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Abstract. This paper discusses soil moisture retrievals over
the Tibetan Plateau from brightness temperature (TB’s) ob-
served by the Special Sensor Microwave Imagers (SSM/I’s)
during the warm seasons of the period from July 1987 to
December 2008. The Fundamental Climate Data Record
(FCDR) of F08, F11 and F13 SSM/I satellites by the Pre-
cipitation Research Group of Colorado State University is
used for this study. A soil moisture retrieval algorithm is
developed based on a radiative transfer model that sim-
ulates top-of-atmosphereTB’s whereby effects of atmo-
sphere are calculated from near-surface forcings obtained
from a bias-corrected dataset. Validation of SSM/I retrievals
against in situ measurements for a two-and-half year pe-
riod (225 matchups) gives a Root Mean Squared Error of
0.046 m3 m−3. The agreement between retrievals and Noah
simulations from the Global Land Data Assimilation System
is investigated to further provide confidence in the reliability
of SSM/I retrievals at the Plateau-scale.

Normalised soil moisture anomalies (N ) are computed
on a warm seasonal (May–October) and on a monthly ba-
sis to analyse the trends present within the products avail-
able from July 1987 to December 2008. The slope of linear
regression functions betweenN and time is used to quan-
tify the trends. Both the warm season and monthlyN in-
dicate severe wettings of 0.8 to almost 1.6 decade−1 in the
centre of the Plateau. Correlations are found by the trend
with elevation for the warm season as a whole and the in-
dividual months May, September and October. The observed

wetting of the Tibetan Plateau agrees with recent findings
on permafrost retreat, precipitation increase and potential
evapotranspiration decline.

1 Introduction

The importance of the Tibetan Plateau for the atmospheric
circulation and the development of large-scale weather sys-
tems over the Asian continent has been widely acknowledged
(e.g. Lau et al., 2006; Yanai and Wu, 2006). Due to its wide
extent and high elevation (< 3500 m above sea level, a.s.l.),
the Plateau plays a critical role in directing moist air from
the eastern Indian Ocean and Bay of Bengal towards cen-
tral China. Interactions with other large-scale circulation sys-
tems, such as the southeasterly flow from the South China
Sea, can result in persistent wet (or dry) patterns over East
Asia (Xu et al., 2008). This flow of moist air from oceans
and seas is also affected by heat and moisture sources from
the Plateau, which creates the so-called “air pump” influ-
encing the onset and maintenance of the Asian monsoon
(Wu et al., 2007).

In a changing climate, global warming will increasingly
affect the partitioning of radiation into sensible and latent
heat over the Plateau and, thus, the Tibetan air pump. In the
2007 IPCC (Intergovernmental Panel on Climate Change) re-
port, the observed and projected impact of climate change at
a global scale has been documented (Solomon et al., 2007).
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However, the effects of climate change at a regional scale can
be much more complex. Particularly high-altitude regions,
such as the Tibetan Plateau, are expected to be more sensi-
tive because of the snow-feedback (Giorgi et al., 1997).

An important land surface state variable controlling inter-
actions between the land surface and atmosphere is soil mois-
ture (Koster et al., 2004). Being highly variable in both space
and time, it is not feasible to base large-scale soil moisture
monitoring on in situ measurements. Various remote-sensing
techniques have, therefore, been explored for their potential
of monitoring soil moisture (e.g. Dubois et al., 1995; Jackson
et al., 1999; Wagner and Scipal, 2000; Njoku et al., 2003; Su
et al., 2003). Datasets collected by microwave instruments
operating at L-band (∼ 1.4 GHz) have been proven to be su-
perior for retrieving top soil moisture over a wide range of
vegetated conditions (Jackson and Schmugge, 1989). This
resulted in the formulation of missions carrying L-band mi-
crowave sensors for soil moisture monitoring, of which the
SMOS (Soil Moisture and Ocean Salinity, Kerr et al., 2001)
and NASA’s Aquarius missions have been launched recently,
and the SMAP (Soil Moisture Active Passive, Entekhabi et
al., 2010) mission is expected to follow in the foreseeable fu-
ture with its expected launch date in the second half of 2014.

Despite being less favourable, various studies have also
found soil moisture sensitivity at the higher frequencies (e.g.
Jackson, 1997; Paloscia et al., 2001; Wen et al., 2005; Gao et
al., 2006). A disadvantage of the high frequencies is that con-
tributions from the atmosphere and vegetation have a strong
masking effect on the surface emission (e.g. Drusch et al.,
2001). However, these disturbances are expected to be less
severe over the Tibetan Plateau as compared to most other
regions. The amount of atmosphere and atmospheric water
vapour contributing to the microwave emission is smaller at
the elevation of the Plateau (> 3500 m a.s.l). Moreover, the
harsh Tibetan environment sustains only sparse vegetation
even at peak biomass (Van der Velde and Su, 2009). There-
fore, some success in retrieving soil moisture from high fre-
quency passive microwave observations can be expected for
the Tibetan Plateau after correcting for the vegetation and
atmospheric effects.

For instance, Wen et al. (2003) have used the Tropical
Rainfall Measuring Mission (TRMM) Microwave Imager
(TMI) datasets for retrieving soil moisture and validated their
results against soil moisture measured during one-month.
The datasets collected by the TMI and the later launched
Advanced Microwave Scanning Radiometer (AMSR)-E are,
however, too short to permit drawing any conclusions regard-
ing climate change. Long term records of passive microwave
measurements are available from the Special Sensor Mi-
crowave Imager (SSM/I), which has been facilitated through
the Defence Meteorological Satellite Programme (DMSP).
At a given time, typically three SSM/I instruments have been
operational since 1987. This ensured an almost daily cover-
age near the equator for a period of more than 25 years.

In this paper, we use the Fundamental Climate Data
Record (FCDR) of SSM/I data developed by Semunegus et
al. (2010) for the period July 1987 till December 2008 for
retrieving soil moisture over the Tibetan Plateau. The re-
trieval algorithm is developed based on a radiative transfer
model that simulates top-of-atmosphere (TOA) brightness
temperatures (TB’s). Land surface contributions are taken
into account via the well-knownτ -ω model (Mo et al.,
1982) and atmospheric effects are considered as in Kerr and
Njoku (1990), for which the parameterization of Pellarin et
al. (2003, 2006) is applied with input of the bias-corrected
atmospheric forcings developed by Sheffield et al. (2006).

