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Abstract: A better understanding of the water and energy cycles at climate scale in the Third Pole
Environment is essential for assessing and understanding the causes of changes in the cryosphere
and hydrosphere in relation to changes of plateau atmosphere in the Asian monsoon system and for
predicting the possible changes in water resources in South and East Asia. This paper reports the
following results: (1) A platform of in situ observation stations is briefly described for quantifying
the interactions in hydrosphere-pedosphere-atmosphere-cryosphere-biosphere over the Tibetan
Plateau. (2) A multiyear in situ L-Band microwave radiometry of land surface processes is used
to develop a new microwave radiative transfer modeling system. This new system improves the
modeling of brightness temperature in both horizontal and vertical polarization. (3) A multiyear
(2001–2018) monthly terrestrial actual evapotranspiration and its spatial distribution on the Tibetan
Plateau is generated using the surface energy balance system (SEBS) forced by a combination of
meteorological and satellite data. (4) A comparison of four large scale soil moisture products to in
situ measurements is presented. (5) The trajectory of water vapor transport in the canyon area of
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Southeast Tibet in different seasons is analyzed, and (6) the vertical water vapor exchange between
the upper troposphere and the lower stratosphere in different seasons is presented.

Keywords: Third Pole Environment; Tibetan Plateau; monsoon; earth observation; evaporation; soil
moisture; microwave remote sensing

1. Introduction

The seasonal heating on the Tibetan Plateau has been thought to exert important
controlling effects on the evolution of the Asian monsoon, which in turn controls the
precipitation, weather and climate in South and East Asia (e.g., [1–5]) and affects the
security of the water resources of 1.2 billion people in Asia. The snow depth on the Tibetan
Plateau has been similarly attributed as an important factor influencing the onset of the
Asian monsoon [6,7]. Despite these progresses in modelling and analysis, it remains a
major challenge to understand the role of the Tibetan plateau in the Asian monsoon, being
it topographic or thermal heating [8,9].

However, due to the remoteness and difficult access to the many landscapes on the
Tibetan Plateau, consolidated datasets describing the states of the plateau land and at-
mosphere are lacking for coherently analyzing and evaluating numerical model outputs,
remote sensing products and investigating the mechanisms of land–atmosphere interac-
tions. The authors of [10] have reported major uncertainties in coarse resolution satellite
and model products of soil moisture based on in situ observations on the Tibetan Plateau.
Analyses of the most sophisticated models used by ECMWF (European Centre for Medium-
Range Weather Forecasts, see Annex A for a list of abbreviations) and NCEP (National
Centers for Environmental Prediction) have revealed that major improvements are needed
in order to adequately simulate the states and dynamics of soil moisture and temperature
profiles as well as land–atmosphere interactions [11–14].

From the foregoing, it has become evident that only by consolidating in situ ob-
servation of processes, Earth observation of state variables and numerical analyses of
the mechanistic links between the major processes in land–atmosphere interactions shall
the role of the Tibetan Plateau in Asian monsoons be fully understood. Therefore, the
CLIMATE-TPE project was proposed for ‘Monitoring Water and Energy Cycles at Climate
Scale in the Third Pole Environment’. The main aim of the CLIMATE-TPE project was to
improve the understanding of the interactions between the Asian monsoon, the plateau
surface (including its permafrost and lakes) and the Tibetan plateau atmosphere in terms
of water and energy budgets. Because such understanding is essential for assessing and
understanding the causes of changes in the cryosphere and the hydrosphere in relation to
changes in the plateau atmosphere in the Asian monsoon system, it is also necessary for
predicting the possible changes in water resources in the Third Pole Environment (TPE). In
the following section, we first introduce the project aim, the specific objectives and the data
used. The research approaches are introduced in Section 3, followed by results in Section 4.
Section 5 provides an overall discussion, concludes the contributions of CLIMATE-TPE,
and suggests future research directions.

2. Objectives, Earth Observation and Other Data

The CLIMATE-TPE project used both satellite data and in situ measurements to
advance process understanding covering the relevant monsoon scale and develop coupled
regional scale hydroclimatic models to explain different physical links that cannot be
observed directly. Specific objectives focused on the advancement of knowledge in three
challenges and were organised into three sub-projects.

Objective (1) Advancement of the understanding of microwave scattering and emis-
sion under complex terrains with permafrost and freeze–thawing cycles.
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The focus was to reduce uncertainties in microwave satellite observations over com-
plex terrain and improve retrieval accuracies of soil moisture and freeze-thaw states by
deploying in situ observations, laboratory experiments and numerical modelling.

Objective (2) Advancement of physical understanding and quantification of water
and energy budgets in the TPE.

The focus here was to integrate current understandings in the mechanism of changes
in water and energy budget in TPE using satellite data products and numerical modelling.

Objective (3) Advancement of quantifying changes in surface characteristics and
monsoon interactions.

Relevant variables related to water and energy budgets in TPE were subject to sys-
tematic analysis to ensure their consistency in terms of climate data records. The variables
included albedo, vegetation coverage, soil thermal and hydraulic properties, land surface
temperature (LST), soil moisture, lake levels and land use changes, among others.

The CLIMATE-TPE project used ESA Earth Observation (EO) data (ERS, ENVISAT
and Earth Explorer mission data), Chinese EO data and ESA Third Party Mission (TPM)
data, including additional data collected from in situ sensors, operational meteorological
data and numerical model outputs. Table 1 provides a description and summary of used
EO data and other data.

