

















Figure 7.8 Station-wise assessment of the newly derived TCWV over land from GMI MW
measurements using reference TCWYV from additional 5,200 GNSS stations during the period
from 2018 to 2020 across the globe. (a)—(e): mean of GNSS TCWYV; (f)—(j): mean of GMI
TCWV; (k)—~(0): R? of GMI TCWYV versus GNSS TCWV; (p)—~(t): RMSE of GMI TCWV
versus GNSS TCWV; and (u)—(y): MB of GMI TCWV versus GNSS TCWV.

7.4.2 Worldwide Comparison of GMI TCWYV versus Radiosonde TCWYV During 2017-
2020

The additional global assessment of the newly retrieved TCWYV data records is conducted using
radiosonde-based TCWYV observations from 783 stations in 2017-2020, with a sum of spatial-
temporal 284,983 GMI-radiosonde data collocations.

In Figure 7.9, the new GMI-derived TCWV observations presented an R? of 0.87, RMSE of
5.70 mm, and MB of -0.31 mm in 2017; an R? of 0.85, RMSE of 6.12 mm, and MB of -0.58
mm in 2018; an R? of 0.85, RMSE of 5.89 mm, and MB of -0.32 mm in 2019; an R? of 0.85,
RMSE of 5.81 mm, and MB of -0.19 mm in 2020; and an R? of 0.86, RMSE of 5.89 mm, and
MB of -0.36 mm in 2017-2020, when compared to radiosonde-derived reference TCWV
measurements. It is indicated that the retrieval algorithm developed in this work has a stable
performance during the period between 2017 and 2020, although it is built based on the 2017
GNSS-based TCWV data.
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In addition, the newly derived TCWV data observations had an overall reasonable MB
frequency distribution, with most paired GMI-radiosonde measurements having an MB from
-4 mm to 4 mm. Note, all new water vapor data estimates tended to underestimate the TCWV

values, i.e. negative MB.
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Figure 7.9 Assessment of the newly derived TCWV over land from GMI MW measurements
using reference TCWV from 783 radiosonde stations during the period from 2017 to 2020
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across the globe. (a) and (b): 2017; (c) and (d): 2018; (e) and (f): 2019; (g) and (h): 2020; and
(1) and (j): 2017-2020.

As shown in Table 7.2, the newly derived water vapor measurements showed an increased
RMSE as the TCWV values increased, proportional to the magnitude of TCWV values
(Vaquero-Martinez et al., 2018; Xu and Liu, 2023a, 2022¢). At the same time, the retrieval
model had positive MB values (overestimation) when the TCWYV values were below 20 mm,
whereas when the TCWV values were over 20 mm it showed negative MB values

(underestimation).

Table 7.2 Assessment of newly derived TCWV over land from GMI MW observations using
reference TCWYV from additional 783 radiosonde-based validation stations from 2018 to 2020
across the globe, at different TCWV levels.

TCWV (mm) Slope Offset R?*> RMSE(mm) MB (mm) N

(0,10] 038 292 030 3.40 1.51 103,013
(10,20] 024 1096 0.21 4.81 0.36 83,124
(20,30] 0.16 20.60 0.13 5.98 -1.54 43,542
(30,40] 0.12 30.78 0.12 8.41 -2.76 21,578
(40,50] 0.10 40.60 0.10 9.08 -2.34 14,065
(50,100] 0.08 53.58 0.01 11.32 -6.50 19,661

Figure 7.10 shows the temporal monthly-series comparison of GMI TCWYV versus radiosonde
TCWYV during 2017-2020 across the globe. On a monthly basis, the newly derived water vapor
measurements also exhibited a good agreement with reference radiosonde-based TCWV
estimates, with a monthly R? from 0.72 to 0.91, a monthly RMSE from 4.20 mm to 7.66 mm,
and a monthly MB from -1.28 mm to 1.12 mm. Note, the new GMI-retrieved monthly averaged
TCWYV showed a poorer performance in wet months than in dry months, i.e. larger RMSE
values at wet months. This is due to the larger TCWV values in wet months, consistent with
the previous work (Vaquero-Martinez et al., 2018; Xu and Liu, 2023a). Additionally, the
temporal monthly-series variation trend of new TCWYV observations presented a good
consistency with that of reference radiosonde-retrieved water vapor measurements. Overall,

the retrieval algorithm developed in this research shows a stable performance in retrieving
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TCWV from GMI MW observations at the temporal monthly series, compared to radiosonde-

measured reference TCWYV estimates.
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Figure 7.10 Temporal monthly-series assessment of the newly derived TCWV over land from
GMI MW measurements using reference TCWV from 783 radiosonde stations during the
period from 2017 to 2020 across the globe. (a): Monthly Averaged TCWV; (b): Monthly R?;
(c): monthly RMSE; and (d): Monthly MB.