The soil moisture and vegetation transmissivity (or opti-
cal depth) are inverted simultaneously from the horizontally
(H) and vertically (V) polarized 19.4 GHzTB’s, whereby the
effective temperature (Teff) is obtained from the atmosphere
corrected V polarized 37 GHz channel. This setup avoids the
use of ancillary information needed by previously developed
algorithms (e.g. Drusch et al., 2001; Wen et al., 2005; Gao
et al., 2006) to correct for vegetation and surface tempera-
ture, which may not be available (or reliable) for the extreme
Tibetan conditions. Hence, the applied algorithm has simi-
larities with the Land Parameter Retrieval Model (LPRM)
described in Owe et al. (2008) and the inversion approach
used in Jackson et al. (2002). The advantage of the algorithm
formulated here is that the effects of the atmosphere are ex-
plicitly accounted for. It should, however, be noted that it
is not our objective to present an alternative for global soil
moisture monitoring.

The retrieval results are validated using soil moisture mea-
sured in situ at four locations on the central part of the Ti-
betan Plateau in the period from August 2005 to Decem-
ber 2008. An additional comparison across the Plateau is
made with the soil moisture simulations by Noah Land Sur-
face Model (LSM) via the Global Land Data Assimilation
System (GLDAS, Rodell et al., 2004). The soil moisture re-
trievals from July 1987 to December 2008 are used to investi-
gate the trends of the standardised anomalies and their depen-
dence upon season as well as elevation. We determine where
the soil moisture changes occur, how much these changes
are and during which time of the year these changes are most
prominent.

2 Study area and dataset

2.1 Description of the study area

The Tibetan Plateau is situated in the western part of China at
80–105◦ E and 28–37◦ N as shown in Fig. 1. With an average
altitude of about 4000 m a.s.l., it is the highest plateau in the
world and embraces many mountain ranges with peaks well
above 6000 m a.s.l. According to the University of Maryland
1 km global land cover classification (Hansen et al., 1998,
see Fig. 2), a mixture of bare ground and open shrubland
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Figure 1. The elevation of areas > 3500 m a.s.l., representing the Tibetan Plateau, is indicated 1 

by the GTOPO30 digital elevation model, land below 3500 m is shown as grey and water 2 

(oceans and seas) is white. Within a subset of LandSat TM false color image covering part of 3 

the Naqu river basin, the location of the soil moisture/temperature station are shown.  4 
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Fig. 1. The elevation of areas> 3500 m a.s.l., representing the Ti-
betan Plateau, is indicated by the GTOPO30 digital elevation model,
land below 3500 m is shown as grey and water (oceans and seas)
is white. Within a subset of LandSat TM false colour image cov-
ering part of the Naqu river basin, the location of the soil mois-
ture/temperature station are shown.
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Figure 2. Land cover classification of the Tibetan Plateau after the University of Maryland 1 1 

km global land cover classification (Hansen et al. 1998). 2 
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Fig. 2.Land cover classification of the Tibetan Plateau after the Uni-
versity of Maryland 1 km global land cover classification (Hansen
et al., 1998).

dominates the Plateau. This shifts in the east from grassland
towards more densely vegetated land covers in the far east,
namely wooded grassland, woodland.

Weather on the Plateau is strongly affected by the Asian
Monsoon reaching its peak intensity in the months July, Au-
gust and September. During this three-month period, moist
air enters the Plateau from the lower elevated southeastern
part and crosses gradually towards the areas with a higher
elevation in the western part of the plateau (e.g. Yanai and
Wu, 2006). As a result, the total amount of precipitation de-
creases from east to west with up to 900 mm rain measured
in the southeast and only up to 60 mm rain measured in the
far west (Zhao et al., 2004). Typically, more than 80 % of the

Table 1.SSM/I sensor characteristics and platforms.

Frequency Footprint
(GHz) Polarization size (km)

19.4 H and V 69× 43
22.2 V 50× 40
37.0 H and V 37× 28
85.5 H and V 15× 13

Ascending
crossing time

Data at the equator
Satellite availability (UTC)

F08 Jul. 1987–Dec. 1991 06:12
F11 Dec. 1991–May 1995 18:11
F13 May 1995–Dec. 2008 17:42

precipitation is measured as rain during the monsoon. The
winter months, from November to April, are dominated by
dry and cold conditions with temperatures generally below
freezing point. Little precipitation occurs in this period ei-
ther in a liquid or a frozen state as snow resulting in fairly
low soil moisture dynamics in both time and space (Van der
Velde et al., 2008). The coldest month is January with a mean
monthly air temperature of−10.3◦C and the warmest month
is July with a mean monthly air temperature of 15.0◦C.

2.2 SSM/I instruments

The SSM/I is a conical scanning microwave radiometer op-
erating from a view angle of about 53◦ and frequencies of
19.4, 22.2, 37.0 and 85.5 GHz. For all frequencies, except the
22.2 GHz, SSM/I measures brightness temperatures (TB’s)
in both H and V polarizations resulting in a total of seven
channels. Table 1 summarizes the instrument parameters of
SSM/I and additional information can be found in Hollinger
et al. (1990). Since 1987, more than one SSM/I instrument
has been operational for many episodes supported by the
Defence Meteorological Satellite Programme (DMSP). The
satellites from which the SSM/I data has been utilised for this
study are listed in Table 1.

The SSM/I datasets used for this study were made avail-
able by the Precipitation Research Group of Colorado State
University (http://rain.atmos.colostate.edu, last access: 11
March 2013), which were resampled to a 0.25◦ spatial
resolution using a nearest neighbourhood technique. They
have developed in collaboration with NOAA’s National Cli-
matic Data Center a suite of screening techniques for har-
monization of the radiometric and geometric data quality
across the SSM/I sensors for the development of a Fun-
damental Climate Data Record (FCDR). Some of the is-
sues addressed (Semunegus et al., 2010) are inter-sensor
calibration, cross-track bias corrections, orbital drift and
navigational inaccuracies.
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It is well-known that for retrieving soil moisture, the soil
surface and vegetation should be in thermal equilibrium (e.g.
Jackson and Hsu, 2001; Jackson et al., 1997). These con-
ditions occur typically during sunrise. Therefore, only the
morning passes have been selected for this study. Further, it
should be noted that for each period the SSM/I data from
a single satellite has been used. From July 1987 till De-
cember 1991 ascending F08 passes are used; from Decem-
ber 1991 till January 1996 the descending F11 passes are
used and from January 1996 to December 2008 the descend-
ing F13 passes are used.