Table 1. Summary of EO data and other data used in CLIMATE-TPE.

ESA EO Data Chinese EO Data ESA TPM and Other Data

# ENVISAT MERIS, AATSR, ASAR
level 1b data for detailed analysis at
selected experimental sites for
algorithm development and
validation.

# ENVISAT MERIS, AATSR, ASAR
level 2 data (ASAR Global
Monitoring modes) for Analysis of
all data products related to water
and energy cycle components.

# SMOS data
# Sentinel 1/2 data as well as

Sentinel-3 data

FY SERIES

# Multi-channel Visible and Infrared
Spin Scan Radiometer (VISSR)
(FY-2C/2D).

# FY-3 data subject to availability

# ALOS data for validation sites
# TERRA/AQUA-MODIS
# SMAP data
# Nationwide meteorological data

(historical and real time data)
(CNMC)

# Experimental database for all
experimental sites (site PIs)

# Reanalysis data (ERA-interim) from
ECMWF and NCEP reanalysis data

# DEM and soil maps over China
# Vegetation cover maps over China

and the TPE
# In situ observation data from

micrometeorological stations
operated by ITP and CAREERI

3. Methods

Next, we describe the general methods we have used to ensure the consistency of the
water and energy budgets at different spatial and temporal scales. The linkages between
different water and energy cycle components can be described by the energy and mass
conservation framework. The change in energy stored at land surface (Se) is described as:

dSe

dt
= Rn − H − LE− G (1)

where H is sensible heat flux, LE is latent heat flux (E is evaporation/transpiration and L
is the latent heat of vaporization), G is ground heat flux and Rn is net radiation, which is
calculated as:

Rn = (1− α)R↓s + R↓L − R↑L (2)

where R↓s is solar radiation, α is albedo, R↓L is atmospheric long-wave radiation flux incident
on land surface and R↑L is long-wave radiation flux emanating from land surface. Similarly,
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the change in the amount of water stored in a control volume equals to the net flow of
water into and out of it is calculated as:

∂S
∂t

= P− E− Ro − Ru (3)

where S is the amount of moisture stored at and below the surface per unit of land surface,
P is precipitation, E is evaporation, Ro is net surface runoff and Ru is net percolation of
water as groundwater.

The energy and water balances at land surface are linked via the evaporation term,
and Equations (1)–(3) form the basis for all land surface models. When mass conservation
is applied to atmospheric and land water budgets together, the complete global water cycle
can be considered. The atmospheric water balance can be described as:

∂W
∂t

= Q + (P− E) (4)

where W represents precipitable water and Q is convergence of water vapor flux in the
atmosphere. Combining terrestrial and atmospheric water budgets in Equations (3)–(4),
we obtain:

∂W
∂t
−Q = P− E =

∂S
∂t

+ Ro + Ru (5)

Equation (5) states that the difference between precipitation and evaporation equals
to the sum of decrease of atmospheric water vapor storage and horizontal convergence,
and also to the sum of increase of water storage over land and runoff. This framework is
the basis for examining the consistency of water and energy cycle variables derived from
different data source.

In the CLIMATE-TPE project, we proposed three sub-projects organized as work
packages (WP), and each WP is divided into a number of tasks to address linkages between
different water cycle components in the energy and mass conservation framework given
by Equations (1)–(5).

3.1. WP1: Observation and Modelling of Microwave Scattering and Emission under Complex
Terrains including Permafrost and Freezing and Thawing

We deployed a L-band (1.41 GHz) radiometer (ELBARA-III, [15]) at the central mi-
crometeorological station (latitude: 33.919750, longitude: 102.153183, WGS’84) of the Maqu
network of the Tibetan Plateau since 2016. ELBARA-III was supported by ESA for experi-
mental observation for the calibration and validation of SMOS (Soil Moisture and Ocean
Salinity) data and products. The following tasks were defined and executed:

(1) We conducted ELBARA-III measurements since 2016, covering complete annual
freezing–thawing cycles, for advancing understanding of the mass and energy ex-
changes involved in the freeze–thaw process [16].

(2) The collected ELBARA-III observations have been analysed with the recently devel-
oped effective temperature model [17] to better understand the microwave emission
signals, including the validation of ESA’s SMOS and NASA’s SMAP radiometer
brightness temperatures (TB).

(3) The collected ELBARA-III and other in situ data have been used to develop microwave
radiative transfer models to simulate existing satellite data of different frequencies
(e.g., for low spatial resolution data SCAT/ASCAT, SSM/I, AMSR-E/2, SMOS and
high spatial resolution data ASAR/S-1) [17–19]. This ensures the generation of
a climatically consistent soil moisture data product by using the same consistent
framework and contributes to the ESA Climate Change Initiative.

(4) A scatterometer system was installed next to the ELBARA-III system and performed
measurements in the period August 2017–August 2018 over the 1–10 GHz frequency
range. The scatterometer measurements provided complementary and additional
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information on the surface freeze/thaw state and the influence of vegetation cover on
its microwave signatures.

