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2. Brief report for Important Conferences on Cryospheric
Sciences
2.1 International Workshop on Cryospheric Changes in a Warming

Climate

In the context of global warming, the cryosphere is undergoing significant changes,
which substantially impacts global and regional natural ecosystems as well as social
and economic sustainable development. The social, economic and environmental
problems caused by the cryosphere changes have attracted more attention from the
scientific community, governments and public.

The International Workshop on “Cryospheric Changes in a Warming Climate:
Filling the Gap between Observations and Decision-making” was successfully held in
Lijiang, Yunnan Province, during October 26th-27th, 2019. The conference was co-
organized by the State Key Laboratory of Cryosphere Sciences, Lijiang Municipal
People's Government and Yulong Snow Mountain Glacier and Environment
Observation and Research Station of the Chinese Academy of Sciences. More than 120
experts and scholars from the Northwest Institute of Eco-Environment and Resources,
Chinese Academy of Sciences, the University of Alaska, the Menikov Institute of
Permafrost Research of the Siberian Branch of the Russian Academy of Sciences and
other universities and research institutes attended the meeting.

The conference featured three sub-forums: (1) Arctic cryosphere change and
sustainable development, focusing on reviewing the latest progress of environmental
and engineering research in the Arctic cryosphere in 2019 among China, United States,
and Russia, and discussed specific work plans for 2020. (2) Changes, impacts and
adaptation of the third polar cryosphere, discussing the research progress on the changes,
impacts and adaptation of the third polar cryosphere. (3) Cryospheric services and
functional evaluation in China, probing into the sustainable development of ecology,

agriculture, economy and society in the western cryosphere of China.
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2.2 The 2022 China Society of Cryospheric Science Council conference

The 2022 China Society of Cryospheric Science Council conference was
successfully held in Lingshui, Hainan, China, from March 25 to 26, 2023. The
conference was hosted by the China Society of Cryospheric Science. The co-organizers
include the State Key Laboratory of Cryospheric Science and State Key Laboratory of
Frozen Soil Engineering, Northwest Institute of Eco-Environment and Resources,
Chinese Academy of Sciences. The purposes of this conference were to further promote
the development of cryospheric science in China, explore new direction for the
development of cryospheric science, and make the scientific research of cryospheric
science better serve the social economy and promote regional sustainable development.
On March 25, Professor Dahe Qin (Member of the Chinese Academy of Sciences) first
introduced the China Society of Cryospheric Science and the current status and
development directions of cryospheric science. On behalf of the International
Geographical Union (IGU), Guoyou Zhang presented the “2022 IGU Highest Honor
Award” to Dahe Qin. “Shi Yafeng Cyrosphere and Environment Foundation" and “2022
Outstanding Scientist Award and Young Scientist Award” were also presented during
the conference. Afterward, the experts had in-depth discussions about the development
strategy of cryospheric science, and 18 professional committees introduced the annual
work progress and achievements, hot topics, and key scientific issues and future works

in detail.

Fig. 4 the scene of the meeting
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3. Progresses on the Cryospheric Science in China
3.1 Glacier (by Wang Ninglian, Li Zhongqin)

China is the largest middle latitude country with highest glacier surface around the
world besides Antarctica and Greenland. The investigations of glacier distribution and
predicting their changes are thus very important, from evaluate the status of water
resources and maintaining the national defense infrastructure in western China.
Furthermore, such studies contribute to the development of Chinese cryospheric
research, and also to the planetary change study. The Glacier Division aims to integrate
the academic resources of glaciology in China, build a new platform for the global
cooperation and exchange of cryosphere science in China, and strive to promote the
development of cryosphere science. During the past five years, we have made
remarkable progress in glacier investigation by providing scientific and technological
support for snow safety at the Beijing 2022 Winter Olympics, constructing the
"Mountain Glacier Mass Balance and Dynamics Monitoring Simulation Platform", and

making scientific progress and achievement in local services.

1. Conduct the Second Tibetan Plateau Scientific Expedition and the Third
Xinjiang Scientific Expedition

The Second Tibetan Plateau Scientific Expedition and the Pan Three Pole Special
Glacier Survey was launched. On May 4, 2022, 13 members of the "Peak Mission"
Everest Scientific Research of the Second Tibetan Plateau Scientific Expedition
successfully climbed to the top of Mount Qomolangma to set up the world's highest
Automatic Weather Station at 8830 m a.s.l. We used high-precision radar to measure
the ice and snow thickness on the peak for the first time, and collected ice, snow, and
atmospheric samples, from the scientific expedition to Mount Qomolangma. This is the
first time that China's Mount Everest scientific research has exceeded an altitude of
over 8000 m a.s.l., which is of epoch-making significance in the history of scientific
research on the Tibetan Plateau. After the completion of the meteorological station

installation, 8 meteorological gradient observation stations was established in the
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Everest area from an altitude of 5200 a.s.l. to 8830 a.s.l. forachieving complete
meteorological gradient information of Everest. This will provide valuable first-hand
scientific data for perceiving climate and environmental variations in the Everest region.
Concurrently, the Third Xinjiang Scientific Expedition Program has been launched,
mainly focusing on the practical needs of green development and sustainability in
Xinjiang. At watershed scales, problem-oriented and contemporary high-tech
amenities, the project emphases on conducting comprehensive scientific investigations
throughout the Xinjiang Uygur Autonomous Region, for an in-depth understanding of
the resources and environment in Xinjiang region together with intensive scientifically
estimation of the carrying capacity of regional resources and environment. Moreover
novel and systematic plans were proposed to eradicate driving forces for achieving
high-quality development. Relying on the Tianshan Glaciological Station, a total of 6
glacier wide projects have been approved by the Third Xinjiang Scientific Expedition

Program.

2. Conduct research on key technologies of Event Snow Support to provide
scientific and technological support for the snow safety of the Beijing 2022 Winter
Olympics

We have undertaken the National Key R&D Program of China "Research and
Application Demonstration of Key Technologies for Event Snow Support". Through
nearly six years of research, we have provided a wide range of technical support and
service for the snow-related projects of the Beijing 2022 Winter Olympics in ski resorts,
snow storage, snow quality assurance, and track maintenance. Among them, the
developed discriminative model of track snow quality grade has been applied in the
evaluation of track snow quality risk grade for the 2021 "Meet Beijing" test event, and
a series of snow quality analysis reports have been released. In the National Alpine
Skiing Centre in Yanqing, Beijing, the experiment of making an ice snow track was
carried out, and the key technologies of different water injection techniques and

compaction methods were achieved. In November 2021, a "one game, one strategy"
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snow storage and maintenance plan for each competition snow field was submitted to
the Olympic Organizing Committee. During the Winter Olympics, it will provide
technical support and service guarantee for the Big Air Shougang, the National Jump
Center, Genting Snow Park and other Olympic venues. At present, this achievement is
undergoing system integration to form an integrated solution for snow protection with
Chinese characteristics. During the "Post Winter Olympics" period, it will help achieve
the goal of "driving 300 million people to participate in ice and snow sports" and
provide technological support for China's ice and snow industry's strategy of
"expanding south, west, and east". The achievement of "snow protection for Winter
Olympics events" was selected as a highlight of scientific and technological innovation

by the Chinese Academy of Sciences in 2021.

3. Construct a "Mountain Glacier Mass Balance and Dynamics Monitoring
Simulation Platform"

The construction of massive apparatus is done with a focus on the two "Cryosphere
Simulator" and "Mountain Glacier Mass Balance and Dynamics Monitoring Simulation
Platform" projects of the field station of the Chinese Academy of Sciences: a) Building
areference glacier monitoring network using ultra-long-range terrestrial laser scanning.
Up to now, four glacier monitoring towers (including Urumgqi Glacier No.l monitoring
tower, Keqicar Glacier monitoring tower in western Tianshan Mountains, Glacier
No.29 in Zhazigou of Qilian Mountains, and one glacier in the Altai Mountain) have
been carried out, and b) TGS glacier simulation platform construction. The TGS Glacier
Simulation Main Platform's interior décor and the configuration of a few instruments
and pieces of equipment are currently complete, and the platform's data processing,
research simulation, and display capabilities will be implemented one at a time. c)
"Cryosphere simulator" construction. Aftercompletation of laboratory setup, it will be
easier to precisely simulate wide-scale regional glacier mass balance, long-term
dynamics, and high-precession future prediction along with snow-ice water melting and

contribution towards arid regions of northwest China.

4. Numerous significant scientific advances have been accomplished
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® The latest achievements systematically explain the imbalance of Asian
water tower

The Second Tibetan Plateau Scientific Expedition published the latest research
results in "Nature Reviews: Earth and Environment", systematically elaborating on the
issue of the imbalance of Asian water tower (Yao et al., 2022). This achievement found
that the main characteristic of the imbalance of Asian water tower is that solid water
(e.g. ice and snow) is rapidly melting and liquid water is showing an increasing trend;
From a spatial perspective, the increase in liquid water is mainly in the northern
endorheic basin, while the liquid water in some watersheds in the southern exorheic
basins shows a decreasing trend. The rapid warming of the Third Pole climate has
changed the proportion of solid water such as glaciers and liquid water such as lakes
and rivers. At present, the water supply in the southern exorheic basins of the Asian
Water Tower is decreasing, but the water demand in the downstream area of the
southern endorheic basin has sharply increased. So the contradiction between water
supply and demand will become increasingly serious.

® Underestimation of mass loss from lake-terminating glaciers in the

greater Himalaya

The Second Tibetan Plateau Scientific Expedition published the latest research
results on the underestimated mass loss from lake-terminating glaciers in the greater
Himalaya in Nature Geoscience (Zhang et al., 2023). The research results that
proglacial lakes have increased 47% by number, 33 +2% by area and 42+ 14% by
volume from 2000 to 2020. The expansion of glacial lakes has resulted in 2.7 £ 0.8 Gt
of subaqueous mass loss between 2000 and 2020. A preliminary estimate of the global
underwater ice loss caused by ice lake contact with glaciers was also made, with a loss
of approximately 210 billion tons, accounting for 12%. This study provides a
framework for quantifying underwater ice mass loss, reduces the uncertainty of
estimating total ice mass loss, and provides important scientific basis for more accurate
simulation of past and future glacier mass balance, assessment of glacier and ice lake

disasters and changes in water resources.
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® Glacier retreat accelerates global chemical weathering

The Second Tibetan Plateau Scientific Expedition published conclusive evidence
on Nature Communications that glacier retreat accelerates global chemical weathering
(Li et al., 2022). With the support of the Second Tibetan Plateau Scientific Expedition
Project, this study completed the sampling and data collection of glacier meltwater
chemistry from 43 glaciers in Tibetan Plateau and its surroundings. Combined with the
monitoring results of meltwater chemistry from glaciers in other regions around the
world, we formed a hydro-chemical dataset of 5465 meltwater runoff samples
worldwide. Using cation erosion rate as a proxy indicator for chemical weathering rate,
contemporary cation denudation rates beneath glaciers are ~3 times higher than two
decades ago, up to 10 times higher than ice sheet catchments, up to 50 times higher than
whole ice sheet means and ~4 times higher than major non-glacial riverine means.
Glacial cation denudation rates are positively correlated with air temperature,
suggesting glacial chemical weathering yields are likely to increase in future. Our
findings highlight that chemical weathering beneath glaciers is more intense than many
other terrestrial systems and may become increasingly important for regional
biogeochemical cycles.

® The risk of glacial lake outburst flood in the Third Pole will increase in

the future

Increasing climate uncertainties and unpredicted changes at the Earth’s Third Pole
is collectively accelerating the rapid loss of ice, which resulted in formation and
expansion of glacial lakes, becoming a severe threat to flash floods downstream.
Researchers have published a paper in Nature Climate Change to reveal the increasing
risk of glacial lake outburst floods from future Third Pole deglaciation (Zheng et al.,
2021). The results demonstrate maximum glacial lake outburst flood (GLOF) risk is
concentrated in the eastern Himalayas as compared with its adjacent regions, which is
projected to be increased in coming decades. Additionally, GLOF risk be increased

dramatically in the near future by developing new and rapid spatial expansion of
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existing lakes together with alarming frontal glacier recession. With apparent increases
in GLOF risk already anticipated by the mid-twenty-first century in some regions, the
results highlight the urgent need for forward-looking, collaborative, long-term
approaches to mitigate future impacts and enhance sustainable development across the
Third Pole.
5. Remarkable results have been achieved in local services

® Assist Jimunai County in the Altai Prefecture of Xinjiang Uygur Autonomous
Region in industrial poverty alleviation: By analyzing and evaluating the future
variation of water resources in Jimunai County, and obtain the conclusion that “one side
of water and soil cannot nurture one side of people”. Only through water diversion can
the fundamental problem of water shortage in Jimunai County be solved. And help to
strive for 100 million cubic meters of water diversion rights. Participate in the
construction project of Jimunai County's introduction of the “Ten Thousand Camels
Garden” Industrial Park, and help Jimunai County to alleviate poverty and revitalize
the countryside.