2.3 In situ measurements

The soil moisture retrieved from the SSM/I observations
are validated with in situ measurements collected in the
Naqu river basin located on the central part of the Tibetan
Plateau as depicted in Fig. 1. The elevation in this region
is 4500 m a.s.l. and the hilltops reach heights just above
5000 m. The land cover is dominated by wetlands in the de-
pressions of land surface and grasslands consisting of short
prairie grasses and mosses situated at a higher elevation (Van
der Velde et al., 2009).

About 25 km southwest of Naqu city is one of the key me-
teorological stations (91.8987◦ E, 31.3686◦ N, WSG84) of
the mesoscale network installed as a part of Global Energy
and Water cycle Experiment (GEWEX) supported field cam-
paigns; hereafter referred to as Naqu station. A comprehen-
sive set of instruments measures at Naqu station water and
energy exchanges between land surface and atmosphere (Ma
et al., 2006). Four additional soil moisture/temperature sta-
tions were installed within 10 km of Naqu station during the
2006 summer (16–27 July 2006). The soil moisture stations
have been placed north, south, west and east of Naqu station
as shown in Fig. 1. Grasslands dominate the land cover at
the north, west, east and Naqu stations and south station is
located in a wetland.

The instrumentation used for these stations consists of
an EM5b data logger with five 10 cm long ECH2O (type:
EC-10) capacitance probes for measuring soil moisture all
manufactured by Decagon Devices. At each station, probes
have been installed horizontally at depths of 2.5, 7.5, 15.0,
30.0 and 60.0 cm. The EC-10 readings have been calibrated
using gravimetrically determined volumetric soil moisture to
an estimated accuracy of 0.029 m3 m−3 (Van der Velde et al.,
2012). This uncertainty level is in line with the reliability of
soil moisture probe products previously reported in Cosh et
al. (2005) and Joseph et al. (2010). Readers are referred to Su
et al. (2011) for additional information on the soil moisture
stations and data.

3 Soil moisture retrieval

3.1 Microwave emission model

The algorithm developed for soil moisture retrieval is based
on a semi-empirical microwave emission model that consid-
ers the radiative transfer processes along the soil-vegetation-
atmosphere pathways (Kerr and Njoku, 1990). Following to
this concept theTB observed at the TOA can be computed as
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where,T ↓
a andT

↑
a are respectively the down- and upward

emitted atmospheric temperatures (K),γa andγv are respec-
tively the transmissivity of the atmosphere and the vegetation
layer (-),ω is the single scattering albedo of the vegetation
layer,Ts andTv are respectively the soil and canopy temper-
atures (K),es is the soil surface emissivity,Tcos is the cos-
mic background (= 2.7 K), andp indicates the polarization,
which can either be horizontal or vertical.

The emissivity of the soil surface, related via Kirchhoff’s
law to its reflectivity, is influenced by the roughness that can
be corrected for through application of the model by Wang
and Choudhury (1981)

e
p
s = 1−

[
(1− Q)R

p

0 + QR
q

0

]
exp

(
−k2s2cos2θv

)
(2)

where,R0 is the Fresnel (or smooth surface) reflectivity,s is
the standard deviation of the surface height (cm), andk is the
wave number (cm−1), θv is the view angle (degrees) andq
is the polarization orthogonal to polarizationp. It should be
noted thatk2s2 is typically represented by a single effective
roughness parameter,h, and theQ quantifies the depolariz-
ing effects of surface roughness.

3.2 Algorithm

Retrieving soil moisture based on the radiative transfer ap-
proach formulated by Eqs. (1) and (2) needs an algorithm
that accounts for the unknowns either via assumptions or an
iterative procedure. We start with assuming the soil surface
and canopy temperature equal to each other, which permits
using an effective temperature (Teff). This can be justified be-
cause, as mentioned above, both media are typically in ther-
mal equilibrium near dawn. TheTeff is estimated from the
V polarized 37 GHz channel as is further elaborated on in
Sect. 3.3.

For theω and the roughness parameters,h andQ, several
studies have previously used fixed values. As such, we adopt
in accordance with Jackson et al. (2002) for theω a value of
0.05 for V polarization and assume the H polarizedω equal
to 0.00. Further, the surface roughness parameterization pro-
posed by Njoku and Li (1999) has been used, which includes
values of 0.14 and 0.12 for theh andQ, respectively.
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As for the atmospheric variables, a modified version of
the method developed by Pellarin et al. (2003) has been em-
ployed. This method quantifies the atmosphere opacity (τa)

and equivalent air temperature (T
eq
a ) using near-surface me-

teorological variables and the elevation of the land surface.
The same procedure and global dataset as described in Pel-
larin et al. (2006) have been used for development of the
expressions for the SSM/I frequencies, 19.3 and 37.0 GHz,
which results for theτa in

τa(19.3GHz) = exp(−5.2138− 0.2176· Z

+0.00479· Ta+ 0.1242· Qa) (3)

τa(37.0GHz) = exp(−2.6992− 0.2312· Z

+0.00108· Ta+ 0.0673· Qa) (4)

where,Ta is the air temperature at surface level (K),Qa is the
specific humidity at surface level (g kg−1), Z is the elevation
(km).

Since frequency (or wavelength) was found not to have
an effect onT eq

a , the same expression as given in Pellarin et
al. (2006) is used here

T
eq
a = exp(4.8716+ 0.002447· Ta) (5)

The frequency dependentτa is used to compute the transmit-
tance of the atmosphere (γa(fr)) as exp(-τa(fr) secθ ), which is

subsequently employed for the calculation ofT
↓
a asT

eq
a (1-

γa(fr)) where (fr) indicate the frequency dependence of the
variable.

The specific humidity (Qa) and air temperature (Ta)

needed as inputs are obtained from the bias corrected reanal-
ysis datasets described in Sheffield et al. (2006). Further, the
GTOPO30 Digital Elevation Model (DEM) is used for the
elevation. The Sheffield datasets are resampled to the SSM/I
grid by using a nearest-neighbour method and the DEM by
averaging all GTOPO30 elevations within each SSM/I pixel.