3.2. WP2: Advancement of Physical Understanding and Quantification of Water and Energy
Budgets in TPE

The focus in this WP is to integrate current understandings in the mechanism of
changes in water and energy budget in TPE using satellite data products and numerical
modelling. The following tasks were defined and conducted:

(1) Observation and analysis of water and energy balance of the Namco Lake catchment
area using the concept of water and energy balance closure (Equations (1)–(5)). An
energy balance and micrometeorological station was established on the Namco Lake,
and the observations were continued throughout the duration of the Dragon 4 pro-
gramme [20]. The permanent Namco environmental observation station operated by
ITP/CAS (Institute of Tibetan Plateau Research, Chinese Academy of Sciences) since
2005 on the adjacent land was used to construct the water cycle budgets of the lake
catchment together with the lake observation, satellite observations and modelling.

(2) Advances in understanding land–atmosphere interactions with the Noah model at
local scale [12–14] enabled the generation of consistent data sets for water and energy
cycles in the TPE.

(3) Development of high-resolution land surface energy and water fluxes from satellite
data using EO data (see Table 2).

(4) Joint diagnoses of the products from tasks (2)–(3) were conducted to improve model
physics, parameterisation and parameters for climate analysis.

(5) The STEMMUS-FT model was developed to understand the detailed freeze–thaw
dynamics across the soil profile, considering the coupled process of liquid, vapor, air
and heat transfer, as well as soil ice formation [21,22]. The STEMMUS-FT model is
further coupled with the COSMIC model to assimilate Cosmic Ray Neutron Counts
for determining soil ice content at field scale (~200 m2) [23]. This field scale provided
a representative footprint to compare with the ELBARA-III observations.

3.3. WP3: Advancement in Quantifying Changes in Surface Characteristics and Monsoon
Interactions

Variables related to water and energy budgets in TPE were subject to systematic
analysis to ensure their consistency in terms of climate data records. The variables included
albedo, vegetation coverage, soil thermal and hydraulic properties, LST, soil moisture, lake
levels and vegetation changes among others.

(1) Analysis of existing climate data records and essential climate variables (CDR/ECV)
data (e.g., those from ESA CCI) with the validation framework proposed in the EU
CORE-CLIMAX project by [24,25];

(2) Generating new and consistent land surface variables for the TPE, including, in partic-
ular, LST, soil moisture and soil thermal and hydraulic properties (see Table 2, [26]);

(3) Integration of these new consistent datasets into the research of WP2;
(4) Assimilation of microwave observation from SMOS and SMAP into the WRF mod-

elling system using the concept of observing depth of microwave sensing [17,27];
(5) Analysis of monsoon dynamics in relation to changes of plateau surface characteristics

by using the WRF modelling system.
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Table 2. List of main results obtained in CLIMATE-TPE.

WP Results

WP 1: Observation and modelling of
microwave scattering and emission
under complex terrains including

permafrost and freeze and thawing

A data record of L-band radiometry [16]
A data record of 1–10 GHz scatterometry [28]
Analysis results of ELBARA observations [29,30]
New retrieval methods by merging existing satellite data of different
frequencies
PhD theses

WP2: Advancement of physical
understanding and quantification of changes

of water and energy budgets in TPE

Results of observation and analysis of water and energy balance of the lakes in
TPE [31]
A consistent soil moisture data set for the Tibetan Plateau [32–34]
A high-resolution land surface energy and water fluxes from satellite data using
EO data using the SEBS model [35,36]
Results of joint diagnoses of the products from (2)–(3) were conducted to improve
model physics, parameterisation and parameters for climate
analysis
A STEMMUS-FT model for detailing freeze-thaw dynamics [21,22]
PhD theses

WP3: Advancement of quantifying changes
in surface characteristics and monsoon

interactions

Results of analysis and validation of existing CDR/ECV data (e.g., those from ESA
CCI) [37]
A set of new and consistent land surface variables for the TPE (LST, soil moisture,
soil thermal and hydraulic properties)
Integration of these new consistent dataset into research of WP2
(see results under WP2)
Development of observation operators for assimilation of microwave
observation from SMOS and SMAP into the modelling system
Analysis of monsoon dynamics in relation to changes of plateau surface
characteristics [38]
PhD theses

4. Selected Project Results

The CLIMATE-TPE project has obtained numerous results that are summarized in
Table 2.

In the following, we present some examples that highlight some of the achieved
results.

4.1. In Situ Observation Stations (Sites) of Hydrosphere–Pedosphere–Atmosphere–Cryosphere–Biosphere
Interactions over the Tibetan Plateau

A unique integrated network platform to study the multi-sphere (hydrosphere–
pedosphere–atmosphere–cryosphere–biosphere) interactions was set up since 2011 over
the entire Tibetan Plateau ([39]; Figure 1). The platform includes 10 multi-sphere stations,
21 air-land flux exchange stations, 10 multi-sphere sites, 3 soil moisture and soil tempera-
ture networks, 5 radiosonde stations, 6 glacier monitoring sites, 3 lake monitoring sites and
8 isotope monitoring sites. All instruments collected continuous observations for about
10 years, including an intensive observation period from May to October 2011. Additionally,
a comprehensive three-dimensional observation experiment (satellite-airborne flight-field
observation) was carried out in the Qiangtang Plateau and the water vapor channel in the
southeast plateau. In the framework of Dragon 4, large amounts of multi-sphere data were
collected to create a database to study the interactions between the Asian monsoon, the
plateau surface and the plateau atmosphere in terms of water and energy budgets [40].
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Figure 1. Spatial distribution of observation stations (sites) of hydrosphere–pedosphere–atmosphere–
cryosphere–biosphere interactions over the Tibetan Plateau (top panel) and the typical observation
instruments for different land surfaces (bottom panel) (Source: [40]).