® Applying artificial snowfall to reduce glacier melt and further help the
sustainable development of regional ecotourism: Dagu Glacier is located at the eastern
edge of the Tibetan Plateau. Since Dagu Glacier is an important tourism resource in
Heishui County, its rapid retreat has seriously restricted the sustainable development of
local glacier tourism, so it is particularly urgent to use artificial measures to retard the
glacier melting. Since 2020, researchers at Tianshan Glaciological Station have
conducted glacier "blanket" protection experiments on the Dagu Glacier using the
method of covering insulation materials. Based on previous experiments, a new type of
nano material will be laid on the surface of glaciers. After summer, it is preliminarily
estimated that the new nanomaterials can effectively reduce glacier ablation by about
80%, which is comparatively better than the geotextile implemented in 2020. This effort
plays an important role in continuously serving the region’s geo-environmental
protection and sustainable development.

References:
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3.2 Permafrost (by Wu Qingbai, Zhao Lin)

1. Academic exchanges in permafrost research are gradually normalizing

® The International Permafrost Association has been forced to cancel the 12
International Conference of permafrost in China due to the COVID-19 pandemic.
The canceled 12 International Conference on Frozen Soil Engineering is scheduled
to be held in Lanzhou in September 2024.
® In order to extensive academic exchanges on frozen soil and cold region
engineering, the State Key laboratory of Frozen soil Engineering proposed the
initiative of National Conference on Frozen Soil Environment and Cold Region
Engineering, and the first National Conference was held in Lanzhou. The second
conference was held in Nanchang in 2021, and the third conference was held in
Nanjing in 2023. The fourth conference will be held in Lanzhou in 2024.

®  Under the guidanc of the Chinese Society of Rock Mechanics and Engineering, the
Polar Geotechnical Engineering Professional Committee was set up, and the
founding meeting of the professional committee was held in Harbin in 2023, and a

high-end forum was held on polar geotechnical engineering issues.

2. Progress on permafrost research
® Permafrost in the Cretaceous supergreenhouse

Earth’s climate during the last 4.6 billion years has changed repeatedly between
cold and warm (greenhouse) conditions. The hottest conditions (supergreenhouse) are
widely assumed to have lacked an active cryosphere. Here we show that during the
archetypal supergreenhouse Cretaceous Earth, an active cryosphere with permafrost
existed in Chinese plateau deserts (astrochonological age ca. 132.49—132.17 Ma), and
that a modern analog for these plateau cryospheric conditions is the aeolian—permafrost
system we report from the Qiongkuai Lebashi Lake area, Xinjiang Uygur Autonomous
Region, China. Significantly, Cretaceous plateau permafrost was coeval with largely

marine cryospheric indicators in the Arctic and Australia, indicating a strong coupling
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of the ocean—atmosphere system. The Cretaceous permafrost contained a rich
microbiome at subtropical palaeolatitude and 3—4 km palaeoaltitude, analogous to
recent permafrost in the western Himalayas. The mindset of persistent ice-free
greenhouse conditions during the Cretaceous has stifled consideration of permafrost

thaw as a contributor of C and nutrients to the palaco-oceans and palaco-atmosphere.

® Permafrost thawing puts the frozen carbon at risk over the Tibetan
Plateau

Soil organic carbon (SOC) stored in permafrost across the high-latitude/altitude
Northern Hemisphere represents an important potential carbon source under future
warming. Here, we provide a comprehensive investigation of the spatiotemporal
dynamics of SOC over the high-altitude Tibetan Plateau (TP), which has previously
received less attention as compared with the circum-Arctic region. The permafrost
region covers ~42% of the entire TP and contains ~37.21 Pg perennially frozen SOC at
the baseline period (2006-2015). With continuous global and regional warming, the
active layer is projected to further deepen, resulting in ~1.86+0.49 Pg and ~3.80+0.76
Pg permafrost carbon thawing by 2100 under moderate and high representative
concentration pathways (RCP4.5 and RCP8.5), respectively. This could largely offset
the regional carbon sink and even potentially turn the region into a net carbon source.
Our findings also highlight the importance of deep permafrost thawing which is

generally ignored in current Earth system models.

® Characteristics of methane emissions from alpine thermokarst lakes on

the Tibetan Plateau
Understanding methane (CH4) emission from thermokarst lakes is crucial for
predicting the impacts of abrupt thaw on the permafrost carbon-climate feedback.
However, observational evidence, especially from high-altitude permafrost regions, is
still scarce. Here, by combining field surveys, radio-and stable-carbon isotopic analyses,

and metagenomic sequencing. We presents an analysis of multiple characteristics of
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CH4 emissions from 120 thermokarst lakes in 30 clusters along an 1100 km transect on
the Tibetan Plateau. We find that thermokarst lakes have high CH4 emissions during
the ice-free period (13.4 + 1.5 mmol m—2 d—1; mean + standard error) across this alpine
permafrost region. Ebullition constitutes 84% of CH4 emissions, which are fueled
primarily by recent carbon decomposition through the hydrogenotrophic pathway. The
relative abundances of methanogenic genes correspond to the observed CH4 fluxes.
Overall, multiple parameters obtained in this study provide benchmarks for better
predicting the strength of permafrost carbon-climate feedback in high-altitude
permafrost regions.

® Divergent changes in particulate and mineral-associated organic carbon

upon permafrost thaw

Permafrost thaw can stimulate microbial decomposition and induce soil carbon (C) loss,
potentially trigger a positive C-climate feedback mechanism. However, earlier
observations have concentrated on bulk soil C dynamics upon permafrost thaw, with
limited evidence involving soil C fractions. Here, we explore the distinct performance
fractions, including particulate and mineral-associated organic C (POC and MAOC) as
well as iron-bound organic C (OC-Fe), respond to permafrost thaw using systematic
measurements derived from one permafrost thaw sequence and five additional
thermokarst-impacted sites of the Tibetan Plateau. We find that topsoil POC content
substantially decreases, while MAOC content remains stable and OC-Fe accumulates
due to the enriched Fe oxides after permafrost thaw. Moreover, the proportion of
MAOC and OC-Fe increase along the thaw sequence and at most of the thermokarst-
impacted sites. The fairly enriched stable soil C fractions would alleviate microbial
decomposition and deteriorate its response to climate warming over long-term
thermokarst progress.

® The first synthesis dataset of permafrost thermal state for the Qinghai—

Tibet (Xizang) Plateau, China
A comprehensive dataset has been first released, which consisting of long-term

meteorological, ground temperature, soil moisture, and soil temperature data was
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compiled after quality control from an integrated, distributed, and multiscale
observation network in the permafrost regions of Qinghai-Tibet Plateau. The dataset
includes six automatic meteorological stations, 12 active layers and 84 boreholes in the
Qinghai-Tibet Plateau permafrost region, with observations of meteorology
(temperature, precipitation, wind speed, specific humidity, etc.), multi-layer soil
temperature and moisture, active layer thickness and permafrost temperature. The
dataset is helpful for scientists with multiple study fields (i.e., climate, cryospheric,
ecology and hydrology, meteorology science), which will significantly promote the
verification, development, and improvement of hydrological models, land surface
process models, and climate models on the Qinghai-Tibet Plateau. Since its release in
2021, the dataset has been viewed more than 10,000 times and downloaded more than

2,000 times for contemporary research purposes.

® Characteristic, changes and impacts of permafrost on Qinghai-Tibet
Plateau

A systematic summary of the latest research progress on the characteristics of the
current state permafrost on the Qinghai-Tibet Plateau (QTP), including the active layer
thickness, the spatial distribution of permafrost, permafrost temperature and thickness,
as well as the ground ice and soil carbon storage in the permafrost region. The
permafrost thickness varies greatly among topography, with the maximum value in
mountainous areas, which could be deeper than 200 m, while the minimum value in the
flat areas and mountain valleys, which could be less than 60 m. The mean active layer
thickness of the permafrost on the QTP is 2.3 m, with 80% of the permafrost regions
ranging from 0.8 m to 3.5 m. From 2004 to 2018, the increasing rate of the soil
temperature at the bottom of the active layer was 0.486°C/10 a.

The ground ice volume of the permafrost is estimated up to 1.27x104 km3 (liquid
water equivalent). The soil organic carbon in the upper 2 m of the permafrost region is
about 17 Pg; there is a large uncertainty in this estimation however due to the great

heterogeneities in the soil column. Although the permafrost ecosystem is a carbon sink
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at present, it mayshift to a carbon source due to the loss of soil organic carbon along
with permafrost degradation. Most of the permafrost on the QTP belongs to the unstable
permafrost, meaning that permafrost over QTP is very sensitive to climate warming.
Permafrost degradation greatly affects regional hydrology, ecology, and even the global

climate system.

® Establishment of the permafrost model and deformation inversion
method for permafrost change on the Qinghai-Tibet Plateau

A moving-grid permafrost numerical model considering phase change, ground ice,
geothermal flux and thawing settlement was developed and used to simulate the long-
term dynamic changes and spatial and temporal distribution of thawing settlement in
the permafrost regions on the Qinghai-Tibet Plateau, and to predict the future change
trends and possible thawing risks. Meanwhile, a ground deformation detection method
for active layer thickness change and ground ice melting was developed, and its
accuracy in the permafrost regions on the Qinghai-Tibet Plateau was improved by the
SBAS-InSAR process algorithm, and the amount of ground ice loss in the permafrost
was estimated based on the relationship between the long-term deformation trend and

ground ice melting rate.

® Permafrost thawing and water resources

Recent studies have identified long-term surface subsidence, which can serve as
an indicator of ground ice melting and provide a proxy to an approximation of
cryospheric meltwater budget. By correlating subsidence measurements with ground
ice richness from drilling cores, the rate of active layer thickening, and the increase in
liquid water at the bottom of the active layer, it has become evident that the long-term
ground subsidence directly represents the melting of ground ice.

The Differential Interferometric Synthetic Aperture Radar (D-InSAR) technique
and the derived multitemporal InSAR (MT-InSAR) exhibit great potential in detecting

terrain deformation on the order of millimeters to centimeters over large permafrost
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areas. Through the application of InSAR monitoring, it becomes possible to estimate
the volume of ground ice meltwater based on ground deformation at the regional and
watershed scales. Results reveal that ground ice meltwater contributes around 10%
increase in lake volume within the endorheic basins and contributes approximately 2%
(1.3% for the source region of the Yellow River and 2.8% for the source region of the
Yangtze River) to river runoff in the upstream regions of these two major rivers in China.
3. Great programs during 2019-2023
® “Survey on Latitudinal Permafrost and Frost hazards along the
infrastructures in Northeast China”, Science & Technology Fundamental

Resources Investigation Program (Grant No. 2022FY100705)

The latitudinal permafrost in Northeast China is the largest reservoir of soil organic
carbon and an important ecological barrier in North China, as well as a hub area for the
transportation and Oil & gas pipeline projects along the China-Mongolia-Russia
Economic Corridor. As a result of permafrost degradation, significant changes are
occurring in the water cycle, forest and wetland ecosystems, and carbon cycling
processes in permafrost regions. Moreover, freeze-thaw related geohazards also
frequently occurred widely along the infrastructure routes.

This research project aims to collect, compile, investigate, and observe basic data
on permafrost characteristics, frozen soil engineering damage, and environmental
factors in Northeast China. Kamalan River Basin on the east slope of the Greater
Khingan and the Genhe River Basin on the west slope is as the typical survey areas to
carry out the field survey on the permafrost characteristics and the distribution of frost
damage along the existing infrastructures in Northeast China. A comprehensive
permafrost observation network is carried out in-situ observations of permafrost ground
temperature, active layer hydrothermal and meteorological elements. Then, all data are
used to compile the spatial distribution map of the main characteristic parameters of the
permafrost in Northeast China, as well as the distribution map of engineering frost
damage and stability. A basic database including permafrost characteristics, engineering

frost damage and environmental factors in Northeast China is constructed. Eventually,
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the current situation and development pattern of permafrost and engineering frost
damage in Northeast China will be assessed, and the evolvement process of permafrost
and engineering stability under climate change will be predicted. It provides important
scientific and technological support for national and regional ecological environment
protection, green silk-road construction along the China-Mongolia-Russia Economic

Corridor, water resources protection with regional economic and social development.