The two remaining unknowns are the vegetation transmit-
tance (γv), defined as function of its opacity (τv) as γv =
exp(-τv secθ), and the dielectric constant (ε) related to soil
moisture via a dielectric mixing model and soil texture in-
formation. Assuming polarization independence of theγv re-
duces the problem to finding a solution for two equations
with two unknowns to which the SSM/I 19.4 GHz H and
V polarizedTB’s are input. Here, theγv and theε are in-
verted by minimising the absolute difference between the
modelled and SSM/I measured 19.4 GHz H and V polar-
izedTB’s using a least squares optimisation routine. The re-
trieved ε is converted into the soil moisture content using
the mixing model by Dobson et al. (1985) and soil texture
information obtained from 5 min (about 10 km) resolution
global soil texture map (Reynolds et al., 2000). We assume,
thus, that the Dobson mixing model developed using labo-
ratory measurements taken at 18 GHz can also be applied to
the 19.4 GHz SSM/I bands. Previously, Jackson et al. (2002)
have applied a similar approach successfully to SSM/I data

collected over the Southern Great Plains. Moreover, the dual-
channel iterative algorithm is considered as one of the can-
didates for delivering the SMAP radiometer soil moisture
products (Moghaddam et al., 2011).

3.3 Effective temperature estimation

An important input to the retrieval algorithm is the temper-
ature of the layer contributing to the microwave emission;
commonly referred to as the effective temperature (Teff). For
the lower microwave frequencies, the emitting layer consists
of the canopy and the soil volume from which the surface
emission is generated. The thickness of the contributing soil
layer is considered to be less than the wavelength (e.g. De
Jeu and Owe, 2003), which is for the SSM/I 19.4 GHz chan-
nel about 1.55 cm. Near dawn, however, not only a thermal
equilibrium between canopy and soil surface often prevails,
but also soil temperature gradients near the surface are small
(e.g. Choudhury, 1993; Van der Velde et al., 2009). These two
assumptions have previously been used to justify estimating
Teff based on a linear relationship between the V polarized
37 GHzTB and the soil (or surface) temperature (e.g. Holmes
et al., 2009).

The linear relationship betweenTeff and V polarized
37 GHzTB implies that the emissivity at the respective sens-
ing configuration (frequency, polarization and incidence an-
gle) is assumed constant. Owe and Van de Griend (2001)
have shown that this assumption holds for V polarized
37 GHz TB measured specifically from the large view an-
gles of the SSM/I’s. At those angles, the theoretical V po-
larized smooth surface (Fresnel) reflectivity approaches zero
and has a limited sensitivity to land surface states (e.g. soil
moisture, vegetation). Here, we adopt a comparable approach
and utilise the monthly climatology of the decadal emissiv-
ity database developed by Prigent et al. (2006). Advantage of
using the monthly emissivity is that through Eqs. (1), (4) and
(5) the atmosphere effects can be considered.

4 Assessment of SSM/I retrievals

The algorithm has been applied as formulated above for re-
trieving soil moisture from the FCDR SSM/ITB’s collected
in the period July 1987 to December 2008. Figure 3 shows a
diagram with an overview of this procedure for obtaining the
satellite products. To filter out the pixels most severely af-
fected by precipitation, frozen soil and snow, only retrievals
are considered that are obtained with a residual mean abso-
lute error (MAE) of less than 0.2 K between the observed and
computedTB’s for the two polarizations, defined here as,

MAE =
1
2

(∣∣∣T H
B,c − T H

B,sat

∣∣∣ + ∣∣∣T V
B,c − T V

B,sat

∣∣∣) (6)

where, subscriptsc and sat indicate that the variable rep-
resents respectively the calculated and SSM/ITB. This is
equivalent to error component attributable to uncertainties
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Fig. 3. Overview of the algorithm and procedures adopted for
derivation of the soil moisture products from the SSM/I observa-
tions.

associated with the earth incidence angle calculation (Berg
et al., 2013).

4.1 Observed soil moisture and vegetation optical depth
climatology

A first assessment is performed via analysis of the monthly
climatology of the retrieved soil moisture and optical depth
(τv) derived from the vegetation transmittance. The clima-
tologies are obtained by averaging the monthly means on a
pixel basis over the complete period. Pixels are included in
the analysis when monthly values are available for at least
fifteen (non-consecutive) of in total twenty-two years and
the monthly means are based on a minimum of five valid re-
trievals. This implies for soil moisture that the monthly mean
is estimated with an accuracy of 0.03 m3 m−3 with 90 % con-
fidence for the 75 % of the pixels. The resulting soil moisture
and optical depth climatologies are shown in Figs. 4 and 5
for the months May to October. The winter months are ex-
cluded here because too few retrievals are available to fulfil
the above criterions, which is already visible in the May and
October climatologies. Further the optical depth climatolo-
gies are displayed for visualization purposes as differences
between the climatology of August and the respective month.
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Figure 4. 1987-2008 soil moisture climatology for the months May to October derived from 1 

SSM/I observations.  2 
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Fig. 4.1987–2008 soil moisture climatology for the months May to
October derived from SSM/I observations.
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Figure 5. Difference between the 1987-2008 SSM/I retrieved optical depth climatology of 2 

August and the months May to October, respectively.  3 

4 

Fig. 5. Difference between the 1987–2008 SSM/I retrieved op-
tical depth climatology of August and the months May to
October, respectively.

The overall dynamics in the observed soil moisture and
vegetation optical depth climatologies agree with our gen-
eral understanding of the Tibetan land surface conditions dur-
ing the Asian Monsoon. An initial large scale wetting is ob-
served in June in the eastern and central part of the Plateau.
The extent of those areas with elevated soil moisture levels
(> 0.10 m3 m−3) further increases and spreads towards the
west in July and August, reduces again in September and
is almost back at winter levels in October. Several areas are
noted with consistently high soil moisture values through-
out the year, which can be associated with the presence of
lakes. Soils in the proximity of lakes are typically wet, which
explains in combination with the low emissivity of open wa-
ter itself the high soil moisture retrievals. The Nam-Tso and
Silling-Tso lakes can be identified in the centre, whereas the
Qinghai lake is recognisable in the northeast.