4.2. Multiyear In Situ L-Band Microwave Radiometry of Land Surface Processes

We collected a multiyear in situ radiometry dataset which includes measurements of
the L-band brightness temperature, the profile of the soil moisture and soil temperature,
CO2/H2O fluxes and meteorological data, as well as auxiliary vegetation and soil texture
information [16]. The dataset has been used to advance the understanding of the scattering-
emission mechanism of vegetated lands [29] and to study the L-band microwave emission
of frozen soil during the thawing period [41].

Topsoil structures and the inhomogeneous distribution of moisture in the soil volume
induce dielectric discontinuities from air to bulk soil, which in turn may induce volume
scattering and affect the microwave surface emission. The above data were exploited to
understand the effect of surface roughness on coherent and incoherent emission processes
and resulted in an air-to-soil (ATS) model [29]. The ATS model incorporates the dielectric
roughness characterized by soil moisture and geometric roughness effects (i.e., those
resulted from small-scale topsoil structures and the soil moisture profile in the soil volume).
The ATS model was then coupled to the advanced integral equation model (AIEM) [42,43]
for soil surface scattering with a discrete scattering-emission model for vegetation (TVG,
known as the Tor Vergata model) [44] (henceforth, ATS-AIEM-TVG) for modelling the
overall vegetation-soil scattering-emission processes. The integrated ATS-AIEM-TVG
model can adequately simulate the seasonal and diurnal variations of the brightness
temperature and help to physically interpret the involved processes and mechanisms
(Figure 2). However, the integrated model is not yet able to capture the dynamic change
of land surface and soil conditions that undergo rapid freeze–thaw processes, and this is
where the model simulation of brightness temperature starts to deviate from ELBARA-III
observations (see Figure 2).
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Figure 2. Seasonal variations of the Maqu ELBARA-III radiometry dataset between 1 August 2017–
1 August 2018. Plotted are (a) soil moisture at 2.5 cm depth (SM_2.5 cm), precipitation, (b) ground
surface temperature (TG), air temperature (Tair), soil temperature at 2.5 cm depth (ST_2.5 cm),
the nominal freezing point as a reference (273.15 K), (c) leaf area index (LAI), albedo and (d) the
brightness temperature intercomparison between ELBARA-III observations (ELBARA_obs), SMAP
observations (SMAP_obs), CMEM-FT and ATS + AIEM + TVG simulations in horizontal polarization
(TH

B ) at 40◦ incidence angle, and (e) the same as (d) but in vertical polarization (TV
B ).

Currently, the SMAP and SMOS missions provide global coverage of freeze–thaw
(FT) states that characterize surfaces as either freeze or thaw with binary flags. How-
ever, the transition between freeze and thaw is a continuous process in space and time,
especially for the L-band, whose penetration depth reaches tens of centimeters below
the ground surface [30]. In this case, the SMAP and SMOS brightness temperature is a
mixed signal of FT states over the footprint and is generated from a soil column that might
encompass the freezing/thawing front. To model such complex states, we extended the
community microwave emission modelling platform (CMEM) in Fresnel mode with the
freezing/thawing component by allowing for: (1) a varying fraction of open water surface
which may be modelled or estimated from surface temperature, and (2) implementing
a freezing/thawing phase transition delay based on the difference in soil temperature
at the surface and at a 2.5-cm depth. The augmented CMEM-FT is capable of capturing
the brightness temperature dynamics from a completely frozen to a thawed state ([41],
Figure 2).

4.3. Evaluation and Generation of Land Heat Fluxes and Evapotranspiration

Evapotranspiration (E) regulates the energy and hydrology cycle of land surface and
links the land and atmospheric water and energy budgets. However, its magnitude remains
highly uncertain at the global scale, and how to derive the reliable global E has been inten-
sively debated in recent years. Among the multiple climate models which were included
in Phase 6 of the Coupled Model Intercomparison Project (CMIP6), the estimations of the
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global land E have a high discrepancy. The authors of [45] evaluated the global terrestrial
E of CMIP6 models and reported that most CMIP6 models overestimated E, which might
be caused by the overestimation of precipitation in CMIP6. Most CMIP6 models showed
an increasing trend in E during the period from 1980–2014 due to significant increases in
transpiration, which accounts for more than 60% of E, and the main influencing factor was
the increase in LAI because of greening [46]. The CMIP6 ensemble mean underestimated
E in regions with high evapotranspiration, such as the Amazon basin, central Africa and
Southeast Asia, and overestimated E in regions with low evapotranspiration, such as
the Sahara desert, the Middle East, southwest Australia, and the Andes Mountains. The
generation of land heat fluxes and evapotranspiration independently based on satellite
observations can help to reduce the uncertainties in these climate models.

In Figure 3, the multiannual (2005–2016) mean evaporation is displayed for different
products for comparison, including SEBS [35,47,48], MOD16 [49], GLEAM [50], GLDAS [51]
and ERA-Interim [52]. From the latitudinal averages, other model estimates are normally
lower than that from GLDAS; SEBS is the most comparable to GLEAM despite their
difference in forcings and model assumptions; while, GLEAM needs precipitation and
soil moisture inputs, which makes it susceptible to the uncertainties of these inputs, SEBS
mainly relies on direct satellite observation of land surface variables (albedo, LST and
fractional vegetation coverage). Note that the main differences between these products
relate to the choice of meteorological and radiation forcing.