® The National Key R&D Program supported by the Ministry of Science and

Technology, “Arctic terrestrial environmental change and their effects”

2020YFA0608500

This project intends to conduct interdisciplinary research around the core theme
of "clarifying the temporal and spatial changes of Arctic terrestrial environmental
factors, the processes of energy and water exchange between the land and atmospheric
systems and their climate feedback, as well as the release, migration and transformation
of terrestrial environmental pollutants and their ecological impacts, and quantitatively
assessing of the beneficial and harmful effects of Arctic terrestrial environmental
change", aiming to solve the following key scientific problems: (1) What is the process
and mechanism of terrestrial environmental response to rapid warming in different
regions of the Arctic? (2) What is the impact of Arctic terrestrial environmental change
on the energy-water exchange process in the land-atmosphere system and its feedback
to climate? (3) What is the mechanism of occurrence, source, migration and
transformation of typical pollutants in the Arctic terrestrial environment? (4) How can
the service function and disaster risk of Arctic terrestrial environmental change be
assessed quantitatively and comprehensively? The project attempts to carry out
monitoring and simulation research on key factors of the Arctic terrestrial environment,
to establish a comprehensive Arctic terrestrial environment data platform based on
multi-source data such as in-situ observations, remote sensing and reanalysis of existing
glaciers, permafrost, snow and vegetation in the Arctic, and to develop parameterisation

schemes for Arctic glaciers, permafrost, snow and vegetation; To elucidate the process
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mechanism of deposition, release and migration of pollutants in the Arctic terrestrial
environment; to quantitatively assess the beneficial and detrimental effects of changes
in the Arctic terrestrial environment. Through cross-cutting research in natural and

human sciences, we propose adaptation strategies for Arctic sustainable development.
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3.3 Snow, Remote Sensing and Data (By Li Xin and Che Tao)

® Ground-based Snowpack Observation

Based on field practices in snowpack observation, ground-based snowpack
observation standards were established. The snowpack observations from
meteorological stations in China were compiled, and the representativeness of stations
was evaluated. Two complete snow season surveys on snowpack were conducted at
points, lines, and surfaces. Annual work reports and investigation reports for typical
snow cover areas in China were written. Based on quality checks on all observations,
data description documents and metadata were compiled, resulting in the creation of 7
datasets. The datasets and standards were reviewed by experts and have been published
and shared by the National Cryosphere Desert Data  Center
(http://www.ncdc.ac.cn/portal/).

® Long-term Snow Products

Using station observations, high-resolution remote sensing data, and o reanalysis
data, the characteristics, properties and deficiencies of existing major snow products
were comprehensively evaluated in northern Xinjiang, the Qinghai-Tibet Plateau, and
the Inner Mongolia-Northeast China snow (Hao et al. 2019; Liu et al. 2020), resulting
in a snow product evaluation report. Daily cloud-free snow cover products with a
resolution of 5 km from 1980 to 2020 and daily cloud-free snow cover products with a
resolution of 500 m from 2000 to 2020 were developed with accuracies of 90% and
94%, respectively (Hao et al. 2021). The total data volume of the cloud-free snow cover
products was 13.7 TB. A daily snow water equivalent product with a resolution of 25
km from 1980 to 2020 was developed with an accuracy of 10 mm and a data volume of
100 GB (Yang et al. 2019a; Yang et al. 2019b). A daily and 8-day cloud-free snow
albedo product with a resolution of 1 km from 2000 to 2020 was developed with an
accuracy of 0.11 and a data volume of 500 GB. Expert reviews of accuracy indicators
were completed. All datasets were accompanied by accuracy verification reports and
data description manuals and have been published and shared by the National

Cryosphere Desert Data Center.

24



® Thematic Maps and Database

Based on the water and thermal properties and stability of snow cover, the snow
cover types in China were classified, and a distribution map of snow cover types was
produced (Li et al. 2022). Based on ground-based observations, remote sensing data,
and the results of snow cover type classification, a series of Chinese snow cover type
maps were compiled. In addition, a series of thematic maps including the water-thermal
effect of snow cover in typical agricultural areas of Northeast China, the snow-melt
flood hazards on the north and south slopes of the middle section of the Tian Shan
Mountains in Xinjiang, the snow disasters over pastoral areas of Qinghai-Tibet Plateau,
and the snow water resources in typical watersheds in northwest China were completed.
A database of Chinese snow cover characteristics and distribution survey was
constructed, including database queries, statistics, analysis, and other related functions.
The data including observations and products were standard and stored, and the remote
access and remote operation of the database were enabled. Additionally, the "Demand
Analysis Report of the Chinese Snow Cover Characteristics Survey Database" was
compiled. The thematic maps and database were reviewed by experts and have been

published and shared by the National Cryosphere Desert Data Center.
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3.4 Cryospheric Hydrology (by Chen Rensheng, Zhang Shiqgiang)

1. Hydrological basis and discipline system of Cryohydrology

Cryohydrology is a new interdisciplinary branch of Cryosphere and Hydrology
science, which aims to deepen the understanding of the theoretical and cognitive levels
of its mechanisms and processes, accurately quantify the hydrological functions of the
basin, and promote understanding of the ecological and environmental impacts of the
cryosphere (Ding et al., 2020).

Initially, Cryohydrology was referred to as hydrology involving low temperatures,
for example, the hydrological study of snow, ice, frozen ground, and cold water. This
discipline broadened with the development of cryospheric science and now involves
hydrological processes of various cryosphere elements systematically coupled with
river basin hydrological processes. However, limited studies have introduced the
characteristics and discipline connotations of Cryohydrology from a perspective of
cryospheric science (Ding et al., 2020).

Here, we reviewed the evolution of the connotations of Cryohydrology and
analyzed its hydrological basis and discipline system. Three major conclusions were
drawn: (1) Cryohydrology was developed based on traditional hydrology for a single
element of the cryosphere and focuses on the hydrological functions of the cryosphere
and its impact on the water cycle and water supply to other spheres; (2) The
hydrological basis of Cryohydrology can be summarized as water conservation, runoff
recharge, and hydrological regulation. In detail, the water conservation function is
primarily expressed as “source of freshwater” and “cold and wet islands”, the runoff
recharge function is concerned with water supply, and the regulation function is
effective at intra and inter-annual scales; (3) The core research issues of Cryohydrology
are research methods, hydrological processes, watershed functions and regional impact.
The important characteristics of Cryohydrology are frequent water phase transitions

and high variability across spatial and temporal scales (Ding et al., 2020).

2. Impact of cryospheric changes on runoff in the main cold basins in China
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Based on the long-term observation in several alpine watersheds and previous
research on Cryohydrology, a cryospheric basin hydrology model was created to
simulate and project the past and future runoft in the main cold basins in China (Chen
et al., 2019). As a result, the impact of cryospheric changes on runoff in these cold
basins was analyzed. The main conclusions are shown as follows (Chen et al., 2019;
Ding & Xiao, 2019):

1) The tipping point of glacier runoftf has or will appeared in the near future in
most of cold basins in China. The time of occurrence depends on the glacier size in
these basins.

2) Degradation of frozen ground (including permafrost and seasonally frozen
ground) has increased and decreased the river discharge in winter and summer
respectively in most of the cold basins. In addition, it has shortened the annual runoff
hydrograph. However, these effects have not appeared in the basins with permafrost
coverage greater than 40%.

3) Due to increasing snowfall above the snowline, the snowmelt has increased in
the past 50 years and would also increase in the next 80 years in most alpine cold basins
in China. However, the rapid warming has caused an earlier onset of spring that induces
earlier snowmelt and associated peak streamflow, especially in the mountainous basins
where the snowmelt occupies the majority of river runoff.

4) Increased winter runoff, earlier snowmelt flood and increased glacier runoff
(with large glaciers) are the main present impacts of the cryosphere to river runoff in
cold basins in China.

5) Although the cryospheric runoff would decrease largely in the near future, the
future runoff would increase weakly due to increasing precipitation in the most of the
western river basins in China. However, the runoff distribution would vary largely on
month, year and decade scales. The available stable water resources would depend on

the limited temperature rise to 2 °C in western especially in the arid Northwest China.

3. Water supply function of Cryosphere in China
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With global warming and rapid shrinkage of the cryosphere, the decreasing
cryosphere water resources (CWR) supply function would weaken its service and then
affect local economic development and implement of United Nations Sustainable
Development Goals (SDGs) in the world, but how does the CWR supply affect its
service and their variations in the past and future are still not clear at present. Therefore,
the past dynamics (1960-2020), current situation (2010s) and projected changes (2020-
2100) of CWR in China were assessed by calculating the meltwater from glacier, snow
cover and the ground ice of permafrost under Representative Concentration Pathways
scenarios (RCP2.6, RCP4.5, and RCP8.5) (Li et al., 2022).

The annual CWR in China is about 3107x10® m? in the 2010s, with glacier runoff,
snowmelt, and ground ice meltwater accounting for 24.1%, 72.7% and 3.2%,
respectively. The annual average glacier runoff and snowmelt is about 615x10% m? and
2370x10% m® from 1961 to 2017 in China (Li et al., 2022; Yang et al., 2022). Although
the total volume of ground ice in the permafrost regions is twice of the glacier in China,
its annual meltwater is only 175x10® m? at present.

The CWR accounts for large amounts ratio in Western and Northeast basins
especially in the arid Northwest China, where the CWR ratio varies from about 20% to
85%.

From 1960 to 2017, the CWR has weakly increased. Whereas in the future, the
quantity of CWR was projected to decline by 14%-18% over the next 80 years Under
SSP1-RCP2.6. While under SSP5-RCP8.5, CWR would be reduced by 40% by 2100.
The study of CWR is of great significance for water security, sustainable development

and risk avoidance in the arid endorheic region (Li et al., 2022).

4. Water resources service of Cryosphere in China

The global warming has been accelerating the cryospheric ablation in the recent
years. Therefore, it should know about the future changes of cryospheric water and its
effects to the social and economic development under Paris Agreement, but the

corresponding knowledge is very limited. In the past five years, the theoretical research
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was conducted including the concept, catalog, contact framework with the United
Nations Sustainable Development Goals (SDGs) and its specific implementation path,
as well as the synergy and tradeoff theory to meet the SDGs and the national needs of
the Belt and Road Initiative (Li et al., 2022).

The cryospheric water including the glacier runoff, snowmelt and ground ice melt
water was estimated from 1961 to 2017 by using the CBHM model in about 45 inland
river basins, the arid region of Northwest China where the cryospheric water accounting
for about 20%~85% of the basin water resources. Under CMIP5 RCPs scenarios, the
cryospheric melt water and river runoff were also projected up to the year 2100 in these
river basins. Based on these cryospheric data and the GDP, population, water supply
and the total surface water resources data in each county in the Northwest China, the
cryospheric water service was evaluated from 1961 to 2017 and projected up to 2100
under SSP1-2.6, SSP2-4.5, SSP3-8.5 and SSP5-8.5 scenarios. The cryospheric water
and its service were also estimated by using the similar methods from 1961 to 2017 and
projected up to 2100 in each city in China. After that, the cryospheric water service was
divided into four classes named significant enhancement area, relatively stable region,
rapid decline area and potential loss area during 2030s, 2050s and 2090s in China,
respectively.

Under SSP1-RCP2.6, the cryospheric water resources service potential would
reach the peak in 2100, while under SSP5-RCP8.5, it would gradually decline from
2050 (Li et al., 2022).

5. Key technologies in forecasting of snowmelt flood disaster in arid areas,
Northwest China
Under the global warming, the extreme warming process, heavy snowfall and

Rain-On-Snow event occur more frequently, resulting in more frequent snowmelt
floods, and the rain, snow and ice mixed floods. Therefore, the projection, prediction,

forecasting and early warning of the flood disasters are urgently needed in the arid

regions of Northwest China.
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According to the present research progress on key technologies of snowmelt flood
disaster forecasting, the mechanism of flood disasters has been revealed in the past four
years. In addition, the monitoring and early warning device of snowmelt flood disasters

are developed, and the three-dimensional monitoring system has been constructed in

the arid regions. Based on the in situ, remote observation and involved research results,
a hydrological model has been developed to accurately simulate the rain, snow and ice
mixed floods. As a result, an Intelligent Decision Support System (IDSS) has been

constructed to demonstrate the flood submerged areas, evaluate the risk of the flood

disasters and give the best solutions in the arid regions of Northwest China (Chen et al.,
2021).

Using the IDSS, several snowmelt floods have been forecasted with very high
accuracy in the past two years in the source Irtysh river valley, Northwest China.
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3.5 Cryosphere and Sustainable Development (by Fang Yiping, Yang

Jianping)

1. Mismatch between the Population and Meltwater Changes Creates
Opportunities and Risks for Global Glacier-fed Basins

® The results show the important role played by GWR in the 36 glacier-fed basins,
especially in the Indus, Ganges, Tarim, Junggar, Syr Darya and Amu Darya of Asia,
Rapel, Mapocho and Santa of South America and Yukon of North America (Fig.7). The
total area of the 36 important glacier-fed basins (IGFBs) is 1.3x107 km?, accounting for
9.7% of the world’s total land area in which all 109,447 glaciers cover a total area of
114,711 km?. Approximately 1159.6 million people were living in these 36 IGFBs in
2015, of which approximately 87.3% were in Asia. Moreover, nearly 12.6% and 39.0%
were living under highly or extremely highly water-stressed conditions, with a water
availability per capita of less than 500 m® a™* and an average of more than 40% and 80%
of the available supply withdrawn year-round, respectively. The vast majority of HWSP

live in Asia.
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Fig. 7. Regionalization of the importance of the world’s glacier water resources (GWR) in terms of their meltwater

supplying potential (SP) and downstream human dependence (demanding potential, DP) in 2015 at the basin scale.