Although less obvious with optical depth difference up to
0.1 (-) , the monthly optical depth climatology displays a sea-
sonal dependence similar to the one observed for soil mois-
ture. In July and August, the highest optical depths with peak

Hydrol. Earth Syst. Sci., 18, 1323–1337, 2014 www.hydrol-earth-syst-sci.net/18/1323/2014/



R. van der Velde et al.: Tibetan Plateau Soil Moisture 1329

 34 

1/1/05 1/1/06 1/1/07 1/1/08

Date (m/d/yy)

0

0.1

0.2

0.3

0.4

0.5

0.6

S
o
il
 m

o
is

tu
re

 (
m

3
 m

-3
)

SSM/I retrievals

AMSR-E LPRM

GLDAS-Noah

East station

North station

South station

Naqu station

1 
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Fig. 6. Soil moisture measurements, SSM/I retrievals, AMSR-E
LPRM estimates and GLDAS-Noah simulations of the 0.0–0.1 m
soil layer at the Naqu network (91.89◦ E, 31.36◦ N, WSG84) for
the period 2005 to 2008.

values up to 0.5 (-) are observed predominantly in the east-
ern part of the Plateau, which decrease somewhat near the
winter months. In general, much lower values (< 0.1) are re-
trieved over the Plateau’s centre, whereas the optical depths
found near the Yarlung valley are around 0.3 (-). This spa-
tial optical depth distribution is comparable to monthly Nor-
malised Difference Vegetation Index (NDVI) climatology re-
cently reported in Zhong et al. (2010).

4.2 Comparison with in situ measurements at
validation site

The consistency noted within the soil moisture and optical
depth climatologies provides some confidence in the SSM/I
products. A comparison with in situ measurements collected
in the Naqu river basin is presented to further evaluate the ac-
curacy of individual soil moisture retrievals. The Naqu soil
moisture network consisted during the study period of five
stations of which four operational. Figure 6 presents time
series of these in situ measurements, SSM/I retrievals and
GLDAS-Noah simulations of the 0.0–0.1 m layer for the pe-
riod 2005 to 2008. Additionally, LPRM soil moisture esti-
mates based on AMSR-E C-bandTB observed at night are
shown. The measurements taken from a 2.5 cm depth are
shown for the three grassland sites (north, east and Naqu)
and from a 7.5 cm depth for the wetland site (south) because
the shallowest probe at this site did not function.

In general, the plot shows that the temporal dynamics of
the SSM/I retrievals, AMSR-E LPRM product and GLDAS-
Noah simulations are in agreement with each other and the
measurements. The AMSR-E soil moisture typically overes-
timates the in-situ measurements, which is well-known for
LPRM product and has previously been reported in, for in-
stance, Wagner et al. (2007) and Draper et al. (2009). On
the other hand, a larger spread is noted among the SSM/I
data points in comparison to the AMSR-E LPRM soil mois-
ture. This can be explained by the fact that the low frequency
AMSR-E observations are more sensitive to soil moisture
than the SSM/I observations. Nevertheless, the SSM/I re-
trievals agree fairly well with the both AMSR-E LPRM and

 35 

Figure 7. SSM/I retrievals plotted against the arithmetic mean of soil moisture measurements 1 

collected at four stations within a single footprint (225 matchups).  2 
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Fig. 7. SSM/I retrievals plotted against the arithmetic mean of soil
moisture measurements collected at four stations within a single
footprint (225 matchups).

in situ soil moisture based on which we justify its use for
evaluation of the long-term trends over the Tibetan Plateau.

Particularly the SSM/I retrievals match the timing of the
measured soil moisture increase/decrease associated with
the onset/decline of the monsoon. The SSM/I soil moisture
also captures the persistent dry (e.g. summer 2006, spring
2007) and wet (e.g. summer 2007) episodes noted via the
in situ measurements. The correlation of SSM/I retrievals
with individual soil moisture measurements is, however, less
well-defined. This is somewhat expected because of the
large spatial soil moisture variability observed in nature (e.g.
Famiglietti et al., 1999). A time series measured at a specific
site is, therefore, unlikely to fully represent the dynamics
of coarse resolution observations. In fact, coarse resolution
soil moisture retrievals are often validated against measure-
ments from numerous sites collected during intensive field
campaigns (Jackson, 1997; Wen et al., 2005; Jackson et al.,
2010).

As an approximation of this widely accepted validation ap-
proach, the individual soil moisture retrievals are plotted in
Fig. 7 against the arithmetic mean of the measurements from
the four stations that are all located with the same SSM/I
pixel. Some additional statistics are provided to quantify the
relationships observed between retrieved and measured soil
moisture, such as Pearson product-moment correlation co-
efficient (r), Root Mean Squared Error (RMSE), Standard
Error of Estimate (SEE), and bias calculated as,

r =

n∑
i=1

(
θ i

sat− θsat

)(
θ i

grd− θgrd

)
/√√√√ n∑

i=1

(
θ i

sat− θsat
)2

n∑
i=1

(
θ i

grd− θgrd

)2
(7a)
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RMSE=

√√√√1

n

n∑
i=1

(
θ i

sat− θ i
grd

)2
(7b)

SEE=

√√√√ 1

n − 2

n∑
i=1

(
θ̂ i

sat− θ i
grd

)2
(7c)

Bias=
1

n

N∑
n=1

(
θ i

sat− θ i
grd

)
(7d)

where,θ is the soil moisture content (m3 m−3), subscripts
sat and grd indicate that the variable represents respectively
the SSM/I and in-situ soil moisture, the bar (−) stands for
the mean of the dataset andθ̂ i

sat is the estimate of the SSM/I
retrievals obtained by applying a linear regression equation
fitted through the SSM/I – in-situ soil moisture pairs.

The r defined above (Eq. 7a) is calculated for the entire
dataset and is, thus, influenced by the seasonality. To assess
the ability of SSM/I retrieval in capturing day-to-day vari-
ability, the anomaly correlation coefficient (rano) is computed
as well. This is done by calculating normalised (or standard-
ised) anomalies (N) of both the daily SSM/I retrievals and
in-situ measurements over a five-week gliding window as

Ndaily =
θdaily − µ5wk

σ5wk
(8)

where, Ndaily is the normalised anomaly computed from
daily values,θdaily is the daily soil moisture either mea-
sured in-situ or retrieved from SSM/ITB’s (m3 m−3), µ5wk
is the five-week mean soil moisture (m3 m−3) and σ5wk is
the five-week standard deviation (m3 m−3). Then, therano is
determined asr computed from the two anomaly datasets
according to Albergel et al. (2013).