Figure 3. Comparison of latitudinal profiles of global evaporation by five data sets.

Next, we estimated the multiyear (2001–2018) monthly terrestrial actual evapotran-
spiration (E) and its spatial distribution on the Tibetan Plateau (TP) using the surface
energy balance system (SEBS) forced by a combination of meteorological data and satellite
products [53].
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From the trend of annual E during 2001–2018 shown in Figure 4, a dominant increasing
trend is detected in the eastern TP (lon > 90◦ E) while a decreasing trend is dominant in
the western TP (lon < 90◦ E). The trends pass the t-test (p < 0.05) in most parts of the area.
The decreasing trend in the western TP is pronounced and is larger than −7.5 mm yr−1 in
most parts of the area and even larger than −10 mm yr−1 in a few parts. In the eastern TP,
the increasing trend is mostly between 5 and 10 mm yr−1. The E trend tends to be greater
along the marginal region of the northern, eastern and southeastern TP. Along the marginal
region of the southwestern TP and in the western section of Himalaya Mountains, this
trend weakens.

Figure 4. Spatial distribution of annual E linear trend on the TP from 2001 to 2018. The stippling indicates trends that pass
the t-test (p < 0.05).

4.4. Climate Scale Monitoring of Soil Moisture and Soil Temperature and Validation of Large Scale
Soil Moisture Products

The Tibetan plateau observatory of plateau scale soil moisture and soil tempera-
ture (Tibet-Obs) [10] has been continuously maintained and upgraded for climate scale
monitoring of soil moisture and soil temperature and for quantifying uncertainties in
coarse spatial resolution satellite and model products. Figure 5 shows examples of the
comparisons between Tibet-Obs observations and some global products, including the
reanalysis data ERA-interim [52] and ERA5 [54,55], the ESA Climate Change Initiative
combined passive and active soil moisture data (CCI-combined) [56] and SMAP opera-
tional products [57–59]. The satellite data in general reflect the in situ observations in the
monsoon period (June–September) in the desert areas (Ngari and Ali) but show systematic
difference in semi-arid areas (Naqu). Except for the impact of vegetation in the cold humid
area (Maqu), the new SMAP satellite data show in general better agreements than the CCI-
combined products with the in situ observations. While the new reanalysis data (ERA5) is
certainly better than ERA-Interim in the desert areas (Ngari and Ali), such improvements
are not obvious for semi-arid (Naqu) and cold humid area (Maqu). These all point to the
need to further improve these data products for climate monitoring and analysis [11,33].
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Figure 5. Comparisons between Tibet-Obs observations and four global soil moisture products at
Ngari, Ali, Naqu and Maqu networks.

4.5. Trajectory of Water Vapor Transport in the Canyon Area of Southeast Tibet

To identify the trajectory of water vapor transport on the TP, reanalysis data from
NCEP/NCAR were used with a resolution of 1◦ × 1◦ from October 2018 to November 2019.
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The Hysplit4 backward trajectory model was used to simulate the 48-h backward air mass
trajectory. Through cluster analysis, the source of water vapor transportation trajectory in
different seasons in the southeast gorge of Tibet was obtained for the study area shown in
Figure 6.

Figure 6. Southeast area of the Tibetan Plateau and the used observation stations (circles).

Figure 7 shows the 48-h water vapor transport trajectory at each of Pailong Station,
Danka Station, Kabu Station and Motuo Station in spring. From these trajectories, it can
be seen that the main source of water vapor transport in spring is zonal water vapor
transport, and the water vapor channels are mainly westward and northwest airflows.
At Pailong Station (Figure 7a), 11% of the water vapor comes from the northwest, 64%
of the water vapor comes from the west, for which the 48-h backward trajectory can be
traced back to Pakistan and Afghanistan, and 25% of the water vapor comes from the south.
About 10% of the water vapor at Danka Station (Figure 7b) comes from the northwest, and
91% of the water vapor comes from the west airflow. More than 50% of the water vapor
at the Kabu (Figure 7c) and Motuo (Figure 7d) stations comes from the southwest. The
strong westerly wind in the southern part of the plateau in spring is the main water vapor
transport channel in the Canyon Area of Southeast Tibet. The high terrain of the plateau
has the effect of circumventing the westerly belt, forming a “southern trough and northern
ridge”. The northwest airflow from the northern ridge transports about 10% of water vapor
to southeastern Tibet in spring. The height of the water vapor transmission channel to the
southwest is below 2000 m, and while the height of the water vapor transmission channel
to the west is basically above 3000 m, the water vapor transmission height of Danka and
Motuo stations can reach 4500 m. The topography is closely related to the height of water
vapor transport.