The SP and DP are classified into extremely low (1), low (2), medium (3), high (4) and extremely high (5) categories

based on normalized supply and demand indicators. The labels indicate 36 important glacier-fed basins (IGFBs)

without low SP and DP values. The inset shows the basic information of IGFBs at the continental scale, including

the glacierized basin number, population and proportion of the highly water-stressed population (HWSP) in 2015,
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glacier number, area and volume, and ice coverage.

e Although the SPGMs in the Indus, Ganges, Yangtze, Mekong, Rhine, Titicaca
and Amazon basins have been increasing significantly before the ‘‘peak water” years,
the opportunities associated with the increases of the SPGMs only meet the basic needs
of part of the population due to the large population growth at the same time. However,
in the other basins, the opportunities offered by the increase of the SPGM can not only
seasonally meet the basic water needs for the increasing populations, but also relieve
the water pressure for those populations under highly water-stressed conditions. Most
of the investigated basins would see the peak meltwater earlier than the projected peak
population, not only creating a risk in terms of not meeting the basic water demands for
the increased population but also imposing water pressure on the existing population.

This is especially true for the Indus, Ganges, Amu Darya and Syr Darya.
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Fig. 8. Changes in the service potential of glacial meltwater (SPGM) and population as well as their associated
opportunities and risks in the world’s IGFBs during historical (1980-2015) and future periods (2020-2100) under
the mid-range Representative Concentration Pathway and Shared Socioeconomic Pathways, i.e., RCP4.5 and SSP2.
(a) Annual and seasonal SPGM (insert, 4 months, from June to September in the Northern Hemisphere and from
December to the next March in the Southern Hemisphere) in an average year during 1980 and 2015 and the annual
glacier runoff peaks in 22 IGFBs. The labels show the 6 IGFBs with an annual SPGM of more than 20 million. (b)
Population dynamics and their annual growth rates (AGR) during 1980 and 2015 (insert), along with future
population peaks and their maximum change rates relative to 2015 in all 36 IGFBs. The labels indicate the 9 IGFBs
with the biggest population change rates in the population peak year compared to 2015. Surrounding figures show
seasonal opportunities and risks associated with only changes in the SPGM (POgi and PRgi) and jointly affected by
changes in the SPGM and population dynamics (POgpi and PRgpi) from the 1990s to the 2090s (with the 1980s as
the first baseline period) in 21 IGFBs. The red labels show the HWSP with a water availability per capita of fewer
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than 500 m3 a' in 2015.

e The result show that both opportunities and risks are greatest in the Indus River
basin, which provides a good example of typical consequences caused by mismatching
between the meltwater and population changes. The increase in glacial meltwater can
seasonally satisfy the basic needs of an additional 83.7 million people from the 1990s
to the 2040s, but 129.1 million would be exposed to severe water scarcity due to the
decrease in glacial meltwater and the population increase after the 2040s. After the peak
population, the risk of water shortage would decline gradually.

e When the SPGM initially increases, the utilization of GWR can improve
regional human well-being. Meanwhile, great attention should also be paid to effective
adaptation once the SPGM continually declines after the population peak has been
reached. Especially, there are urgent needs for transboundary cooperation under a co-
design and win-win strategy. This study also implies that the transformation towards
the sustainable pathway (SSP1) before 2030 can significantly reduce the risk of a water
shortage caused by rapid population growth in the IGFAs of South and Central Asia, as
well as South America (Fig. 8).

(Source: Bo Su, Cunde Xiao, Deliang Chen, Xue Ying, Yi Huang, Rong Guo, Hongyu Zhao, Aifang
Chen, Yanjun Che. Mismatch between the population and meltwater changes creates opportunities

and risks for global glacier-fed basins. Science Bulletin, 2022(67):9-12.)

2. Cascading costs of snow cover reduction trend in northern hemisphere

e The average snow radiative forcing (SRF) was -1.49 (#0.13) Wm2, which
indicates an equivalent increase of 116.69 (#10.30) gigaton carbon (GtC) in the
atmosphere since the pre-industrial period. The average increase rate for SRF due to
the trend of snow cover reduction in NH during 1988-2015 was 0.1141 (#0.0227) Wm~
?/10a. Subsequently, the average equivalent carbon of climate regulation service (CRS)
of NH lowland snow during 1988-2015 reduced at a rate of -8.95 (#1.78) GtC/10a,
which accelerated to -28.38 (#14.06) GtC/10a during 2008-2015. The areas of high
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latitudes and altitudes have high CRS because of the relatively long snow cover
duration. However, a significant decrease of CRS can be observed in most other areas,
especially in those of low latitudes and altitudes.

e Nearly half of the EEC would occur in sectors related to “trade and service”.
The cost rate in sectors of “mining and quarrying” and “basic and fabricated metals”
would reach 60% and 54%. The trade and service sectors would be 33%. The cascading
cost of climate change pertinent to NH snow cover reduction trend in the “trade and
service” sectors would be 37.0 trillion euros, 56.9% of the global EEC. The EECs of
“manufacturing” and “petroleum, chemical and non-metallic mineral products” sectors
are 6.5 and 5.1 trillion euros, respectively. The cost rates of “wood and paper,”
“electricity, gas, and water,” as well as “basic metals and fabricated metal” sectors
would reach 79%, 70%, and 66%, respectively (Fig. 9). The results highlight that the
world economy could fall in the circumstance that a remarkable proportion of the global
total output would be constrained as a cascading cost to neutralize the impacts of the
NH snow cover reduction.

e Each nation would bear different cascading costs pertinent to the trend of snow
cover reduction in NH, subject to the responsibility-sharing mechanisms. Fig. 10a
shows the national EECs under the emission-based scenario. China would experience
the most prominent national EEC followed by the USA and Japan. Western European
nations, South Korea, and India would also incur massive costs when reducing direct
CO:z emissions. Fig. 10b shows the regional disparity with a view of the national cost
rates. It indicates that the impacts of global actions are relatively high in the large
developing nations (e.g., China and India) and Eastern European nations, while
relatively small in the developed nations in North America and Western Europe. The
ramification would be significantly different in the GDP emission-based scenario
(Fig.10c). In this circumstance, the cascading cost in China would be 4.1 trillion euros,
which is less than half of the cost in the emission-based scenario. Developed nations
(e.g., the USA, Western European nations, and Japan) would then bear massive
cascading costs to neutralize the impacts of the declining trend of NH snow cover.
Meanwhile, the USA would incur a 12.9 trillion euros of cascading cost, at the top of
the world, followed by France, the United Kingdom, and Germany. Fig. 10d illustrates
the national cost rates under the GDP-emission-based responsibility-sharing

mechanism. Western and Northern European nations would be confronted with high
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relative impacts. In contrast, the cost rates are lower in South Africa, Greece, India, and

Russia.
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Fig. 9. Equivalent economic costs (EECs) and the sectoral structures in two responsibility sharing scenarios. The
emission-based scenario represents that the virtual carbon burden is shared based on each sector's CO2 emission
amount. In contrast, the GDP-emission based mechanism indicates that nations with larger GDP take more
responsibility, then each nation's share is assigned to sectors based on their CO2 emissions. The results are calculated
based on the global economic situation and carbon intensity in 2015.
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indicate larger EEC (a, c¢) or higher proportions of the EECs in the national total outputs (b, d).

(Source: Shiwei Liu, Jianchuan Qi, Sai Liang, XiaomingWang, XuejiaoWu, Cunde Xiao. Cascading
costs of snow cover reduction trend in northern hemisphere. Science of the Total Environment,

2022,806, 150970.)

3. Global Snow- and Ice-Related Disaster Risk

e SIRD’s formation requires not only cryosphere hazards as incentive conditions,
but also the objects that are subject to disasters such as people, property, resources, and
infrastructure. Generally, a SIRD is the result of combined effects of the cryosphere
hazard, the disaster’s formative environment, and the vulnerability of the economic and
social system. SIRDs include ice/snow avalanches, glacial surges, glacial-snow
flood/debris flows, melting snow floods, freeze-thawing, ice jam/floods, iceberg sea ice,
coastal freeze-thaw erosion, snowstorms, blowing snow, freezing rain and snow, hail,
frost freezing, and other disasters according to their trigger factors (Fig. 8). The
disaster’s formative environments include natural factors such as climate, topography,
geological activity, ecological vegetation, elevation, river distribution, and social
factors such as population, economy, and infrastructure. For cryosphere events in the

same intensity, the higher the sensitivity of the disaster’s formative environment, the
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greater the probability of disaster and the greater the losses. In addition, the size of the
damage depends on the exposure and vulnerability of the disaster-bearing bodies. The
greater the vulnerability, the greater the risk of the SIRD. Sometimes, the SIRD size is
determined by the scale of the hazard, and sometimes by the degree of exposure or

vulnerability as well as the disaster’s formative environment (Fig. 11).

Fig. 11. Schematic diagrams of SIRDs

e On land, SIRDs mainly occur in the high mountainous areas of middle-low
latitude and the permafrost regions of high latitude. The recorded frost events show a
decreasing trend but the hail hazard distributions are greatly heterogenous. Overall, the
frequency of rain-on-snow events is projected to increase on land in the future. In the
ocean, SIRDs are mainly distributed in the Arctic coastal areas and global low-lying
islands or areas, with great potential risk. Among them, coastal freeze-thaw, icebergs,
and sea-level rise and its impacts are likely or expected to continue increasing in the

next few decades (Fig. 12).
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Fig. 12. Observed and recorded SIRD sites or ranges in the world

(Source: Wang Shijin, Yang Yuande, Che Yanjun. Global snow- and ice-related disaster risk: A

review. Nat. Hazards Rev., 2022, 23(4): 03122002)
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3.6 Cryospheric Archives (by Kang Shichang, Jin Huijun, and Zhang

Yulan)

® Glacier surface snow and ice

The concentrations and transport pathways of microplastics have been
comprehensively analyzed from the surface snow and ice of glaciers on the Tibetan
Plateau (Wang et al., 2022; Zhang et al., 2021). Migration and transformation of
mercury on a watershed scale in the Himalayas has been revealed, with discussions of
the potential impact on the ecological environment in the alpine glacier melt region
(Sunetal., 2022). Chemical weathering rates of global glaciers and ice sheets have been
investigated, indicating the spatiotemporal variation patterns and impact mechanisms
of glacier weathering rates (Li et al., 2022). The dataset release of the genome and gene
catalog of the largest glacier microbiome in the Tibetan Plateau helps to deepen our
understanding of the structure and function of the microbiome in Tibetan glaciers (Liu

et al., 2022b).

® |ce cores

The new technology of 3°Ar radioactive dating of the ice core has established an
accurate dating scale for thousands of years for the Qiangtang glacier ice core
(Ritterbusch et al., 2022). Characteristics of NOz™ and NHs4" changes have been
reconstructed from the Tibetan Segangri ice core over the past thousand years (Zou et
al., 2022). Ice core records have also revealed the significant impact of atmospheric
circulation, specially the Arctic air mass and the North Atlantic oscillation, on ice core
records in the Northern Tibetan Plateau (Du et al., 2022). The temperature records of
ice cores in the western and southeastern Tibetan Plateau have also been clarified,
providing insights into glacier changes (Zhao et al., 2021). Furthermore, the Guliya ice
core records of microorganisms and bacteriophages from nearly 15000 years ago have
contributed to the sampling procedures for microorganisms and viruses in glacier ice,
providing a scientific basis for understanding the virus communities and functions in

ancient glacier environments (Zhong et al., 2021).
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® Treerings

Tree ring records revealed the historical changes in temperature and precipitation
in different regions of the Tibetan Plateau and the response of radial growth of Qilian
juniper to different types of drought in the northeastern Tibetan Plateau (Xu et al., 2022).
The oxygen isotope records of tree rings indicated that the Asian monsoon precipitation
increased during the 4.2 kaBP period, indicating the extreme hydrological events in the
upper reaches of the Yangtze River over the past 700 years (Yang et al., 2021).
Variations of mercury from tree rings in permafrost regions of Northeast China were
investigated, emphasizing the possible geographical impact on mercury records in tree
rings and improving understanding of forest mercury cycling in permafrost regions

(Kang et al., 2022).

® | ake sediment cores

The lake sediment cores illustrated the seasonal deviation of Holocene temperature
variations in the Tibetan Plateau and clarified the influence of the Westerlies on
Holocene climate change in the central transitional zone of the plateau (Zhang et al.,
2022). Using lake core isotopes (5'80), it also revealed the characteristics of Holocene
hydrological climate changes in the Tibetan Plateau (Wu et al., 2022). The spatial
distribution of the pollen community on the Tibetan Plateau has been reconstructed for
the past 15000 years, reflecting the large-scale vegetation gradient on the plateau (Li et

al., 2021).