The GMlI-retrieved seasonal TCWYV estimates also had a good agreement with radiosonde-
based seasonal TCWV data, with the results displayed in Figure 7.11. On a seasonal basis, the
newly retrieved TCWV data showed an R? from 0.74 to 0.89 and an RMSE from 4.00 mm to
7.68 mm compared to reference radiosonde TCWV data. The seasonal MB values between
TCWYV from GMI and radiosonde were -1.13 mm to 0.20 mm. In terms of RMSE, the newly
proposed retrieval algorithm exhibited a poorer performance in wet seasons, because of the

increased amount of TCWV (Vaquero-Martinez et al., 2018; Xu and Liu, 2023a). Additionally,
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little training data in several regions worldwide, employed in the LightGBM-based retrieval

method, could be also responsible for our algorithm’s poor performance in wet seasons.
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Figure 7.11 Temporal seasonal assessment of the newly derived TCWV over land from GMI
MW measurements using reference TCWV from 783 radiosonde stations during the period
from 2017 to 2020 across the globe. (a): seasonal averaged TCWV; (b): seasonal R?; (¢):
seasonal RMSE; and (d): seasonal MB.

As presented in Figure 7.12, the new GMI-based TCWV data agreed well with radiosonde-
observed TCWYV data at most stations. The mean values of GMI TCWYV retrievals were overall
consistent with those of reference GNSS TCWYV estimates. The station-wise RMSE values
between GMI TCWYV with radiosonde TCWV were, in general, in the range of 3 mm to 6 mm,
with an overall station-wise MB of -2 mm to 2 mm. Notedly, the newly retrieved TCWV data
measurements had an overall station-wise RMSE around 10 mm in the South and North
American areas, due to the large TCWYV values at coastal regions. Additionally, in India and

China, there are several station-wise RMSE values around 10 mm. This could be because very
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few GNSS stations, located in India and China, were utilized in the training of the retrieval
model (see Figure 7.1), and as a result, the retrieval model was not well trained in India and
China. This can lead to the poor performance of new GMI-based TCWV data in India and
China.

Annual
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MB (mm)
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Figure 7.12 Station-wise assessment of the newly derived TCWV over land from GMI MW
measurements using reference TCWYV from 783 radiosonde stations during the period from
2017 to 2020 across the globe. (a)—(e): mean of radiosonde TCWV; (f)—(j): mean of GMI
TCWV; (k)—~(0): R? of GMI TCWYV versus radiosonde TCWV; (p)—(t): RMSE of GMI TCWV
versus radiosonde TCWV; and (u)—(y): MB of GMI TCWYV versus radiosonde TCWV.

7.5 Discussion

A novel retrieval algorithm for GMI MW observations based on LightGBM is proposed to
derive global TCWV estimates over land. It is different from previous MW TCWYV retrieval
studies which use radiative transfer model and surface emissivity data (Deeter, 2007; Di Natale
et al., 2019; Du et al., 2015; Ji et al., 2017; Liu et al., 2020). The LightGBM-based retrieval
model is established using GMI-sensed BT observations as well as GNSS-sensed high-
accuracy TCWYV estimates, considering the spatial-temporal information (latitude, longitude,
and month), without using radiative transfer model or surface emissivity data. Our machine
learning-based retrieval algorithm indirectly and implicitly incorporates climatological

emissivity by utilizing data on latitude, longitude, and month.
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In the algorithm training process, the GNSS TCWYV measurements from 5,265 stations in 2017
are used to develop the retrieval model. The ground-based water vapor estimates, obtained
from additional 5,200 GNSS stations in 2018-2020 and from 783 radiosonde stations in 2017—
2020, are employed to verify the performance of newly retrieved TCWV data from GMI MW
observations. A total of 5,900,660 data pairs from GMI-GNSS measurements and 284,983
data pairs from GMI-radiosonde measurements are employed in the model verification process.
The assessment of the retrieval model is independent of the retrieval model training procedure,
as collocated observations, utilized in model training and verification processes, are distinct in

both spatial and temporal domains.