Although insufficient spatially distributed measurements
are available for a thorough validation, the SEE obtained with
our limited set is better than the values reported in previ-
ous SSM/I studies (e.g. Jackson, 1997; Jackson et al., 2002;
Wen et al., 2005). This can be argued for as these authors
investigated the soil moisture retrieval from SSM/I obser-
vations over the more densely vegetated regions (Oklahoma
and Iowa) in the United States. Further, with arano of 0.39 is
the performance of SSM/I retrievals over the Naqu sites also
comparable to that of the soil moisture products evaluated in
Albergel et al. (2013). Moreover, the RMSE of 0.046 m3 m−3

approaches the value that is required of products proposed as
a part of current and future soil moisture missions (e.g. Kerr
et al., 2001; Entekhabi et al., 2010). As such, the agreement
found between the retrieved and measured soil moisture at
the test site is in line with the “state of the art”.

4.3 Plateau scale verification

The presented comparison with the Naqu measurements val-
idates the SSM/I soil moisture for a single location, while
the land surface conditions affecting the retrieval accuracy
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Figure 8. Pearson product-moment (a) and Spearman rank (b) correlation coefficients 1 

calculation between SSM/I retrieved and GLDAS-Noah simulated soil moisture. Only the 2 

Spearman correlation coefficients determined at a significance level better than 0.05 are 3 

shown.  4 
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Fig. 8.Pearson product-moment(a) and Spearman rank(b) correla-
tion coefficients calculation between SSM/I retrieved and GLDAS-
Noah simulated soil moisture. Only the Spearman correlation co-
efficients determined at a significance level better than 0.05 are
shown.

vary across the plateau. Unfortunately, the Tibetan Plateau
Soil Moisture Observatory (Su et al., 2011) was not yet fully
developed during the selected SSM/I study period. For a
plateau-scale verification, we choose to utilise 0.25◦ spatial
resolution three hourly soil moisture simulations performed
by the Noah LSM with the GLDAS. The comparison be-
tween Noah simulated and SSM/I retrieved soil moisture is
made for the period 2005 to 2008. The result of the compar-
ison between the SSM/I and GLDAS-Noah soil moisture is
summarised in Fig. 8. Figure 8 presents ther and Spearman
rank correlation coefficients (ρ). For the latter, only values
are shown that are determined at a significance level larger
than 0.05. The product-moment and rank correlation coef-
ficients are chosen for the evaluation to reduce the effect
of the inherent bias between the SSM/I and GLDAS-Noah
climatology on the comparison.

Figure 8a shows that for large areas situated primarily in
the Plateau’s centre more than 50 % of the computed Pear-
son product-moment correlation coefficients may reach val-
ues higher than 0.60. Lowerr values are noted in regions
with mountain peaks and at the periphery of the Plateau
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where the land cover consists either of mountain peaks or
forests. Across the Plateau’s centre, Spearman rank cor-
relation coefficients with similar magnitudes are obtained,
which indicates that the relationship between the SSM/I and
GLDAS-Noah soil moisture is linear. Further, more than
80 % of theρ values are determined at a significance level
larger than 0.05. The agreement found between the retrievals
and the independent GLDAS-Noah dataset indicates that the
SSM/I data product is skilful specifically given the fact that
the timing of rain events is subject to large uncertainties
(Reichle et al., 2004).

5 Analysis of observed trends

5.1 Method

After assessing the SSM/I retrievals using in situ measure-
ments and GLDAS-Noah simulations, we present in this sec-
tion an analysis of the trends within the SSM/I soil mois-
ture products available from July 1987 to December 2008.
This analysis is performed on a monthly basis and for the
warm season (May to October) as a whole. Daily soil mois-
ture estimates are averaged to monthly values when at least
five valid retrievals are available and the monthlies are av-
eraged to seasonal values when for at least five of the six
months a valid value is available. Normalised (or standard-
ised) anomalies are computed from the monthly and warm
season mean soil moisture to allow comparisons of differ-
ent months and across the Plateau. This would otherwise
not be possible because of the strong seasonal dynamics.
The monthly (Nmonth) and warm season (Nseason) normalised
anomaly is here defined as

Nmonth=
θmonth− µmonth

σmonth
(9a)

Nseason=
θseason− µseason

σseason
(9b)

where,θmonth andθseasonstand for respectively the monthly
or warm season mean soil moisture computed from retrievals
of an individual year (m3 m−3), µmonth andµseasonare re-
spectively the multi-year mean of the monthly or warm sea-
son soil moisture (m3 m−3), σmonth andσseasonstand for re-
spectively the multi-year standard deviation of the monthly
or warm season soil moisture (m3 m−3). The µ andσ are,
thus, computed using the entire 1987–2008 SSM/I dataset
for either individual months or the complete warm season.

The relationship of theN (Nmonth as well asNseason) with
time is evaluated by fitting the following linear function for
each SSM/I pixel through the data points

N̂ = a · t + b (10)

where,N̂ is the estimated normalised soil moisture anomaly
(-), t is time (year),a andb are respectively the slope and
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Figure 9. The relationship of the warm season N (Nseason) with time; (a) shows slope of a linear 2 

function fitted through the data points (a), (b) and (c) show the respectively the Pearson and 3 

Spearman correlation coefficients between the Nseason and time. Invalid results are displayed 4 
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Fig. 9. The relationship of the warm seasonN (Nseason) with time;
(a) shows slope of a linear function fitted through the data points
(a), (b) and (c) show the respectively the Pearson and Spearman
correlation coefficients between theNseasonand time. Invalid re-
sults are displayed aswhite, Nseasontrends (a) determined with a
significance level less than 0.05 are maskedlight-grey.

intercept of the linear function (year−1 and –, respectively).
The slope,a, of the linear function quantifies the normalised
soil moisture anomaly trend. In addition, ther and ρ are
calculated to further quantify the relationship between the
N and time. Pixels are only used for the analysis when the
monthly or warm season values are available for at least fif-
teen (non-consecutive) of the in total twenty-two years.

5.2 Warm season and monthly trends

Figure 9 shows for the Tibetan Plateau the results of rela-
tionships between theNseasonwith time obtained by fitting
a linear function through the data points. Figure 9a displays
the slope (a) as measure of theNseasontrend per decade, and
Fig. 9b and c present respectively ther andρ computed be-
tweenNseasonand time. Note that the values fora are only
shown when bothr andρ are determined with a significance
larger than 0.05. Similarly, Fig. 10 provides maps ofa, r

andρ for the Plateau derived for each of the months from
May to October. Further, Fig. 11 presents for reference pur-
poses time series of monthly H polarized 19 GHzTB and the
monthly difference of the V and H polarized 19 GHzTB mea-
sured by the SSM/I over the area with largest significant soil
moisture trend.