® Permafrost

The distribution characteristics and formation mechanism of heavy metal
pollutants such as mercury and microbial communities in permafrost soil have been
characterized, indicating the impact of global warming on the cycle of mercury and
Persistent organic pollutant in the Tibetan Plateau (Liu et al., 2022a). It revealed the

distribution of microbial communities in seasonally frozen soil layers of the plateau and
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their driving environmental factors (Wang et al., 2023). The spatial variability of typical

soil trace elements in different regions was elucidated, and their migration and

transformation characteristics and influencing factors were discussed (Cao et al., 2022).

The changing trend of natural gas hydrates in the permafrost of the Tibetan Plateau has

been revealed under the background of global warming and its impact on carbon

emissions (Lu et al., 2022).
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3.7 Women Scientists Division (by Zang Shuying, Wang Puyu)

The Women Scientists Division aims to play a role as a bridge and link between
women scientists in the research field of cryospheric science, promote the growth and
development of women scientists, exchanges and cooperation with domestic and
foreign women scientists groups, enhance their role and status in scientific and
technological innovation and social development, and establish a home for women
scientists in the cryosphere science field. The Women Scientists Division was initiated
by the Council meeting of the Chinese Society of Cryosphere Science in 2019. By
drawing up the constitution of the working committee, establishing the organizational
structure and recruiting members, the Women Scientists Division has been formed.
Although it was established for a short time, remarkable progresses have been made

during the past years in the following aspects:

1. Establishment of the Division
® The first working meeting was held

On January 13, 2022, the Women Scientists Division held the first meeting of the
first Working Committee of Women scientists. Professor Kang Shichang, Vice
President of Northwest Institute of Ecology, Environment and Resources, Chinese
Academy of Sciences, and Professor Xiao Cunde, Secretary-General of the Society of
Cryosphere Sciences, delivered speeches respectively, expressing congratulations on
the establishment of the working committee and the convening of the first working
conference. Director Zang Shuying introduced the preparatory process of the Working
Committee for Women Scientists, and the members introduced themselves respectively,
and had a heated discussion on the committee's charter and the next work plan.
Researcher Kang Shichang and Professor Xiao Cunde fully affirmed the work of the
Working Committee of Women Scientists, and put forward opinions and suggestions
for the next step, hoping to strengthen the diversity of members, especially the work
exchange in the fields of cryosphere science and humanities, and jointly promote the

vigorous development of cryosphere science.
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® Establish the committee working groups and exchange groups

In order to effectively promote the work of the committee, transmit information
related to cryosphere science, and promote the exchange of female cryosphere workers,
wechat groups of "Committee of Cryosphere Women Scientists" and "Cryosphere
Women Scientists Exchange Group" have been established respectively. The
"Committee of Women Scientists of the Cryosphere" is composed of 30 members, and
the relevant work notices of the women scientific work committee are issued within the
group, and all kinds of activities are carried out together. The "Cryosphere Women
Scientists Exchange Group" has more than 100 women scientists working in the field
of cryospheric sciences. On this platform, information about academic exchanges and
journal conferences related to cryosphere science is shared and released, which

promotes the growth and development of female scientists.

2. Various special activities were organized

® Academic Salon

» Online held the “ice and snow, East-west linkage” cryosphere female scientists first
academic salon. There are two academic reports, “changes of ecological
environment and water resources in the middle and upper reaches of the Yellow
River”, and “Effects of wildfires on boreal forest ecosystems and permafrost
environments”, respectively.

» Online held the “A new era of pursuing dreams, women exhibit their unique style”
cryosphere female scientists academic salon. The main contents of the two
academic reports were about “Climate change, cryosphere change and regional
sustainable development”, and “Progress of permafrost environment work of
China-Russia pipeline in northern Greater Khingan Mountains”, respectively.

® Hosted the fifth National Youth Academic Forum on Geotechnical Mechanics
and Engineering in Cold Areas

» As one of the organizers, the Women Scientists Division participated in the

preparation of the conference, and convened the offline special report venue of the

47



“Cold Area Engineering and Environment Forum for Women Scientists” and the

online special report venue of the “Cold Area Environment”.

3. A number of important scientific advances have been made

Women Scientists Division members actively participate in domestic and foreign
academic conferences and make academic reports; Won various awards, such as the
first prize of provincial Science and Technology Progress Award; Approved various
projects, such as the key technology research and development and application project
of the Ministry of Science and Technology, the Third Xinjiang Scientific Expedition
Program, and the Provincial Outstanding Youth Fund; Serve local work, such as
providing data and reference for provincial frozen soil mapping, engineering survey
alignment, investigation and design scheme determination, design, etc.

For example, research progress of permafrost in northeast China was achieved.
Utilizing the 8-day Aqua/MODIS land surface temperature (LST) products in 2003—
2020, the southern limits of a sub-Arctic boreal mountain permafrost in the Amur River
Basin bordering China, Russa, and Mongolia was extracted. Response of SOC
mineralization and the soil bacterial community to two microtopographic features
(hummocks and hollows) under two different incubation temperatures were
investigated. Warming decreased soil bacterial a -diversity and significantly separated
soil bacterial community structure. Soil labile substrates were the main factor affecting
the SOC mineralization between the different microfeatures in the permafrost wetland.
Effects of temperature, moisture, and their interactions on carbon emissions in the
permafrost peatlands were investigated. In addition, the Third Xinjiang Scientific
Expedition Program has been launched and was undertaken by members, mainly
focusing on the practical needs of green development and sustainability in Xinjiang,

especially about the cryospheric sciences.
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Development of Comprehensive PNT and Resilient PNT

Xia Ren?, Yuanxi Yang'?
! State Key Laboratory of Geo-Information Engineering, Xian, China
2 Xi’an Research Institute of Surveying and Mapping, Xian, China

Any single positioning, navigation and timing (PNT) technology has its vulnerability and
limits, even powerful Global Navigation Satellite System (GNSS) is no exception. To provide
continuous and reliable PNT information to users, the theory and technique of comprehensive
PNT information system and resilient PNT application system have attracted great attention
from Chinese scholars. We try to summarize the progress and development of the synthetic PNT
system, including the proposal, the modification and the improvement of the comprehensive
PNT, as well as the follow-up resilient PNT. The frame of China’s comprehensive PNT system
consisted of comprehensive PNT infrastructure and comprehensive PNT application system is
initially described; the achievements on some main PNT technologies are introduced; the
conceptual models of resilient PNT are given; besides, existing researches on resilient function
models and stochastic models are summarized according to different user scenarios.

1 Introduction

Satellite navigation system have advantages in high precision, global coverage and real-
time service, making it the most wildly used positioning, navigation and timing (PNT)
technology in the world. However, Global Navigation Satellite System (GNSS) signals are
vulnerable with low landing power and poor penetrating, that cannot serve non-exposed spaces
or easy to be inferred. With the explosion of the weaknesses of GNSS, it is realized that only
relying on GNSS or any single PNT technology may bring potential risks, and a new PNT
system needs to be built to guarantee the safety of core PNT users (Yang et al., 2023). Published
in Nov. 2022,“China’s BeiDou Navigation Satellite System in the New Era” by the State
Council Information O ffice of the People’s Republic of China says that a more extensive, more
integrated, and more intelligent comprehensive spatiotemporal system with BDS as the core is
going to be created in the coming years (State Council Information Office of the People’s
Republic of China, 2022).

In 2016, the concept of comprehensive PNT system was proposed, namely a PNT
information source frame covering from deep space to deep sea providing seamless PNT
information for users in any environments (Yang, 2016). Correspondingly, in 2017 and 2019,
the thinking of micro-PNT terminal system and resilient PNT application system were proposed
for the resilient application of multiple PNT information (Yang and Li, 2017; Yang, 2018).
Since then, the key technologies on the construction of comprehensive PNT information
sources and study on resilient PNT methods and algorithms became a research highlight in
China. With deeper study, intelligent PNT concept was proposed as a more advanced PNT
application mode catering to the requirement of intelligent society (Yang et al., 2021, Liu et al.,
2022). Then, a secure PNT system is formed with comprehensive PNT information sources,
resilient PNT application mode and intelligent PNT service mode (Yang et al., 2023).

In the following sections, the frame of Comprehensive PNT system consisted of
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comprehensive PNT infrastructures and comprehensive PNT application system is presented,;
then, the significant achievements are introduced on the aspects of navigation satellite
constellation at Lagrange points, BeiDou global navigation system (BDS-3), Low Earth Orbit
Satellite (LEO) Augmentation System, and various ground-based PNT systems; besides, the
resilient PNT concept and its key elements are described, and the study progress on resilient
methods and algorithms in underwater scenario, indoor scenario and urban scenario are
presented.

2 Comprehensive PNT system

The concept of Comprehensive PNT system described a PNT information source system
without distinguishing the comprehensive PNT infrastructure and the comprehensive
application system at the initial description (Yang, 2016; Yang and Li, 2017). By a series
discussion, it is realized that the comprehensive PNT system should be divided into
comprehensive PNT infrastructure system and comprehensive PNT application system (as
shown in Figure 1.) (Yang et al., 2023). Comprehensive PNT infrastructure system contains all
the large artificial PNT information sources covering from deep space to deep sea, and the
comprehensive PNT application system is various PNT terminal sensors receiving artificial and
natural PNT signals or self-sensing the state of motion of the carriers.
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As an important part of national comprehensive PNT system, the comprehensive PNT
infrastructure system is a seamless PNT main information source frame which should be
designed and constructed based on different PNT information sources. In the exposed space
from deep space to the ground, the artificial PNT information source frame includes navigation
satellite constellation at Lagrange points connecting the PNT service from ground to deep space;
the existing or improved BeiDou navigation satellites at high and medium earth orbits, serving
for the exposed ground users, ships and low orbit vehicles; the low orbit navigation satellite
constellation, augmenting the BeiDou navigation system; the ground-based radio stations such
as the ground-based radio navigation stations “Changhe”, ground-based augmentation stations
of BDS/GNSS and mobile base stations, augmenting or compensating satellite navigation
systems. In non-exposure spaces, beacons such as WiFi, infrared and radio frequency and Ultra
Wide Band are also important PNT information sources. In under water environments, sea
surface buoys and seafloor beacons are all main PNT infrastructures providing PNT information



and transmitting time-space datum.

Also, the integrated PNT sensors like INS and micro clock, as well as the natural PNT
information sources like matching information (magnetism, gravity and image) and pulsar
signals, could be applied as compensation methods in many scenarios. Besides, scene-based
augmentation systems (SceneBAS) for comprehensive PNT should also be included in the
comprehensive PNT application system, for example, the geo-graphic scene in three dimension
could be important PNT augmentation information (Zhang et al., 2023).

Navigation satellite at Lagrange points

The navigation satellite constellation at Lagrange points of Sun-Earth and Earth-Moon
system is still under demonstration. A feasible thinking on navigation satellite at Lagrange
points is making it not only the navigation method for cisluar spaces, but also navigation relay
station from the surface of the earth to deep space. The navigation signal should follow the
same structure as BeiDou/GNSS signals to realize the compatibility and interoperability with
BeiDou/GNSS. Besides, the satellites should carry upward and downward antennas directing
to the deep space and the earth respectively. The upward antenna is to broadcast navigation
signal for deep space users, and the downward antenna is to receiving the signal of GNSS to
realize the transferring of the space and time datum (Yang et al., 2023).

Satellite navigation technology

BDS-3 was accomplished in June 2020, and officially opened service in July 2022. Series
of creative designs are used such as the hybrid constellation, the whole constellation inter-
satellite links, and Asymmetric Constant Envelope Binary Offset Carrier (ACE-BoC) signal
modulation mode (Yang et al., 2020a, 2022; Xie and Kang, 2021). These creative designs
strongly support not only the PNT performance but also six featured services namely Regional
Short Message Communication Service (RSMCS), Precise Point Positioning Service via B2b
signal (PPP-B2b), Global Short Message Communication Service (GSMCS), International
Search & Rescue Service (MEOSAR) and Satellite Based Augmentation Service (SBAS).

The performance of BDS-3 is evaluated and assessed by academies and organizations
(Yang et al., 2022; Guo et al., 2019; Cai et al., 2021). The international GNSS monitoring and
assessment (iIGMAS) evaluated the performances of BDS-3 signal and the basic PNT service
in 2022, and the results showed that each item could fill the requirement of design index (as
shown in Table 1). The SBAS service could broadcast GPS/BDS single- and dual-frequency
augmentation information through BDS GEO satellites achieving APV-l and the CAT-I
precision. The PPP-B2b performance for real-time positioning is about 0.1-0.2 m which is at
the same level of PPP with IGS real-time products, and the convergence time is about 20-30
min (Yang et al., 2021, 2022; Yu et al., 2022; Song et al., 2021).