The newly retrieved TCWV measurements exhibit an increasing RMSE with the increasing
TCWYV values, because of the magnitude of TCWV values (Vaquero-Martinez et al., 2018; Xu
and Liu, 2023a, 2022¢). It makes sense to find this multiplicative error structure in TCWV
estimates, which is well-recognized in the precipitation remote sensing community. In the
following sub-sections, we present the spatial-temporal stability of the retrieval algorithm and

the comparison between our study and previous work.

7.5.1 Spatial Stability of the Retrieval Algorithm

While our newly proposed TCWV retrieval algorithm utilizes GNSS stations located on
oceanic islands (see Figure 7.1), it is crucial to clarify that these GNSS stations are technically
situated on "land" areas. As a result, our retrieval algorithm is specifically applicable to land

regions, which also encompasses areas on oceanic islands.

At most GNSS and radiosonde stations, the satellite-based GMI-retrieved TCWYV data show a
good agreement with ground-based TCWYV data from GNSS and radiosonde instruments, with
an overall station-wise RMSE from 3 mm to 6 mm as well as an overall station-wise MB from

-2 mm to 2 mm.

The newly derived TCWYV data records present a poorer performance in several coastal GNSS
and radiosonde stations in the South and North American regions, due to the high water vapor
values at coastal regions (see Figure 7.8 and Figure 7.12), which is consistent with previous

studies (Vaquero-Martinez et al., 2018; Xu and Liu, 2023a, 2022¢). Additionally, our newly
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developed algorithm does not consider ocean surfaces, despite the use of GNSS stations on
oceanic islands. This may also be a contributing factor to the poor performance of the retrieval
algorithm in coastal regions where land and ocean meet, due to the sensitivity of satellite-

sensed MW observations to surface characteristics, specifically surface emissivity.

Moreover, the station-wise RMSE values between GMI TCWYV and radiosonde TCWV in
India and China are around 10 mm, which were larger than those at other worldwide regions.
This could be because the retrieval model has not been well trained with few GNSS stations in
India and China (see Figure 7.1). The poor training of the retrieval model in the India and
China areas could then result in the poor performance of new GMI-derived TCWV data
measurements. This also illustrates that dense ground-based TCWYV observation station
networks are desired for the training of machine learning-based retrieval methods. In addition,
the high TCWYV values in India and China could also lead to the large RMSE values in these
regions, as the results displayed in Figure 7.8 and Figure 7.12.

Overall, the retrieval approach, developed in this study, exhibits a spatially stable performance
in most global areas, except for some coastal areas as well as regions with few training stations.
In our future research, an additional calibration procedure based on machine learning or
conventional regression will be included in the current retrieval model to further enhance its
global performance of new GMI-based TCWV estimates at coastal regions as well as at regions
with few training stations, as indicated in previous studies (Ji et al., 2017; Xu and Liu, 2023c,
2023d,2022c; Zhu et al., 2021). Moreover, an addition of optical remote sensing measurements
could also further improve the performance of the retrieval algorithm, as shown in the research

conducted in Ji et al. (2017).

7.5.2 Temporal Stability of the Retrieval Algorithm

Annually, the new GMI-derived TCWV data show a good agreement with GNSS-derived
reference TCWYV observations, with R? from 0.77 to 0.79, RMSE from 5.42 mm to 5.82 mm,
and MB from -0.19 mm to 0.38 mm. Compared with radiosonde-retrieved reference TCWV
measurements, the newly retrieved TCWYV observations have an R? of 0.85 to 0.87, RMSE of
5.70 mm to 6.12 mm, and MB of -0.58 mm to -0.19 mm. The annual validation results in 2018,

2019, and 2020 show that the new retrieval model performs stably year over year.
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Monthly, the new LightGBM-estimated TCWV estimates agree well with reference TCWV
estimates from GNSS and radiosonde observations. The monthly RMSE are between 4.03 mm
and 7.70 mm when compared to GNSS TCWYV and the monthly RMSE are between 4.20 mm
and 7.66 mm when compared to radiosonde TCWV. Additionally, the monthly mean water
vapor of new GMI-derived TCWV observations presents a good consistency with that of GNSS
and radiosonde TCWV measurements. Note, the new GMI-retrieved TCWV observations
show higher RMSE values in wet months than in dry months, because of the large TCWV
values at wet months (Vaquero-Martinez et al., 2018; Xu and Liu, 2022a).