Compared with the sources of water vapor transport at various stations in spring, the
main sources of water vapor transport in summer (Figure 8) change from the westward
airflow to the southerly one, and the main water vapor comes from the Bay of Bengal and
the South China Sea. Judging from the altitude and geographic location of each station,
Pailong Station (Figure 8a) and Danka Station (Figure 8b) are located relatively north,
Pailong Station is lower than Danka Station and there is still a northwesterly airflow. The
Kabu (Figure 8c) and Motuo (Figure 8d) stations located to the south are low in altitude,
and the height of the water vapor transmission channel in the northwest is lower than
that in the spring, which prevents this part of water vapor from being transported to the
south. Pailong Station and Danka station have 6% of the southeast air transport in summer,
while Kabu and Motuo do not have this part of the source of water vapor. The southerly
airflow at Kabu and Motuo stations exceeds 90% in summer, because the South Asian
monsoon prevails on the plateau in summer. At this time, the southwest wind makes
a major contribution to the transport of water vapor from the Bay of Bengal. A major
water vapor transmission channel is formed over the southeastern Tibet to the inland
areas. The height change characteristics of the westward and southward water vapor
transmission channels in summer are the same as those in spring. The southeast water
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vapor transmission channels of Pailong Station and Danka Station have a height of 3000 m
to 3500 m.

Figure 7. The 48-h water vapor transport trajectory at each station in spring. (a) Pailong station,
(b) Danka station, (c) Kabu station, (d) Motuo station. (Meters AGL refers to the height in meters
above ground level of the different trajectories).

Figure 9 shows the 48-h water vapor transport trajectory characteristics of each station
in autumn. Compared with the situation in summer, the water vapor transmission channel
to the southeast of Pailong Station (Figure 9a) and Danka Station (Figure 9b) disappeared,
and the proportion of southerly airflow at each station decreased. However, the main
channel for water vapor transport in the canyons of southeastern Tibet is still the southerly
airflow, with each station reaching more than 60% and Kabu (Figure 7c) reaching 79%. The
westerly wind on the plateau gradually began to strengthen in autumn, and the proportion
of water vapor transported by the westerly airflow also gradually increased. The change
characteristics of the height of each water vapor transmission channel are still obvious.

In winter, the westerly wind over the plateau gradually intensifies and reaches its
maximum (Figure 10). The water vapor transport from the westward airflow increases. The
source of water vapor in the 48-h backward direction from each station is farther than that
in spring because of the strong westerly wind in winter. The height of the westward water
vapor transmission channel is also higher than that in spring. There is a southeast water
vapor transmission channel at Pailong Station (Figure 10a), Kabu Station (Figure 10c) and
Motuo Station (Figure 10d). In winter, the mainland is dominated by a cold anticyclone, so
there is a water vapor transmission channel in the southeast direction. The height of the
channel is below 1000 m. However, this water vapor transmission channel does not occur
at Danka Station due to the high altitude (Figure 10b).
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Figure 8. The same as Figure 7 but for each station in summer. (a) Pailong station, (b) Danka station,
(c) Kabu station, (d) Motuo station.

Figure 9. The same as Figure 7 but for each station in autumn. (a) Pailong station, (b) Danka station,
(c) Kabu station, (d) Motuo station.
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Figure 10. The same as Figure 7 but for each station in winter. (a) Pailong station, (b) Danka station,
(c) Kabu station, (d) Motuo station.

4.6. Vertical Characteristics of Water Vapor Exchange between Upper Troposphere and Lower
Stratosphere

Recent study has verified that the TP is a water vapor convergence area from horizontal
point of view, where the convergence was enhanced from 1979 to 2018 [46]. However, the
vertical characteristics of water vapor exchange between upper troposphere and lower
stratosphere (UTLS) is still unclear so far. Therefore, the climatological distribution of UTLS
water vapor exchange over the TP was estimated using ERA5 reanalysis data (1979–2018)
with the model proposed by [60]. It can be found that troposphere to stratosphere transport
(TST) dominated over the central TP in spring, while stratosphere to troposphere transport
(STT) played a major role over the western TP and the eastern TP (Figure 11a). In summer,
the absolute high value centers of TST moved northeastward, and the original absolute high
value centers of STT in spring over the TP were inverted from downwelling to upwelling,
leaving the whole TP dominated by TST (Figure 11b). In autumn, the spatiotemporal
distribution pattern of vertical water vapor exchange was similar to that in spring, while
exhibiting relatively weaker exchange intensity (Figure 11c). In winter, most areas were
all dominated by STT, with the eastern region and the western frontier as the absolute
high value zones (Figure 11d). The spatial distribution characteristic of vertical water
vapor exchange over the TP may result from the combinational effects of the thermal
forcing of the TP, the mechanical forcing of the large-scale topography and the vertical
discontinuity of tropopause and tropopause pressure. The horizontal transport term, the
vertical transport term and the transport term due to the variability of tropopause of the
UTLS water vapor exchange over the TP were calculated, respectively. The results show
that both the horizontal and vertical transport term made main contribution to the total
water vapor exchange, while the water vapor exchange due to tropopause variation was
minor. From the perspective of seasonal variability, these three terms exhibited significant
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differences between winter and summer, while the spatial pattern of the UTLS water vapor
exchange was closest to that of the vertical transport term.

Figure 11. The troposphere–stratosphere water vapor exchange over the TP (1979–2018): (a) spring,
(b) summer, (c) autumn and (d) winter. (Positive values indicate upward water vapor transport).