Table 1. performance of BDS-3 signal and system service

| SISRE (m) Orbit (m) Clock (ns) BDGIM (m)
Signa
B11 /B3I IGSO MEO IGSO MEO day night
accuracy
1.13 1.81 1.24 2.13 1.78 0.89 0.59
Positioning (m) Timing
B1l B3l B1C B2a (ns)




PDOP
System o
H \Y H \Y H V H V availabilit
perfor-
y
mance
3.50 5.45 4.66 7.04 2.99 4.22 4.06 7.28 13.01 100%

On the aspect of further development, demonstrations are made on the inter-satellite links
and the 1GSOs to improve the service performance (Yang et al., 2020a, 2023). A space-based
autonomous time keeping method was proposed using Hydrogen maser as the reference clock,
and the predicted clock bias is 0.1 nsin 1 h (Yang Y F et al., 2021). IGSOs are suggested to
increase the inclination angle to support PNT service in polar region, and involve in RSMCS,
BDSBAS and PPP-B2b to overcome “South Wall” effect (Yang et al., 2020a).

Low Earth Orbit Satellite (LEO) augmentation system

Low earth orbit (LEO) satellite augmented space-based PNT is a research highlight in
recent years and progresses have been made on both technology development and LEO
constellation construction. With stronger received signal power and better special geometry,
LEO constellation becomes a key component of comprehensive PNT system (Ma et al., 2019).
China now has many commercial LEO navigation augmentation constellation projects, such as
“Hongyan” constellation, “Hongyun” constellation, and “Centispace” (Meng et al., 2018). In
Oct. 2022, the Beijing Future Navigation Technology Co., Ltd launched the S5 and S6 satellites
of “Centispace” for the demonstration of the LEO navigation augmentation system
(http://www.beidou.gov.cn/yw/xwzx/202210/t20221026_24755.html). The whole constellation
is planned to be hundreds of satellites and will help to realize rapid kinematic positioning and
navigation at centimeter level. The system is designed to be highly compatible with BDS and
users may directly use it through software update.

The related key technologies on LEO augmentation system have been researched, such as
constellation design, broadcast ephemeris design, the combined orbit determination of LEO and
GNSS satellites and rapid PPP augmented with LEO etc. (Ma et al., 2020; Hou et al., 2019;
Zhang et al., 2020, Meng et al., 2021). A confirmed conclusion is that the PPP accuracy and
convergence time could be significantly improved by LEO constellation (Ge et al., 2018; Li et
al., 2019, Meng et al., 2018).

Ground-based augmentation system

As an important support of BDS, the Network ground stations of ground-based
augmentation system have been built across China, with the guidance of the government and
efforts from Central Enterprise and related departments (State Council Information Office of
the People’s Republic of China, 2022). Until 2020, over 25000 stations were built or under
construction with over 10,000,000 high precision receivers, chips and cards (Jiang and Wang,
2021). Also, a series of National Standards were published on the technologies of station
construction, communication network, data processing center, broadcasting interface etc. The
system could provide real-time meter-level, decimeter-level, centimeter-level, and post
processing millimeter-level positioning augmentation service, which has been applied in many
fields such as transportation and electric power industry (Zhao et al., 2021; Jia, 2020).



Land-based radio navigation system

Land-based radio navigation system at very-low frequency is planned to be updated with
the re-awareness of its advantages on better anti-inference. Chinese “Changhe 2” system is still
on operation with 6 navigation stations, 3 monitoring stations and 1 control center. The system
can serve the South China Sea, East China Sea and North China Sea. More navigation stations
is going to be built to expand the coverage of the system, and improve the service accuracy,
continuity and integrity through the improvement of signal structure etc. (Hu, 2018; Zhen,
2018).

Ground-based communication base stations

Recently, ground-based communication base stations are engaged in PNT service. With
more than 4.8 million communication base stations and 500 thousand 5G stations, China has
the largest 5G network and user group in the world. The positioning pattern integrated with 5G
and BDS is developed rapidly and the largest high-precision positioning system based on it is
published by China Mobile in Oct. 2020. The system is able to provide sub-meter, centimeter,
and millimeter level positioning service through 5G network which has good application
prospect in areas like vehicle management, autonomous driving and vehicle-road cooperation
(Yin et al., 2020).

Seafloor and underwater bacon positioning system

The start of Chinese seafloor PNT infrastructure construction is relatively late and facing
many difficulties not only in device development but also the positioning theory and methods.
With the support of “Maritime Power Policy”, some progresses have been made in both device
development and seafloor geodetic network establishment. Following the criteria of long-term
working ability, and better pressure-resistant, anti-corrosive, anti-dragging and anti-flow, the
seafloor geodetic station shelter in deep sea is developed with an overflow structure and a stable
foundation bed; the shallow-sea shelter is developed with an overflow-type anti-dragging
structure and a penetrating design (Sun et al., 2019; Yang et al., 2020b). The seafloor geodetic
network is realized by extending and densifying the basic configuration with one master station
located in the center of a square, and four auxiliary stations distributed on the four vertexes of
the square. Successfully verified the performance of geodetic station devices in shallow sea,
long-term seafloor geodetic stations were initially established in the deep-sea area of 3000 m
in 2019. The internal positioning accuracy of the seafloor station is turned out to be better than
0.05 m, and the navigation accuracy within the geodetic network coverage of 10 km with
acoustic/INS/gravity is better than 10 m (Yang et al., 2020D).

3 Resilient PNT technology

With so many PNT information sources provided by comprehensive PNT infrastructure
and nature PNT information, the coming problem for PNT users is how to use multiple
information optimally according to the scenario and requirements of the users. Resilient PNT
concept was then proposed to provide a PNT application pattern with full use of available
information in comprehensive PNT to generate continuous, robust and reliable PNT results



(Yang, 2018). Following up, the connotation and characteristic of resilient PNT is discussed
(Ming et al., 2023; Bian et al., 2021).

On the aspect of sensor integration, the PNT terminal should resiliently integrate available
PNT sensors based on the optimal, available, compatible and interoperable principles; on the
aspect of model building, resilient algorithms should be applied to adjust and optimize the basic
functional model and stochastic model making them more suitable for the scenario (YYang, 2018).

Resilient model modification should take both functional model and stochastic model into

account (Yang, 2018). The common expression of resilient observation model at time t, can be

given as (Yang, 2018)

Lt) = AX (t)+F@, . )+e

tk—m‘tkfm

where, X (tk) is the estimating parameter vector attime t_, L isthe observation measured

1
by sensor i, A and e are the corresponding design matrix and observation random error

vector, and Fi(Atk, N ) is the modification function related with observation error series

A from time t__ to t . If extended Kalman filtering (EKF) algorithm is used,
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resilient dynamic function model is also needed, whose common expression at time t, can be

given as (Yang, 2018)
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where X (tk) is the prediction parameter vector at t., G,(4;

W. is the

function related with dynamic model error series A o W

fromtime t__ to t

tkfm’tkfm

processing noise matrix.

Resilient stochastic model is to adjust the stochastic model of observation information and
dynamic information according to their uncertainty in parameter estimation. Existing variance
component estimation, robust estimation and adaptive estimation are typical resilient stochastic
models (Yang et al., 2001ab, 2004ab, 2005), and the common expression for EKF can be used
as:

X, = (B, + ARA +-+ ARAJ (P X, + ABL +-+ ATRL)

where |5ik and F_’J are the adjusted weight matrix of predicted vector and observation vector

L.

Absolutely, resilient PNT is the development trend of PNT application, and relevant
researches have already started based on different application scenarios.



Resilient PNT application in urban scenarios

In urban area, GNSS signals are easy to be sheltered by buildings and interfered by other
signals. The cellular net and ground-based navigation stations can be the backup of GNSS, and
ground-based GNSS augmentation system, pseudo-satellites and magnetic/image matching can
be the compensation. In urban environment, multipath and non-line-of-sight (NLOS) signals
are one of the main errors affecting the final PNT results. To increase the signal reception
classification and control the effect of NLOS and multipath on final results, some machine
learning methods are applied. With advanced study on the sample observations, a gradient
boosting decision tree (GBDT)-based method and adaptive neuro-fuzzy inference system are
applied in multipath/NLOS signal classification in specific areas (Sun et al., 2019, 2020).
Without a priori information, K-means++, Gaussian mixed model (GMM) and fuzzy C-means
(FCM) clustering methods are employed to separate LOS, multipath and NLOS signals (Zhu et
al., 2021). Based on the predicted multipath value, adaptive filtering is applied to adjust the
weight of the multipath signals (Sun et al., 2022). On the aspect of multi-source data fusion, a
GNSS/INS-integrated system is formed enabling to calibrate INS autonomously based on a
robust motion mode self-recognition technique (Mu et al., 2019a); a GNSS/INS/Odometer-
integrated system is formed enabling the real-time calibration and compensation of odometer
error based on environment information (Mu et al., 2019b, 2021).

Resilient PNT application in indoor/underground scenario

Indoor and underground PNT system are mainly relay on radio frequency positioning
technologies such as WiFi, Bluetooth, UWB and compensated with autonomous positioning
methods such as INS, pseudo-satellites, cellular and magnetic matching. Deep learning and
machine learning methods such as convolutional neural network are applied in 5G positioning
models (Xiong et al., 2022) to achieve better accuracy. Robust estimation and robust Bayesian
estimation are used to control the effect of observation outliers, and covariance component
estimation is applied to adjust the contribution of different observations (Zhang et al., 2022a,
b). Although GNSS can barely serve non-exposed spaces, the 5G/GNSS positioning mode and
the integration of 5G and GNSS are also studied to realize the seamless positioning from
outdoor to indoor (Shi et al., 2019; Yin et al., 2020; Hong et al., 2020).

4 Summary

Comprehensive PNT is to provide seamless and redundant information, and resilient PNT
is to use the information to provide optimal multi-source PNT application strategies. For users
in complex environment with secure PNT requirement, the collaborative utilization of
comprehensive PNT system and resilient PNT system are of great significance for the
continuous, robust and reliable PNT services. China scholars pay highly attention to
comprehensive PNT infrastructure design and resilient PNT application research, progresses
and achievements have been made on the construction of comprehensive infrastructures, as well
as the theoretical and experimental study of resilient PNT methods.

(1) Comprehensive PNT infrastructure is the prerequisite for resilient PNT applications,
and resilient PNT provides important support for comprehensive PNT. Without comprehensive



PNT, resilient PNT is impossible to realize; without resilient PNT, comprehensive PNT is
nothing but individual PNT information.

(2) Comprehensive PNT system is consisted of comprehensive PNT infrastructure and
comprehensive PNT system. There is no doubt that BDS has been and will always be the core
of China’s comprehensive PNT system.

(3) The development schedule of comprehensive PNT system in different area is
unbalanced, with advancing in satellite-based PNT technology, and relatively falling behind in
that of deep space and deep sea.

(4) Resilient PNT includes resilient integration of multiple PNT sensors, resilient function
models and resilient stochastic models. Initiated by Chinese scholars, the resilient PNT system
design and resilient model establishment have become research focuses in PNT field. Although
some achievements are made, the realization and application of a relatively complete resilient
PNT system is still on the way.
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1 Introduction

The high-precision regional reference frame is the basis of the air-space-earth geodetic
observation system and the national major infrastructure. A long-term and stable high-precision
Earth reference framework is not only of great significance for national economic development
and national defense construction, but also plays a significant role in fields such as Earth science
research, disaster reduction and prevention. A high-precision maintenance method is the key to
maintain the accuracy and stability of the terrestrial reference frame. Up to Date, the coordinate
precisions of ITRF reference stations have already reached to mm level, even submilimeters, at
reference epoch, but the coordinate maintenance precision of these stations are still at cm level
due to non-linear movements related with geophysical phenomena.
Extensive observation collection, unified and rigorous data processing, and accurate
construction of the station motion model are the three essential elements for the accuracy and
reliability of the Global Navigation Satellite System (GNSS) velocity field. Based on the GNSS
observation data from continuous observation data of the Crustal Movement Observation
Network of China (CMONOC) and IGS stations over the past thirty years, more Chinese
geodesy scientists devoted more efforts to themMaintenance of mm-level geodetic reference
framework. The main contributions of this work included the followings.
® The Research Progress on the Method of Maintenance of Regional Reference Frame based
on GNSS.
® The Dynamic maintenance of mm-level terrestrial reference frame
® The Reprocessing and Reanalysis of Two-Decade GNSS Observation in Continental China
® The Refinement of Provincial Plate and Establishment of Horizontal Relative Motion
Velocity Field Model in Chinese Mainland

® The Distribution characteristics of crustal Deformation in Chinese Mainland and its
relationship with strong earthquakes

® The progress of CGCS2000 frame maintenance in millimeter level accuracy

® The Preliminary Realization and Evaluation of CTRF2020

2 Methods of Maintenance of Regional Reference Frame based on GNSS

The high-precision regional reference frame is the basis of the air-space-earth geodetic
observation system and the national major infrastructure. Due to frequent regional tectonics
activities in China, continuous elastic changes in the surface morphology, multiple nonlinear
signals superimposed on the base station, and internal relative movements between plates,
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various factors make it difficult to maintain the regional reference frame. GNSS technology has
the advantages of high precision, all-weather, real-time, etc., so it is necessary to carry out the
maintenance of regional reference frame based on GNSS technology.