Seasonally, the newly derived TCWV data exhibit a seasonal correlation between 0.66 and
0.77, a seasonal RMSE between 4.24 mm and 7.95 mm, and a seasonal MB between -0.14 mm
and 0.62 mm, when compared to GNSS TCWV. When compared to radiosonde TCWV, the
newly retrieved TCWYV estimates present an R? from 0.74 to 0.89, an RMSE from 4.00 mm to
7.68 mm, and an MB from -1.13 mm to 0.20 mm on a seasonal cycle. The retrieval algorithm
shows a poorer performance in wet seasons, because of the large TCWV values (Vaquero-

Martinez et al., 2018; Xu and Liu, 2023a).

The annual, monthly, and seasonal assessment results show that the newly developed retrieval
approach has a temporally reliable performance when retrieving TCWV estimates from GMI
MW measurements. In future work, we will use data sets of extended periods to further validate

the performance of our newly proposed TCWV retrieval approach.

7.5.3 Inter-comparison between Our Work and Previous Studies

While several retrieval models have been proposed to derive TCWV over land from satellite
MW observations (Deeter, 2007; Di Natale et al., 2019; Du et al., 2015; Ji et al., 2017; Liu et
al., 2020), no study has been reported to derive TCWV over land from GMI MW measurements.
In our work, a new retrieval algorithm for GMI MW observations based on machine learning
(i.e. LightGBM) is developed to derive TCW'V estimates over land. This study is the first one

to derive TCWYV estimates over land from GMI MW measurements.

In previous work, several algorithms have been presented to retrieve TCWV over land using
satellite-sensed MW observations at 18.7 GHz and 23.8 GHz, based on radiative transfer using
surface emissivity (Deeter, 2007; Du et al., 2020, 2015; Ji et al., 2017). The previously
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published MW TCWYV estimates over land have an overall RMSE from 4 mm to 6 mm
compared to ground-based reference TCWV estimates, with a correlation coefficient R?
between 0.72 and 0.90 (Deeter, 2007; Du et al., 2020; Ji et al., 2017). In our research, the
RMSE values between GMI TCWYV with reference TCWYV are 5-6 mm, with a correlation
coefficient R? between 0.77 to 0.87. In terms of RMSE and correlation coefficient, our machine
learning based retrieval model presents a performance comparable with previous retrieval
methods, although we do not use radiative transfer model or surface emissivity data, both of
which are usually utilized in previous studies (Deeter, 2007; Di Natale et al., 2019; Du et al.,
2015; Jietal., 2017; Liu et al., 2020).

Inter-comparison shows that the newly derived land-based MW TCWYV data from the GMI
instrument exhibit a comparable performance with the operational clear-sky near-infrared
TCWYV product of the MODIS sensor, i.e. similar R?, RMSE, and MB values (Xu and Liu,
2023a; Zhu et al., 2021). Their performance is much better when compared to operational
MODIS near-infrared water vapor measurements under cloudy sky conditions (Xu and Liu,

2023a; Zhu et al., 2021).

7.6 Summary

In this study, we propose a novel retrieval algorithm to retrieve TCWYV data over land from
MW measurements of the GMI sensor based on a machining learning approach using spatial-
temporal fields. It is the first time to derive TCWV estimates over land from GMI MW

measurements. Major findings are shown as follows.

e The new GMlI-derived TCWV data observations agree well with reference TCWV
estimates from GNSS and radiosonde observations, with R>=0.78, RMSE = 5.67 mm,
and MB = 0.07 mm compared with GNSS TCWYV and R? = 0.86, RMSE = 5.89 mm,
and MB = -0.36 mm compared with radiosonde TCW'V.

e With the increase of TCWYV values, the newly retrieved TCWV data exhibit a decreased
retrieval performance, i.e. large RMSE at high TCWV.
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e The retrieval algorithm presents a stable annual, monthly, and seasonal performance in

deriving TCWV data from GMI MW measurements.

e The new GMlI-retrieved TCWV data show an overall good quality at most global

regions, apart from areas with large TCWV or areas with few training stations.