Analysis of warm season anomalies reveals a very dis-
tinctive spatial distribution. In Fig. 9,r andρ values larger
than 0.7 dominate the centre of the Plateau where also
the matchup of SSM/I and GLDAS-Noah soil moisture
is favourable. Associated with these high correlations are
Nseasontrends of 0.8 to 1.6 decade−1. This means that in
some of these areas the SSM/I soil moisture estimates have
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Figure 10. The relationship of the monthly N (Nmonth) with time for May to October; left and 1 

center panels show the Pearson and Spearman correlation coefficients, the right panels show 2 

the slope of a linear function fitted through the data points. Invalid results are displayed as 3 

white, Nmonth trends (a) determined with a significance level less than 0.05 are masked light-4 

grey. 5 
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Fig. 10.The relationship of the monthlyN (Nmonth) with time for
May to October;left andcenterpanels show the Pearson and Spear-
man correlation coefficients, theright panels show the slope of a
linear function fitted through the data points. Invalid results are dis-
played aswhite, Nmonth trends (a) determined with a significance
level less than 0.05 are maskedlight-grey.

increased on average by 60 % more than the standard devi-
ation per decade. It should, however, be noted that the soil
moisture climatology in this region (see Fig. 4) is at a very
low level. A similar absolute change results, thus, in a larger
Nseasonchange as compared to wet regions.

Along the southern periphery from west to east lower val-
ues are obtained for bothr andρ. In many cases the corre-
lation coefficients do not pass the selected significance test
and, therefore, thea values are masked. It is very difficult
to detect reliably a systematicNseasontrend from the SSM/I
soil moisture estimates in this region. This could be because
little change has occurred, but also uncertainties associated
with the retrieval form an explanation. For instance, the veg-
etation optical depth can be substantial in this region, which
increases the uncertainty of soil moisture retrievals. Further,
the significant relief and mountain ranges to the south con-
tribute also to the uncertainty, which is reflected in the dis-
agreement between SSM/I and GLDAS-Noah soil moisture.

Albeit the uncertainties associated with detecting a trend
along the southern periphery, a significant positiveNseason
trend or wetting of the soil is noted across the Plateau’s cen-

tre. This observation is in line with the findings of previous
studies that have investigated hydrological changes on the Ti-
betan Plateau (Yang et al., 2011a). For instance, the retreat of
permafrost caused by a surface temperature rise could be one
of the factors contributing to the wetting (e.g. Li et al., 2012).
Further, the decrease in potential evapotranspiration (ETpot)

due to either wind stilling or solar dimming (e.g. Yang et al.,
2012; Zhang et al., 2009) can cause higher soil moisture con-
tents and also the precipitation increase (e.g. Liu et al., 2009;
Lei et al., 2013) explains inevitably part of the land surface
wetting. A detailed quantification of each component and its
contribution to the total trend is, however, beyond the scope
of this study.

The maps ofa, r andρ (see Fig. 10) obtained by fitting
linear functions through data points ofNmonth versus time
display a similar spatial distribution as the warm season re-
sults. Significant positiveNmonth trends up to 1.6 decade−1

are noted in the centre of the Plateau, whereas it is difficult
to detect a significant trend within the SSM/I retrieved soil
moisture along the southern periphery and further to the east.
Note that the similarity between ther andρ maps observed
for each month is an indication for the linearity of theN

relationship with time.
In May, the largest significantNmonth trends are observed

in terms of both extent and magnitude. The magnitude as
well as extent of the area withNmonth trends declines towards
July and, most notably, the magnitude increases again in Au-
gust/September. Further towards the end of the monsoon, in
October, the areas with a significantNmonth trend diminish
and disperse across the Plateau’s centre.

The seasonal pattern of observedNmonth trends can be
argued for based on results reported in previous investiga-
tions. For instance, Salama et al. (2012) noted that the warm-
ing of the Plateau during the past three decades is largest in
April/May and diminishes from October. This implicates that
frozen soil water thaws earlier, which is an explanation for
the higher moisture levels observed at the onset of the rain
season. The contribution of thawing soil water decreases to-
wards the summer when the total heat source is largest (Yang
et al., 2011b), which can cause the smallerNmonth trends
observed for June and specifically July.

The largerNmonth trends for August/September noted in
the north-central part are more difficult to explain based on
literature reports because most previous investigations re-
lied strongly on in situ measurements for detecting trends in
the hydrological cycle. Unfortunately, density of ground sta-
tion operated by the Chinese Meteorological Administration
(CMA) is low in this part of the Tibetan Plateau, which at
the same time highlights the value of earth observations for
monitoring land processes. Recent investigations, however,
do report on a precipitation increase (Liu et al., 2009; Lei et
al., 2013) and an ETpot decrease (Zhang et al., 2009; Yang et
al., 2012). Both can contribute to the observed land surface
wetting. The explanation for the wetting in specifically the
north-central part of the Plateau should probably be found in
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Figure 11. Series of monthly H polarized 19 GHz TB (upper panel) and the monthly 1 

difference of the V and H polarized 19 GHz TB (lower panel) measured by the F08, F11 and 2 

F13 SSM/I satellites at 34.75
o
 latitude and 88.00
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 longitude (WGS84).  3 
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Fig. 11. Series of monthly H polarized 19 GHzTB (upper panel)
and the monthly difference of the V and H polarized 19 GHzTB
(lower panel) measured by the F08, F11 and F13 SSM/I satellites at
34.75◦ latitude and 88.00◦ longitude (WGS84).

the complex atmospheric circulations on the Plateau and the
interactions with the surroundings (Zhang et al., 2009; Chen
et al., 2013). Such investigation extends, however, beyond
the scope of the present study.

5.3 Dependence on elevation

Recently, Qin et al. (2009) and Salama et al. (2012) showed
using satellite observations that the warming rate on the
Tibetan Plateau is correlated to the elevation. Previously,
Giorgi et al. (1997) had demonstrated via regional climate
model simulations that also various components of the sur-
face energy and water budgets are stronger influenced by
global warming in high-elevation regions. A comparison of
Figs. 9 and 10 with the GTOPO30 DEM (see Fig. 1) suggests
also an elevation-dependency of theN trend.

Figure 12 illustrates this further by showing the trends de-
rived from theNseasonandNmonth versus the GTOPO30 ele-
vations averaged per SSM/I pixel. The data points and error
bars in the plots represent respectively the mean and standard
deviation ofN trends available for a specific 100 m elevation
bin. In the upper left corner of each plot the linear regression
equation is shown of theN trend as function of altitude.