5. Discussion and Conclusions

Climate change will likely affect the Asian water towers [61], but current climate
projections do not adequately reproduce past and current climate in TPE and are inade-
quate to assess impacts on water resources and agriculture [62]. It had been previously
reported that many remote sensing products of soil moisture did not compare favourably
with in situ observation on the Tibetan plateau [11,18], and the most advanced ECMWF
modelling system also has difficulty in reproducing the observed soil moisture and soil
temperature profiles on the Tibetan plateau [11]. The new analysis based on the Tibet-Obs
data also confirm these findings for the improved products (e.g., ERA5, see Section 4.4). The
CLIMATE-TPE project has contributed to a reduction in these uncertainties by introducing
process for understanding the whole TPE into observation models, which has been shown
to be feasible on a local scale by [12–14,21–23,63]. The extension of these understandings to
the whole TPE needs to be pursued in future.

Based on the Tibet-Obs, it has been possible to produce improved plateau scale merged
surface soil moisture products [33] and root zone soil moisture [34]. These plateau scale
data are also invaluable for improving retrieval algorithms used in current operations
(e.g., [64–66]) and the importance in observing processes has been demonstrated (e.g.,
consideration of the dielectric roughness of the surface) for the successful simulation of
the observed brightness temperature [29]. The collected data have also been used to
develop retrieval methods for the physical properties of soil via assimilating satellite bright-
ness temperature observations [19,26]. Progress has also been made in understanding
the mass, momentum and energy transfer in the frozen soil and the freezing–thawing
processes [21,22]. It has also been shown that the inclusion of the freezing–thawing pro-
cesses is important for the correct modeling of ecosystem dynamics [63]. Modelling of the
ecosystems in TP at climate scale needs to be conducted to investigate the significance of
freezing–thawing processes in explaining the observed changes and improving predictions
of future changes and helping to devise adaptation and mitigation measures.

The novel characters of the CLIMATE-TPE project to science can be summarised as
(1) An advancement of the understanding of microwave scattering and emission under
complex terrains, including permafrost and freezing and thawing; future works are needed
to extend the current understanding to multi-frequency satellite observations. This will
enable the analysis of past satellite microwave observations of the pan TPE areas. (2) An
advancement of the physical understanding and quantification of changes in water and
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energy budgets in TPE. These quantifications should be conducted for the different energy
and water budget terms given in Equations (1)–(5) and be linked to satellite observation
of the changes in vegetation and ecosystems. (3) An advancement in quantifying the
changes in surface characteristics and monsoon interactions. While we have succeeded
in analyzing and explaining the different surface characteristics, a unified analysis of all
related surface features and monsoon interactions may provide a deeper understanding of
the climatic connections of these different aspects. Since the TPE region has gained growing
attention due to its significant role in global atmospheric circulation and its sensitivity in
providing a first indication of climate changes, a fundamental understating of this region’s
natural environment is also vital for a better understanding of global climate changes and
interactions with human activities. Consolidated data records of essential water variables
need to be generated for climate analysis and for model validation by combining in situ
data, satellite observations and numerical modelling.

The key societal contribution of the CLIMATE-TPE project is to quantify the status
and fate of water resources in TPE so that the planning and management of the vital water
resources for 1.5 billion people across 10 countries in the TPE can be based on quantitative
data and information. The CLIMATE-TPE project primarily focused on the observation,
explanation and modeling of physical processes in land–atmosphere interactions and im-
pacts of climate change in TPE. It would be interesting to compare the findings of the
CLIMATE-TPE project to those of other initiatives such as the Changing Cold Regions Net-
work (CCRN) [67,68] and investigate climate change adaptation and mitigation measures
in future research.

The CLIMATE-TPE project has contributed to the objectives of the Dragon 4 pro-
gramme in the following programmatic aspects:

(1) Promote the exploitation of ESA and Chinese EO data for science and application
development with an emphasis on generating climate data records related to essential
water variables using ESA and Chinese EO data;

(2) Stimulate scientific exchanges by forming joint Sino-European teams by means of
academic exchanges, in particular of young scientists. This was an extension of the
Dragon 3 programme and other collaborative projects;

(3) Provide training to young European and Chinese scientists. We have continued the
successful joint supervision of young scientists started from Dragon 1, 2, 3 programme,
and so far there have been 17 joint PhD promotions (Dr. R. van der Velde, Dr. J.
Timmermans, Dr. C. Qin, Dr. Y. Zeng, Dr. X. Chen, Dr. L. Zhong, Dr. J. Malik, Dr. X.
Tian, Dr. L. Li, Dr. D. Zheng, Dr. Y. Huang, Dr. L. Dente, Dr. B. Wang, Dr. S. Lv, Dr. Q.
Wang, Dr. X. Yuan, Dr. H. Zhao and several ongoing PhD researchers (a list can be
found at https://www.itc.nl/research/phd-projects/?researchtheme=wcc) (accessed
on 6 September 2021);

(4) Publish co-authored results in ESA-NRSCC joint results publication and in leading
scientific journals. A list of publications resulted in partial support by previous
Dragon programme can be found in Appendix A).