The retrieval model developed in this work has a comparable performance with previous
retrieval methods but our model does not use radiative transfer model or surface emissivity
data. The accuracy of new GMI-derived TCWV data records is comparable to that of
operational clear-sky near-infrared TCWV observations, such as the operational MODIS near-

infrared TCWYV product.
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Chapter 8 Conclusion and Future Perspectives

8.1 Conclusion

Water vapor is the most important natural greenhouse gas and plays a crucially important role
in the Earth’s weather and climate monitoring, which can be obtained via ground-based,
reanalysis-based, and satellite-based data sources. Space-based remote sensing satellite
instruments provide a unique technique to measure PWV estimates at a proper spatiotemporal
resolution in both local and global coverages, significantly benefiting the monitoring of climate,

weather, and other related fields.

Over the past several decades, various remote sensing instruments onboard polar-orbiting and
geostationary satellite platforms have provided operational PWV products over land, ocean,
and clouds, which are derived using differing spectral wavelength regions, namely VIS, NIR,
IR, and MW. However, all operational PWV retrievals are frequently affected by the presence
of clouds, particularly for PWV from VIS and NIR. Because of the impact of clouds, several
satellite-borne sensors also do not provide operational PWV data under cloudy sky conditions,
like OLCI/Sentinel-3 and AGRI/FY-4A. Additionally, it is very challenging to derive PWV
estimates over land from satellite-sensed MW measurements, on account of complex and

varying land surface characteristics.

Satellite remotely sensed PWV measurements, in general, have two major limitations: (1) the
observational accuracy is much poorer than ground-based PWV observations; (2) the
observational accuracy is even degraded when PWYV satellite data are made under cloudy sky
conditions. It is thus crucial to technically enhance the all-weather performance of satellite-
based operational PWV estimates using PWV retrieval/calibration methods. The major
objective of the thesis is to develop novel machine learning-based retrieval/calibration
approaches to improve the observational quality of multi-satellite operational PWV products
under all weather conditions, at the same time recovering un-provided MW-based operational
PWYV retrievals over the land regions. We have conducted several works to enhance the all-

weather accuracy of multi-satellite PWV observations from VIS, NIR, and IR channels as well
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as to retrieve PWV estimates over land from satellite MW observations. The key findings of

our research are summarized as follows.

We jointly validate the observational accuracy of reanalysis and satellite PWV products
sourced from ERAS5, MERSI-II/FY-3D, OLCI/Sentinel-3A, OLCI/Sentinel-3B,
MODIS/Aqua, and MODIS/Terra. The measurement accuracy of reanalysis-based and
satellite-based PWV products presents significant dependencies on several variables —
location, PWV, solar zenith angle, season, elevation, and latitude. This study provides
insights into improving the accuracy of reanalysis-based and satellite-based PWV

products after exploring the dependence factors that affect PWV performance.

A novel N3CM calibration approach is proposed to improve the observational
performance of operational all-weather PWV products from Aura-borne OMI VIS
measurements. The N*CM-calibrated PWV data considerably outperform operational
OMI-derived water vapor observations, regardless of PWV and cloud fraction levels.
In terms of RMSE, operational OMI-sensed all-weather PWV estimates are enhanced
by ~90%. The N3CM approach can significantly reduce the annual, monthly, and
station-wise discrepancies between PWV from OMI and GNSS/radiosonde. The N*CM
method could potentially be extended to other OMI-similar IWV products.

A practical BPNN-based PWYV retrieval algorithm is developed to derive the improved
all-weather PWV estimates from NIR observations of the MODIS sensor, differing
from previous algorithms that focus on enhancing MODIS NIR clear-sky PWV
retrievals. The newly retrieved PWV data exhibit a better consistency with GPS-
observed reference PWYV estimates, reducing the RMSE of operational PWV by ~57%
for all-weather conditions and 47.49% for confident-clear conditions. The BPNN-based
PWYV retrieval algorithm provides a promising technique to improve the all-weather

retrieval accuracy of PWYV retrievals from NIR observations of satellite-based sensors.

A feasible calibration scheme based on machine learning is proposed to improve the
observational quality of operational all-weather PWV estimates from IR measurements
of the MODIS instrument. The newly calibrated MODIS IR all-weather PWV estimates
agree better with GPS-derived reference PWV data, showing R?, RMSE, and MB of
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0.88-0.94, 2.79—4.08 mm, and 0.16-0.52 mm, respectively. In particular, the RMSE
between PWV from MODIS and GNSS is reduced by 41.74%, 45.76%, 44.29%, and
49.04% in confident-clear, probably-clear, probably-cloudy, and confident-cloudy
conditions, respectively. This research could offer insights into how to improve the
accuracy of operational PWV estimates from satellite-sensed IR data under all weather

conditions.

e A novel LightGBM-based retrieval algorithm is presented to derive PWV over land
from GMI-sensed MW observations, without the employment of surface emissivity and
radiative transfer. The newly retrieved PWV estimates have a correlation coefficient of
0.78 and 0.86, an RMSE of 5.67 mm and 5.89 mm, and an MB of 0.07 mm and -0.36
mm compared to reference PWV from GNSS and radiosonde, respectively. The
performance of the retrieval algorithm is satisfactory when compared to that of land-
purpose PWV of other satellite missions, though we have not used either surface

emissivity data or radiative transfer model.