The Nseason trend displays a clear positive relationship
with the elevation. At heights of 3.5 up to 4.9 km theNseason
trends fluctuate around 1.05 decade−1, in the 4.9–5.2 km
range the wetting rate increases from 1.05 to 1.30 decade−1

and decreases slightly to 1.25 decade−1 for higher altitudes.
Similar Nmonth trend relationships with elevation are found
for May and the months June, August and September to
lesser extent. It should, however, be noted that the altitude
and magnitude of the accelerated wetting rate both shift
throughout the seasons. For instance, theNmonth trend in-
creases at a height of 4.4 km from 0.85 to almost 1.13
decade−1 in May, whereas the accelerated wetting rate is
barely noticeable at 4.9 km in June. The critical elevation
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Figure 12. N trends determined on a warm season (Nseason, upper panel) and monthly (Nmonth, 1 

lower panels) basis plotted against elevation. The data points and errors bars represent 2 

respectively the mean and standard deviation of N trends within a 100 m elevation bin. SEa 3 

stands for the standard error of the estimates parameter a of the linear fit y = a x + b. 4 
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Fig. 12. N trends determined on a warm season (Nseason, upper
panel) and monthly (Nmonth, lower panels) basis plotted against
elevation. The data points and errors bars represent respectively the
mean and standard deviation ofN trends within a 100 m elevation
bin. SEa stands for the standard error of the estimates parametera

of the linear fity =a x +b.

moves again downward to 4.8 and 4.6 km in August and
September, respectively. Figure 12 further indicates that the
warm seasonN trends are larger than the monthly trends.
This is caused by the inevitably larger interannual variabil-
ity of the monthly soil moisture as compared to the warm
season. The larger fluctuations in the monthly soil moisture
reduce the calculatedNmonth trends, which is also noted in
Fig. 10.

The seasonality observed in the elevation-dependency of
the Nmonth trend suggests that the accelerated wetting ob-
served at higher elevations is most probably associated with
the retreat of regions subject to freeze-thaw transitions. In-
deed, Li et al. (2012) recently reported on the retreat of
permafrost regions across the Tibetan Plateau. The high-
elevation areas will inevitably be affected most during the
onset and decline of warm season because in those periods
most freeze-thaw transitions occur. Hence, clear positive re-
lationships of theNmonth trends with elevation are noted for
May and September/October, while an elevation-dependency
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of theNmonth trend is more difficult to identify for the months
June, July and August. As such, this study provides obser-
vational evidence for the seasonality of the global warming
impact on land surface hydrology of the Tibetan Plateau.

6 Summary and remarks

This paper discusses soil moisture retrievals of the Ti-
betan Plateau from brightness temperatures (TB’s) observed
by the Special Sensor Microwave Imagers (SSM/I’s) from
July 1987 up to December 2008. For this study, the Funda-
mental Climate Data Record (FCDR) of the F08, F11 and
F13 SSM/I satellites of the Precipitation Research Group of
Colorado State University is utilised. The FCDR includes
harmonized SSM/I datasets subjected to radiometric and ge-
ometric quality checks addressing issues, such as inter-sensor
calibration, cross-track bias correction, orbital drift and nav-
igational inaccuracies.

The algorithm developed for the retrieval of soil mois-
ture is based on inversion of a radiative transfer model that
simulates top-of-atmosphereTB’s. Effects of the atmosphere
are considered through an adapted version of the parameter-
ization developed by Pellarin et al. (2006), for which the
bias-corrected atmospheric forcings described in Sheffield
et al. (2006) are selected as input. Land surface contribu-
tions are computed via the well knownτ -ω model. Within
this setup, the algorithm utilises the vertically (V) polar-
ized 37 GHzTB to estimate the effective temperature. The
dielectric constant and optical depth (τ) are both inverted
from the horizontally (H) and V polarized 19 GHzTB’s via a
least squares optimisation routine. Subsequently, the dielec-
tric constant is transformed into soil moisture using Dobson
et al.’s (1985) dielectric mixing model with soil texture maps
as input.

Validation of SSM/I retrievals against in situ soil mois-
ture measured at four stations within a single SSM/I pixel
for a two-and-half year period (225 matchups) yields a Root
Mean Squared Error of 0.046 m−3 m−3, respectively. These
errors levels are better than results obtained in previous stud-
ies that made use of SSM/I observations and almost in agree-
ment with the accuracy requirements of satellite missions
specifically dedicated to soil moisture. On a Plateau-scale,
the agreement found between the retrievals and the Noah
simulations produced by the Global Land Data Assimilation
System (GLDAS-Noah) further supports the reliability of the
SSM/I soil moisture. The correlation coefficients found be-
tween SSM/I and GLDAS-Noah are larger than 0.6 for a
large area situated in the central part of the Tibetan Plateau.

For the analysis of trends, normalised soil moisture
anomalies (N) are computed from the SSM/I soil moisture
products available from July 1987 to December 2008 for
warm season (May–October) and individual months of the
warm season. The slope of linear regression functions fitted
betweenN and time is used to quantify theN trend across the

Plateau. Pearson product-moment and Spearman rank corre-
lation coefficients are further utilised as measure for the sig-
nificance of the detected trend.

From the warm seasonN significant positive trends of
0.8 to almost 1.6 decade−1 are derived for the centre part of
the Tibetan Plateau. Similar spatial distributions ofN trends
are obtained on a monthly basis whereby the largest wet-
ting is noted in May, which declines towards July and in-
creases again in August/September to diminish at the end of
the monsoon in October. The magnitude of trends is found to
be correlated with the elevation for the warm seasonN and
the monthlyN computed for May, September and October.
This suggests that the accelerated wetting observed at high
elevations is associated with the retreat of region subject to
freeze-thaw transitions.

In general, the severe wetting observed across the center of
the Tibetan Plateau can be attributed to previously reported
changes in hydro-meteorological processes associated with
global warming, such as the retreat of permafrost, increase
in precipitation and decline of potential evapotranspiration.
Inevitably, the wetting affects changes in the complex at-
mospheric circulation over the Tibetan Plateau through wa-
ter and energy exchanges at the land-atmosphere interface,
which also contributes for some extent to the observed weak-
ening of the East Asian summer Monsoon. Additional inves-
tigations are, however, needed to evaluate in more detail how
the Tibetan land surface interacts with the atmosphere and
how these interactions affect the atmospheric circulation at a
larger scale.
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