated with its reduced reliability under relatively high-water-vapor conditions. Such investigations represent an important 

direction for further improving the accuracy of MODIS-PWV retrievals in arid regions. 

In terms of the correction methods for GNSS- and MODIS-PWV, the results show that univariate linear regression can 

substantially reduce the systematic bias of MODIS-PWV in the arid study region. This finding is consistent with Li et al. 400 

(2003), who applied a linear fitting model for MODIS-PWV correction and demonstrated that this method improved the 

agreement between MODIS-PWV and ground-based reference data derived from GPS and RS observations. Thus, for local 

evaluations with limited sample sizes, in which the main objective is to reduce systematic bias, the univariate linear regression 

is an appropriate correction method. More complex regional correction schemes or machine-learning methods may have 

greater potential for characterizing nonlinear errors (Xiong et al., 2021), but they place higher requirements on the size of the 405 

training dataset, the completeness of the explanatory variables, and cross-regional generalizability. Given the limited number 

of stations and the restricted observation period in the present study, a transparent and interpretable univariate linear correction 

is more appropriate under the current data conditions. 
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5 Conclusions 

Based on observations from two GNSS stations in the arid Hexi Corridor, this study established a two-stage evaluation and 410 

correction method in which the RS observations were used to constrain GNSS-PWV, and the resulting GNSS-PWV was 

subsequently used to constrain MODIS-PWV. The main conclusions are as follows: 

(1) The GNSS-PWV retrievals were sensitive to both the Tm estimation method and the GNSS processing strategy. Among 

the combination schemes examined, PPP combined with integrated Tm was more suitable for GNSS-PWV retrieval in arid 

regions. After correction using RS observations, the resulting PWV estimates achieved R = 0.97, RMSE = 2.30 mm, and Bias 415 

= 0.00 mm and could be used as a ground-based reference for the subsequent evaluation of MODIS-PWV. 

(2) MODIS-PWV captured the intra-annual variation in column water vapor over the arid study region but showed an overall 

overestimation of approximately 2–3 mm. Relative to the corrected GNSS-PWV, the MODIS-PWV at the GSIA station yielded 

R = 0.97, RMSE = 3.47 mm, and Bias = 2.21 mm, whereas the corresponding values at GSCM were R = 0.89, RMSE = 5.22 

mm, and Bias = 2.88 mm. These results indicate that MODIS-PWV can track variations in atmospheric water vapor, but its 420 

direct application to quantitative analyses in arid regions may overestimate water vapor content, particularly under high PWV 

conditions. 

(3) The univariate linear correction model established using the corrected GNSS-PWV at GSIA substantially reduced the 

systematic bias of MODIS-PWV. At GSIA, the RMSE of MODIS-PWV relative to the corrected GNSS-PWV decreased from 

3.47 to 2.05 mm. After accounting for the propagation of residual GNSS-PWV errors, Abs RMSE decreased from 4.16 to 3.08 425 

mm, and Abs Bias decreased from 2.21 to 0.00 mm. When the correction equation was applied to GSCM, the RMSE relative 

to the corrected GNSS-PWV decreased from 5.22 to 3.58 mm, and Bias decreased from 2.88 to 0.62 mm. These results indicate 

that the linear correction relationship established using RS-constrained GNSS-PWV can improve the accuracy of MODIS-

PWV in arid areas lacking radiosonde observations but equipped with GNSS stations. 

This study was limited by the observation period and the number of stations and therefore could not fully cover the diversity 430 

of land-surface types across broader arid regions. Although the number of evaluation stations was limited, most existing 

station-network studies have directly used GNSS-PWV as the ground-based reference. The two-stage method proposed here, 

in which RS observations constrain GNSS-PWV and GNSS-PWV subsequently evaluate and correct MODIS-PWV, provides 

a more objective approach for evaluating remotely sensed water vapor products. Furthermore, the error magnitudes and biases 

quantified for a typical arid region, together with the resulting correction model, also provide a direct reference for the regional 435 

application of MODIS-PWV products in arid environments. 

Code and data availability 

The radiosonde observations are publicly available from the Department of Atmospheric Science at the University of Wyoming 
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from the Copernicus Climate Data Store (Hersbach et al., 2018a, 2018b). The MOD05, MOD03, and MOD35 products are 440 
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