From 2014 to 2022, China successively carried out the Modern Surveying and Mapping
Datum Construction and Maintenance Project and the National Satellite Navigation and
Positioning Datum Station Network Adjustment Project, and conducted regular monitoring and
analysis of China's geodetic datum and updating of local coordinate frame, achieving millimeter
level monitoring of the national coordinate frame. At the same time, it also monitors and
maintains the reference station network in multiple provinces and cities across the country,
providing important guarantees for railway construction, water conservancy and hydropower
projects, mineral resource development, earthquake prevention and disaster reduction, and
ecological environment governance. At present, many provinces and cities of China have
basically completed the upgrading and transformation of provincial reference stations, and the
scale of the national reference station network has reached a super large scale of 3000 stations,
of which about 2400 support BDS services, accounting for about 89% of the total number in
the country. Related studies have shown that BDS-3 is equivalent to GPS in building high-
precision reference frame. By using IGS station stability indicators as constraints and jointly
maintaining coordinate frames with multiple GNSS, the maximum deviation of three-
dimensional coordinates of stable points is better than 2mm, and the RMS is better than 1mm.
Using long-term data from national large-scale GNSS reference stations to maintain regional
frame in China will be an important means of frame maintenance and monitoring. In response
to the complex terrain and mountainous areas in China, a rapid monitoring algorithm for the
GNSS network solution of mountainous frame points with additional ground point tropospheric
delay information correction is proposed, and a GNSS based regional reference frame
maintenance software is developed to achieve high-precision dynamic monitoring and
maintenance of regional reference frames in complex mountainous environments.

The research on the maintenance methods of regional reference frame based on GNSS has
partly promoted the role of GNSS technology in dynamic monitoring and maintenance of
regional reference frame and datum services, improved the theory and methods of regional
reference frame maintenance, and provided technical support for the maintenance and use of
regional reference frame. Relevant methods and technologies have played an important role in
multiple national and provincial projects.
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Figure 1. ITRF2014 Horizontal Velocity Field of GNSS Reference Station in Chinese Mainland
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3 Dynamic maintenance of mme-level terrestrial reference frame

A long-term and stable high-precision Earth reference framework is not only of great
significance for national economic development and national defense construction, but also
plays a significant role in fields such as Earth science research, disaster reduction and
prevention. A high-precision maintenance method is the key to maintain the accuracy and
stability of the terrestrial reference frame.

At present, the accuracy of the measured velocity field of the terrestrial reference frame
can reach within 1 mm/a, which can accurately and linearly maintain the reference frame,
ensuring its millimeter level accuracy on a long-term scale. However, under the influence of
nonlinear motion of the reference station and geocentric motion, the maintenance method based
solely on linear velocity makes the accuracy of the reference frame only at the centimeter level
on a seasonal scale, which cannot meet the needs of millimeter level Earth change monitoring
and research. Therefore, considering the linear motion, nonlinear motion and geocentric motion
of the reference station, the comprehensive maintenance of the reference frame is the
development trend of the dynamic maintenance technology of the millimeter-level terrestrial
reference frames (Sun et al., 2022).

Linear maintenance refers to the maintenance of a reference frame based on the linear (or
long-term) changes in the position of the reference station. Linear maintenance relies on the
linear speed of the reference station. There are two sources of linear velocity at reference
stations, namely crustal motion models and measured velocity fields. Zhu et al (2014) proposed
to use SLR data to establish a globally unified reference datum for vertical crustal movement;
Zhu et al (2009, 2010) established a current plate motion model by using the results of space
geodesy and ITRF velocity field. Compared with the methods of geology and geophysics, the
accuracy has been greatly improved.

The nonlinear maintenance of the terrestrial reference frame can be divided into two
categories. One is the modeling of nonlinear changes based on geophysical influence
mechanisms. The main factors causing nonlinear motion of the reference station include
environmental loads, thermal expansion effects, tidal deformation, and post-earthquake
deformation (Zhu et al., 2020). Sun et al (2012) confirmed that there is a strong positive
correlation between temperature changes and station annual displacement changes through
correlation analysis.

And the other of nonlinear change modeling is based on coordinate time series. The
methods for modeling nonlinear changes in coordinates include harmonic models, SSA,
ARIMA models, and global statistical correction models. Dai et al (2021) proposed a nonlinear
motion modeling method that combines wavelet multi-scale decomposition and singular
spectrum analysis, and demonstrated that its modeling accuracy can be improved by about 26%
compared to the SSA method. Jia et al (2023) extracted the time-varying amplitude of the annual
term in the GNSS vertical coordinate time series, and conducted a thorough analysis of the
time-varying characteristics of the annual term amplitude at global stations. It was found that
the average consistency of the weekly amplitude changes between environmental loads, thermal
expansion displacement, and GNSS vertical coordinates was around 60%, Moreover, after both
corrections, 68% and 76% of the stations showed a decrease in the amplitude fluctuations of
the annual term amplitude (as shown in Figure 1), indicating that environmental loads and
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thermal expansion effects are important reasons for the amplitude changes of the annual term.

In addition to the above aspects, the dynamic maintenance of the millimeter level terrestrial
reference frame still needs to consider the following issues: firstly, further improve the spatial
observation data processing technology, weaken the impact of system errors, and obtain more
accurate reference station coordinates, which is the foundation for improving the dynamic
maintenance accuracy of the terrestrial reference frame; Secondly, the accuracy of nonlinear
motion modeling of reference stations based on geophysical influence mechanisms and
coordinate time series needs to be further improved; Thirdly, we need to further improve the
implementation accuracy and stability of the epoch reference frame.

10 20 30 40 50 60 70 80 90 100 -1.5 -1 -0.5 0
CAV/% dMAD/mm

Figure 2. Spatial distribution of CAV (consistency of amplitude variation) of the annual signals between the
environmental loading and coordinate time series (left) and the change of MAD (mean absolute deviation) (right).
From top to bottom are ATML, CWSL, NTOL and total environmental loading
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4 Reprocessing and Reanalysis of Two-Decade GNSS Observation in

Continental China

Extensive observation collection, unified and rigorous data processing, and accurate
construction of the station motion model are the three essential elements for the accuracy and
reliability of the Global Navigation Satellite System (GNSS) velocity field. GNSS data
reprocessing not only can weaken the influence of untrue nonlinear site signals caused by
imperfect models but also can eliminate the displacement offset caused by frame transformation,
solution strategy, and model change. Based on the new repro3 criteria of the International GNSS
Service (IGS), we process rigorously GNSS observations of continental China from the period
2000 to 2020 to refine GNSS station secular velocities and analyze the present-day crustal
deformation in continental China. The main contributions of this work included the followings.
Firstly, the repro3 algorithm and model are used to uniformly and rigorously process the two-
decade GNSS historical observations to obtain more reliable GNSS coordinate time series with
mm-level precision. Combined with the historical records of major earthquakes in continental
China, we build a GNSS time series model considering nonlinear factors (velocity, offset,
period, co-seismic/post-seismic deformation) to extract GNSS horizontal velocity field whose
root mean square (RMS) mean is 0.1 mm/a.

To ensure the accuracy and consistency of the GNSS coordinate solutions, we use the
updated convention and processing settings of repro3 to reprocess the two-decade GNSS
observations of continental China in an entirely consistent way. The offsets caused by receiver
fault, antenna replacement, earthquake, and other factors can be detected using station logs,
while the offsets caused by frame transformation, solution strategy, and model change need to
be eliminated by data reprocessing. The basic input GNSS sites of this research are shown in
Figure 2. The CMONOC comprises 260 continuous operation reference stations (daily
observation) and more than 2000 regional stations (irregular observation). It has preliminarily
realized the dynamic monitoring of the primary and secondary tectonic blocks, main active fault
zones, and key seismic risk areas in continental China. These GNSS stations have laid a
foundation for describing the detailed characteristics of crustal movement in continental China.
In addition, IGS stations around China and other continuous observation stations are collected.
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Figure 3. GNSS sites in continental China
A GNSS coordinate time series usually contains the secular trend (linear velocity),
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seasonal variation (annual and semi-annual signals), offsets caused by non-seismic factors
(equipment replacement, antenna height measurement error, phase center modeling error, or
other human and software errors) or seismic factors (co-seismic deformation), post-seismic
deformation, and other unmodeled errors. For theses errors, an Integrated Time Series Method
(ITSM) concerning the effect of seismic deformation was proposed to model the station’s
nonlinear motion accurately. Distinguished with existing studies, all parameters including
seismic relaxation time can be simultaneously estimated by ITSM, which improves the
accuracy and reliability of GNSS station velocity significantly. After analysis of the time series
for all sites, we can obtain the ITRF2014 GNSS horizontal velocity field of continental China.
As shown in Figure 4, there is a clockwise rotation movement from southwest to southeast in
continental China, especially in the western region. The velocity field in the eastern region
points from northwest to southeast.
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Figure 4. GNSS horizontal velocity field of ITRF2014 in continental China

In general, the emergence and development of GNSS technology in the 1990s significantly
promoted the research of tectonic movement and deformation monitoring into a new stage. With
over 30 years of research, horizontal tectonic movement and main deformation characteristics
in continental China have been clear, and the tectonic deformation in most areas has been
accurately quantified. In the future, it is necessary to intensify the continuous GNSS observation
further to obtain the three-dimensional tectonic movement information and its evolution
characteristics with time. At the same time, it is necessary to strengthen the integration of GNSS
and different geodetic technologies, and interdisciplinary research.

5 Refinement of Provincial Plate and Establishment of Horizontal Relative

Motion Velocity Field Model in Chinese Mainland

Provincial CORS system is an important part of modern city digitization, informatization
and intellectualization, which is easy to obtain the spatiotemporal information of various objects
and their related dynamic changes. In order to further realize the modernization and autonomy
of the regional framework benchmark, improve the comprehensive service level and emergency
support capacity of the modern surveying benchmark, upgrade the accuracy of the regional
velocity field and accurately depict its own local motion characteristics in the mainland of China,
the velocity field is derived from continuous observation data of the Crustal Movement
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Observation Network of China (CMONOC).

Both high precise coordinate and velocity of these CMONOC stations have been
calculated with GAMIT/GLOBK software. In addition, the Euler vector of the whole Chinese
continent and two-stage plates in the China mainland are reanalyzed based on the above velocity
field. On the basis of the Euler vectors of the abovementioned, i. e. the whole Chinese continent,
two-stage plates, provincial plates, sub-blocks in some provinces' interior, as well as that of
Eurasia plate derived from NNR-NUVEL1A plate motion model, the contribution of the
average movement of each block to the horizontal velocity field could be available and then the
residual velocity fields in Mainland China are further analyzed and compared.

The results show that the NNR-NUVEL1A model only deducts the partial movement trend
of the velocity field in Mainland China. In contrast, the overall movement model of Mainland
China plate can better reflect the overall movement trend. The movement model of two-stage
plates and provincial plates in Chinese mainland, both of whose inner and outer average
precision is less than 2 mm.a(-1) and 3 mm.a(-1), respectively, can both depict the local
movement characteristics of Mainland China more precisely, and the only difference between
them is that the former is easier to understand in the sense of physics while the latter is simpler
in using. However, both of them is not perfect for researching the relative motion of some
regions such as Xinjiang, Tibetan Plateau, Sichuan, Yunnan where exist complex crustal
movement. Hence, through cluster analysis with K-Means++ on horizontal velocity field in
these complex areas, these provincial blocks are further decomposed into some sub-blocks
quickly and accurately. Our results are in accordance with those of present-day blocks of second
order. Consideration to the impact of complex geological structure, topography and
geomorphology in these provinces and the physical significance in respect to each
corresponding provincial plate, we also give the Euler vectors of these sub-blocks in some
provinces' interior. The result can be concluded that not only the average error and mean square
error are less than 2 mm.a(-1) in Mainland China but also the precision of horizontal velocity
fields can reach 2 mm.a(-1) in some complex regions, that is Xinjiang, Tibet, Sichuan, Yunnan.
Obviously, the scheme of the sub-block demarcation in some provinces' interior by the method
of K-Means++ is effective and feasible in terms of high precision and convenience.
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Figure 5. The horizontal relative velocity field of Chinese Mainland: (a) relative to Chinese mainland ; (b) relative
to the secondary block; (c) relative to provincial blocks; (d) relative to sub blocks within the province

6 Distribution characteristics of crustal Deformation in Chinese Mainland

and its relationship with strong earthquakes

GNSS velocity field can directly reflect the characteristics of crustal movement in the
study area under a certain reference frame, and its spatial distribution characteristics will vary
with the change of datum. While the crustal strain field is not limited by datum, and it can
reflect the dynamic mechanism of crustal deformation. This section estimates the GNSS
horizontal crustal strain rate field in continental China using the GNSS horizontal velocity field
of more than 2000 sites from the above solution to analyze the characteristics of the current
crustal strain rate field in continental China. And we obtained the horizontal grid velocity field
(1- x1- ) of continental China, as shown in Figure 6. The red arrow is raw velocity, and the
blue arrow is interpolation velocity.
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Figure 6. The horizontal grid velocity field (1< 1°) of continental China (The red arrow is the known velocity,
and the blue arrow is the grid velocity).