In general, the newly retrieved/calibrated PWV data perform much better than operational
PWYV satellite measurements, compared with ground-based reference PWV data. In terms of
RMSE, the observational accuracy of OMI VIS PWV, MODIS NIR PWV, and MODIS IR
PWYV is enhanced by ~90%, ~57%, and ~43%, respectively. The observational performance of
newly GMI-derived land-area PWV is satisfactory compared with that of land-purpose PWV
of other satellite instruments. The improved all-weather PWV satellite measurements could
play a more important role in the Earth’s climate change, weather prediction, and many other

applications.

8.2 Limitation and Future Perspectives

As presented in the thesis, the observational quality of all-weather PWV estimates from multi-
sensory observations has been significantly improved by conducting comparisons with

operational satellite water vapor products. However, several limitations of our current studies

remain existing:
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e Little data are available in the oceanic areas for the model development and validation.
The newly proposed retrieval/calibration algorithms for satellite remotely sensed
measurements are primarily developed based on ground-based GNSS data over land
areas. The verification of the retrieval/calibration methods is also mainly performed
using ground-based GNSS and radiosonde observations in land regions. For regions
with sparse GNSS and radiosonde stations, the performance of the retrieval/calibration

approaches may be not comprehensively validated.

e While the retrieval/calibration models present an overall dependable performance in
the temporal dimension, they tend to have a slightly reduced performance in non-
algorithm training periods. In addition, the performance of the retrieval/calibration
algorithms is relatively poorer in wet seasons and months than in dry seasons and

months.

e Our current machine learning-based retrieval/calibration algorithms, which are
developed in regional areas like Australia and China, are expected to perform poorly in
other regions worldwide. This is primarily because machine learning approaches
frequently have poor performance in situations that have not been trained yet, namely
other global areas. Additionally, the geo-spatial fields, employed in our algorithms,
vary significantly in different regions of the globe.

Furthermore, accurate PWV estimates at varying spatial and temporal resolutions are crucially
important for understanding the Earth's climate, weather, and other related fields, both locally
and globally. Our current work has a focus on non-geostationary satellite measurements, which
frequently provide near-global fine-spatial-resolution PWV estimates, with coarse temporal
resolutions. Further investigations are required to improve the temporal resolution of non-
geostationary satellite-sensed PWV observations. The following key issues of satellite-based
water vapor measurements have also not been completely or effectively addressed yet, which

require more attention in the near future.

e Estimating all-weather PWYV retrievals from the new generation of satellite-sensed VIS,

NIR, IR, and MW measurements.
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e Refining the PWYV retrieval algorithms with the consideration of aerosol, land surface

temperature, and other atmosphere/surface parameters.

e Retrieving all-weather PWV estimates by combining multi-sensory and multi-spectral

satellite observations.

e Generating high-spatiotemporal-resolution long-term PWYV data records from multi-
sensory, multi-temporal, and multi-resolution satellite observations under all weather

conditions.

¢ Investigating spatiotemporal patterns of satellite-sensed long-term PWV measurements

in both local and global regions.

e Developing application-oriented PWV characteristic products and their applications in

hydrology, precipitation, droughting, flooding, and other related fields.
e Jointly deriving PWV, land surface temperature, aerosol optical depth, and other
atmosphere/surface parameters based on multi-satellite remotely sensed observations

under all weather conditions.

In addition, future research trends for accurate water vapor satellite estimates will likely focus

on:

e Advancing Remote Sensing Technologies: Developing higher resolution, more

sensitive sensors for detailed atmospheric water vapor observations.

e Integrating Multiple Data Sources: Combining satellite data with ground observations

and model outputs to enhance water vapor accuracy.

e Using Machine Learning and Artificial intelligence: Improving data processing and

analysis for obtaining high-quality water vapor.
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