Based on the obtained results and the unsolved challenges reported in this paper, we
propose that future research should focus on the following outstanding scientific questions:

(1) While progress has been made to estimate the various water and energy budgets terms
in Equations (1)–(3), their degree of closure and climatic consistencies have not been
assessed in the TPE. Does the TPE have a more accelerated water cycle (i.e., fluxes)
and water cycle dynamics (i.e., stores) than other regions in the world? To address
this question, we need to independently quantify the different terms of water store
and flux terms in Equations (1)–(3). Current and future satellite observations, together
with numerical modeling, can help to advance this science issue by quantifying the
amount of moisture stores at and below the land surface as soil moisture and surface
water store and groundwater, respectively, and precipitation and evaporation, while
more in situ observations are needed to quantify the net surface and groundwater
runoff. Examples of this are the hydrological and geophysical investigations currently

https://www.itc.nl/research/phd-projects/?researchtheme=wcc
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conducted in the Maqu catchment. The quantification of these water and energy
budgets need to extend to climate scale.

(2) What is the impact of and feedback to the Asian monsoon and the westerlies systems
of the TPE’s water and energy budget? Because the precipitation and evaporation
balance the atmospheric water vapor storage and horizontal convergence on the one
hand and control the increase of water storage on land and runoff, analyzing these
terms consistently with Equations (4) and (5) could help in detecting impacts and
feedback between TPE and changes in the external monsoon and westerlies. These
analyses need to be conducted in conjunction with analysis of the dynamics of the
boundary layer dynamics and the interactions between the upper troposphere and
lower stratosphere of the Tibetan atmosphere. This will provide the much-needed
insights regarding the impact of climate change impact in TPE.

(3) Given the projected global warming, what would be the consequences to the water
resource availability in TPE and what adaptation and mitigation measures could
be devised for policy making? This framework in (1) and (2) above, i.e., Equations
(1)–(5), can be integrated into a regional Earth system model of the TPE and long-term
simulations can be conducted to examine different scenarios.

Because the TPE is a data-scarce region regarding the various water and energy balance
terms in Equations (1)–(5), we propose future research to emphasize on the following areas:

(4) What are the mechanisms and controls of the different land surface processes, heavy
precipitation, ponding surface water, snow and snowmelt, frozen ground, freeze-thaw,
permafrost and different ecosystem and landscape forms on the satellite signals of
microwave scattering and emission? Integration of the observation operator (i.e., a
forward signal simulator to simulate satellite observation) into an Earth system model
(ESM) may help to overcome these challenges.

(5) Can the changes of water and energy budgets in the TPE be simulated with current
land surface and integrated models as used in current reanalysis? This issue may be
addressed by first analyzing the consistency of available data records from satellite
observations and reanalysis and gradually improving the process description in the
ESM to reflect what is observed by satellite observation. This would advance the
development of a more adequate ESM for the TPE.

There are currently still many unexplained uncertainties in current microwave satel-
lite observations over complex terrain and inaccuracies in retrievals of soil moisture and
freeze–thaw states. By deploying in situ observations, laboratory experiments and nu-
merical modelling with the obtained datasets, these uncertainties and inaccuracies can be
largely reduced, and capabilities can be developed to utilize the current and future satellite
observations of TPE. These advanced process understandings can be integrated into ob-
servation operator models that can be used to simulate and explain satellite observation
signals from optical, thermal and microwave spectra. When these models are coupled with
process models of energy, water and CO2 fluxes, consistent climate data records on energy,
water and carbon cycles of TPE can be generated. These datasets would be invaluable
to reveal the impacts of climate change and help to propose adaptation and mitigation
measures. Systematic analysis can be made of all variables related to water, energy and
carbon budgets in TPE to ensure their consistency in terms of climate data records. These
variables may include albedo, vegetation coverage, soil thermal and hydraulic properties,
land surface temperature, soil moisture, lake levels and land use changes, among others,
that can be retrieved from satellite observations. When the observation operators, the
process models and long-term climate data records can be integrated into Earth system
models, climate change impacts on water resources and ecosystems can be modelled and
projections for future changes made.
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CAREERI Cold and Arid Regions Environmental Engineering Research Institute
CAS Chinese Academy of Sciences
CCI climate change initiative
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CNMC China National Meteorological Centre
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FY Fengyun referring to China’s weather satellites
GLDAS the Global Land Data Assimilation System
GLEAM Global Land Evaporation Amsterdam Model
ITP Institute of Tibetan Plateau Research
LAI leaf area index
LST land surface temperature
MERIS MEdium Resolution Imaging Spectrometer (MERIS)
MOD16 MODIS global evapotranspiration product
MODIS Moderate Resolution Imaging Spectroradiometer
NASA The National Aeronautics and Space Administration
NCAR National Center for Atmospheric Research
NCEP National Centers for Environmental Prediction
SCAT/ASCAT scatterometer and advanced scatterometer
SEBS Surface Energy Balance System
SMAP Soil Moisture Active Passive
SMOS Soil Moisture and Ocean Salinity satellite
SSM/I the Special Sensor Microwave/Imager
STEMMUS-FT Simultaneous Transfer of Energy, Mass, and Momentum in Unsaturated

Soils with Freeze–Thaw
STT stratosphere to troposphere transport
TERRA a multi-national NASA scientific research satellite
TPE Third Pole Environment
TPM Third Party Mission, referring to Third Party satellite Mission
TST troposphere to stratosphere transport
TVG a discrete scattering-emission model for vegetation (known also as the

Tor Vergata model)
UTLS upper troposphere and lower stratosphere
VISSR multi-channel Visible and Infrared Spin Scan Radiometer
WGS’84 The World Geodetic System 1984
WRF the Weather Research and Forecasting (WRF) Model
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