The principal strain rate field of continental China can be estimated using the horizontal
grid velocity field . The overall pattern of tectonic deformation in continental China in the past
two decades is shown in Figure 7. The principal strain rate in West China is much higher than
that in East China. Among them, the principal strain rate in the west is large, and the strain
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distribution is complex, indicating that the crustal deformation in this area is intense and the
geological tectonic movement is more complex. The high-strain areas in continental China are
mainly located in the Qinghai Tibet Plateau and Tianshan Mountains. The principal
compressive strain rates of the Himalayas and Tianshan orogenic belts are perpendicular to the
orogenic belt trend, and the other principal strain rate is much lower than the principal
compressive strain rate, revealing the northward pushing of the Indian plate. In contrast, the
total amount of principal strain rates in the east is small. The principal strain rates of several
active blocks in the east are less than 5 nstrain/year, and the principal strain rate field has no
significant regional distribution characteristics.
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Figure 7. The principal strain rate field in continental China (The red and yellow lines are block boundaries).

Figure 8 shows the relationship between a strong earthquake and the second strain
invariant field in the Chinese mainland. Similarly, we find that there is a strong correlation
between the distribution of strong earthquakes and the second strain invariant field, that is, most
strong earthquakes are concentrated in yellow and red areas where the second strain invariant
is greater than 20 nstrain/year. It can be seen that the second strain rate invariance of the
Tianshan, Qinghai, Tibet Plateau, and Sichuan-Yunnan regions is large, and the second strain
rate invariance changes greatly. The range of the second strain rate in Sichuan Yunnan, Qinghai
Tibet Plateau, and Tianshan region are 5~40, 10~60, and 10~45 nstrain/year respectively. In
fact, strong earthquakes occur widely in the Qinghai, Tibet Plateau, Sichuan Yunnan, and
Tianshan regions, while there are relatively few strong earthquake activities in other regions.
From this, we can infer that the occurrence of strong earthquakes is closely related to the
magnitude and change rate of the second strain rate invariant field.
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Figure 8. The distribution of strong earthquake and deformation strain field

According to the relationship between the above strong earthquake distribution and GNSS
velocity field and the second strain invariant field, we can draw the following conclusions. First,
strong earthquakes occur when the magnitude and direction of the GNSS velocity field change
greatly. The change of velocity field is caused by the mutual compression of crustal structures
of different active blocks. The stronger the regional velocity change, the higher the frequency
of strong earthquakes. Secondly, strong earthquakes usually occur in areas with large strain
rates and large changes in strain rates. All strong earthquakes with > 7 are distributed in the
region where the second strain rate invariance is greater than 20 nstrain/year.

7 The progress of CGCS2000 frame maintenance in millimeter level accuracy

Up to Date, the coordinate precisions of ITRF reference stations have already reached to
mm level, even submilimeters, at reference epoch, but the coordinate maintenance precision of
these stations are still at cm level due to non-linear movements related with geophysical
phenomena. To enhance the accuracy of site location expressed, an enhanced method known as
SSA-PD (Singular spectrum analysis with pseudo data) to address the phase shift issue of SSA
and another method named SSA-P (Singular spectrum analysis for prediction) for predicting
the coordinates of GPS sites at any specific time are proposed and put into use. For this purpose,
the coordinate time series of China continuous operating reference stations spanning of ten
years are used. After interpolation for missing data and gross data detection, all position time
series were modeled with SSA-PD. Here only stations located in the plate of the South China
subplate were taken as an example, the modeling results in U directions are shown in Figure 9.
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Figure 9. Modeling results for station nonlinear movements in the U directions in the South China subplate.

From the results analyzed, the original signals and modeled signals at most stations agreed
well, and their differences - which were in fact the accuracies of the model results - were better
than 3 mm, 2 mm, and 5 mm in the E, N, and U directions, respectively. Figure 9 also shows
that similar trends and oscillation terms exist at the sites located in the same subplate, especially
in the horizontal directions. Thus, it is possible for us to model the nonlinear movement at sites
with a long period of time series and expand the nonlinear movement to the sites with a short
period of observations, and then transform its position from the current epoch to any epoch
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needed.

The time series of two stations with a distance of under 500 km had approximately the
same amplitude and phase. If the distance between two stations was greater, both the amplitude
and the phase drift at the two stations were not synchronized. It seems that only the nonlinear
movement at two stations within a 500 km distance can be replaced in this way.

This another expanded method called SSA for prediction (SSA-P), for predicting the
coordinates of GPS sites at any specific time was proposed. Its performance was assessed using
10-year GPS time series of weekly coordinates of 32 national GPS sites. The first 468 weekly
samples were used to reconstruct the signals; the reconstructed model was then used to predict

the next 52 weekly samples to validate the model’s prediction results.

As vertical movements are much more complicated due to co-seismic and post-seismic
deformations, global geophysical fluid dynamics, and so forth. It was found to be typical that
the characteristic of the modeling based on earlier years could not be expanded forward to
following years or had poor accuracy; thus, the accuracy of the modeling for the vertical
component was usually poorer than that of the horizontal components, even though the accuracy
of the modeling in the vertical direction was better than 5 mm.

In general, the results shown in Figure 10 indicate insignificant differences between the
predicted signals and the real signals; the accuracy of the predicted results is quite stable, with
an accuracy of about 3 mm at most stations.
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Figure 10. Prediction results for station nonlinear movements in the N, E, and U directions in the South China
subplate.

The results for the performance assessment of SSA-P indicate that it is possible to obtain a
high accuracy even when the noise level is larger than the oscillatory components.

The accuracy of the SSA-P used to predict the coordinates of the GPS sites in the horizontal
and vertical directions was better than 5 mm and 1 cm, respectively, for most GPS sites, even
though annual and semiannual signals in amplitude exist in the time series. However, the
prediction results for the stations in the Lhasa and ChuanDian plates were poor, compared with
those for the stations in other plates, resulting in the same conclusion as the fitted error from
the plates.
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8 The Preliminary Realization and Evaluation of CTRF2020

The current research of the international and regional coordinate reference framework is
mainly realized by GPS technology. The launch of the last BDS3 satellite on June 23 of 2020
marked the completion of the global deployment of BDS. Therefore, it is urgent to study and
establish the corresponding coordinate reference framework. We aim to preliminarily realize
and evaluate the BDS3/COMPASS terrestrial reference framework (CTRF2020). CTRF2020
reference epoch is 2020.0, and it can be expressed with the coordinates and velocities of a series
of reference sites at the epoch of 2020.0.

Firstly, the evaluation of the actual service performance of BDS in the global region
reflects the high visibility and change trend of BDS satellite in recent three years, which
provides basic input data for CTRF2020. Then, the BDS observations of about 100 global
stations in the recent three years are calculated by PPP and NET solution, to obtain the global
high-precision BDS coordinate time series. Then, the BDS time series of the two solutions are
fitted and compared with the 1GS14 velocity field. The results show that the series accuracy of
PPP-BDS and NET-BDS solutions is equivalent, and there is an mm-level systematic deviation
with 1GS14 solutions. The horizontal series fitting accuracy of PPP-BDS and NET-BDS
solutions is better than that of the vertical direction, the accuracy of NET-BDS solution is
slightly better than PPP-BDS, and the difference of fitting accuracy is 0.12, 0.13, and 0.50 mm
in the NEU direction. The velocity field accuracy of PPP-BDS and NET-BDS solution is the
same, and the overall three-dimensional velocity difference is less than 0.2 mm/a. The velocity
fields of PPP-BDS and NET-BDS solution have little difference from 1GS14, and the overall
difference is less than 0.5 mm/a. Finally, we give the limitations and improvement direction of
CTRF2020. The preliminary realization and evaluation of CTRF2020 may be expected to
provide a reference for the future realization of a comprehensive terrestrial reference framework
dominated by BDS3 technology and supplemented by multi-source space geodetic technology.
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Figure 11. CTRF2020 horizontal and vertical velocity field.

We aim to preliminarily realize and evaluate the terrestrial reference framework based on
BDS technology. The main research work includes three aspects:

(1) We evaluate the global actual service performance of BDS in recent years. By 2021, a
total of 59 BDS satellites have been launched, the number of available BDS satellites in orbit
has exceeded 40, and the number of visible BDS satellites in the global region has exceeded 10,
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which indicates that the high visibility of BDS satellites in the global region in recent three
years. This provides the necessary input conditions for CTRF2020, that is, long-term and
reliable global BDS observation data.

(2) We fit and analyze the global BDS time series based on PPP-BDS and NET-BDS,
respectively, and compare them with 1GS14 velocity field. The results show that the series
accuracy of PPP-BDS and NET-BDS solutions is equivalent, and there is a systematic error
from 1GS14 solution. The velocity parameters in BDS time series are not sensitive to periodic
parameters, and whether the difference of velocity fitting solution of the periodic term is
considered is within 0.1 mm/a. The BDS time series of the two modes can accurately reflect
the station’s linear motion rate and periodic change trend, and the periodic change trend in the
vertical direction is usually more obvious than that in the horizontal direction. The horizontal
series fitting accuracy of PPP-BDS and NET-BDS solutions is better than the vertical direction,
and the series fitting accuracy of NET-BDS mode is slightly better than PPP-BDS. The
difference in the NEU direction fitting accuracy between them is 0.12, 0.13, and 0.50 mm.

(3) We analyze and evaluate the accuracy and reliability of two kinds of velocity field
models (PPP-BDS and NET-BDS) of CTRF2020. The results show that the three-dimensional
velocity fields of PPP-BDS and NET-BDS are roughly the same in both numerical and direction,
and the horizontal direction of CTRF2020 is close to 1GS14 in both numerical and direction.
However, there are some differences in the vertical direction. The velocity field accuracy of
PPP-BDS and NET-BDS solution modes is the same, and the overall three-dimensional velocity
difference is less than 0.2 mm/a. The velocity field of PPP-BDS and NET-BDS solution has
little difference from that of 1GS14, and the overall difference is less than 0.5 mm/a.

This research is limited to the processing and analysis of global BDS observations in the
recent three years (2019-2021), and there are still several jobs to be developed and improved.
First, at present, the number of global BDS continuous observation stations is still small, the
spatial distribution is uneven, and the cumulative observation time is short, which also affects
the accuracy and reliability of the preliminary velocity field product of CTFR2020 to a certain
extent. Second, there is still a lack of integrated satellite orbit and clock error products of BDS,
which leads to some inconsistency in the coordinates calculated by different analysis centers.
Third, the integrated multi-source space geodetic technology is expected to further improve the
stability and reliability of the framework. Fourth, although CTRF2020 adopts the analysis and
evaluation technology of long-term time coordinate series of stations considering nonlinear
factors, its results do not fully reflect the nonlinear variation parameters.

9 Summary

The research on the maintenance methods of regional reference frame based on GNSS has
partly promoted the role of GNSS technology in dynamic monitoring and maintenance of
regional reference frame and datum services, improved the theory and methods of regional
reference frame maintenance, and provided technical support for the maintenance and use of
regional reference frame. Relevant methods and technologies have played an important role in
multiple national and provincial projects.

The current research of the international and regional coordinate reference framework is
mainly realized by GPS technology. CTRF2020 aim to preliminarily realize and evaluate the
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BDS3/COMPASS terrestrial reference framework (CTRF2020). CTRF2020 reference epoch is
2020.0, and it can be expressed with the coordinates and velocities of a series of reference sites
at the epoch of 2020.0.

In general, the emergence and development of GNSS technology in the 1990s significantly
promoted the research of tectonic movement and deformation monitoring into a new stage. With
over 30 years of research, horizontal tectonic movement and main deformation characteristics
in continental China have been clear, and the tectonic deformation in most areas has been
accurately quantified. In the future, it is necessary to intensify the continuous GNSS observation
further to obtain the three-dimensional tectonic movement information and its evolution
characteristics with time. At the same time, it is necessary to strengthen the integration of GNSS
and different geodetic technologies, and interdisciplinary research.

In addition, the dynamic maintenance of the millimeter level terrestrial reference frame
still needs to consider the following issues: firstly, further improve the spatial observation data
processing technology, weaken the impact of system errors, and obtain more accurate reference
station coordinates, which is the foundation for improving the dynamic maintenance accuracy
of the terrestrial reference frame; Secondly, the accuracy of nonlinear motion modeling of
reference stations based on geophysical influence mechanisms and coordinate time series needs
to be further improved; Thirdly, we need to further improve the implementation accuracy and
stability of the epoch reference frame.
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