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ABSTRACT

Freshwater plays a vital role in global sustainability by improving human lives and protecting nature. In the
Lancang-Mekong River Basin (LMRB), sustainable development is principally dependent upon precipitation that
predominantly controls freshwater resources availability required for both life and livelihood of ~70 million
people. Hence, this study comprehensively analyzed long-term historical precipitation patterns (in terms of
trends, variability, and links to climate teleconnections) throughout the LMRB as well as its upper (Lancang
River Basin, LRB) and lower (Mekong River Basin, MRB) parts employing six gauge-based gridded climate prod-
ucts: Asian Precipitation Highly-Resolved Observational Data Integration Towards Evaluation of Water Resources
(APHRODITE), Climate Prediction Center (CPC), Climate Research Unit (CRU), Global Precipitation Climatol-
ogy Center (GPCC), Precipitation Reconstruction over Land (PRECL), and University of Delaware (UDEL). Ac-
cordingly, annual and seasonal (dry and wet) precipitation time series were calculated for three study periods:
century-long outlook (1901-2010), mid-past (1951-2010), and recent decades (1981-2010). However, the role
of climate teleconnections in precipitation variability over the LMRB was only identified during their available
temporal coverages: mid-past and recent decades. The results generally showed that: (i) both annual and seasonal
precipitation increased across all three basins in 1981-2010; (ii) wet and dry seasons got drier and wetter, respec-
tively, in all basins in 1951-2010; (iii) all such changes were fundamentally attributed to increases in precipitation
variability on both annual and seasonal scales over time; (iv) these variations were most strongly associated with
the Pacific Decadal Oscillation (PDO), Atlantic Multi-decadal Oscillation (AMO) and East Pacific/North Pacific
(EP/NP) pattern in the LMRB and the MRB during 1951-2010, but with the North Sea-Caspian Pattern (NCP)
and the Southern Annular Mode (SAM) in the LRB; (v) such relationships got stronger in 1981-2010, while the
Southern Oscillation Index (SOI) became the most influential teleconnection for dry season precipitation variabil-
ity across all basins; and (vi) GPCC (APHRODITE) provided the most reliable gauge-based gridded precipitation
time series over the LMRB for the years before (after) 1951. These findings lay a foundation for further studies
focusing on water resources and sustainable development in the LMRB.
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M. Irannezhad and J. Liu
1. Introduction

According to the Sixth Assessment Report (AR6) of the Intergov-
ernmental Panel on Climate Change (IPCC), the global surface temper-
ature was 1.09°C warmer during 2011-2020 than 1850-1900, with a
higher increase across the land (1.59°C) than over the ocean (0.88°C)
(IPCC, 2021). This global warming is principally caused by increasing
anthropogenic concentrations of greenhouse gas emissions to the at-
mosphere, with changes in the climate system of Earth (e.g., 1z, 2018;
IPCC, 2021). Such unequivocal, continuing climate change has already
resulted in substantial alterations in water cycle components, particu-
larly precipitation and evapotranspiration (e.g., Berghuijs et al., 2017;
Konapala et al., 2020; IPCC, 2021). Evaluating these components has
been one of the main topics in international research communities for
studies concentrating mainly on climatic, hydrological, and environ-
mental changes (e.g., AghaKouchak et al., 2020; Hugelius et al., 2020;
Gudmundsson et al., 2021).

Precipitation is the most important component of the hydrologi-
cal cycle (Pascale et al., 2015) combining atmospheric (e.g., evapora-
tion and cloud) and land-surface (e.g., infiltration and soil moisture)
processes (e.g., Andersson et al., 2005). It is also one of the key vari-
ables for detecting climate change worldwide (e.g., Wang et al., 2018;
Deininger et al., 2020; IPCC, 2021). There has likely been an increase in
globally averaged precipitation across the land since 1950, with a higher
rate after the 1980s (IPCC, 2021). On a regional scale, however, precip-
itation has considerably increased (decreased) at high (low) latitudes in
recent decades (e.g., Wang et al., 2018; Deininger et al., 2020). Such
changes in regional precipitation have already impacted freshwater re-
sources (e.g., Konapala et al., 2020; IPCC, 2021; Pokhrel et al., 2021)
required for improving human lives while protecting nature on Earth
as the aim of the 2030 Agenda of Sustainable Development adopted by
the United Nations (UN) in 2015 (UN, 2015). This is crucially impor-
tant for the sustainability of regions covering developing countries, like
the Lancang-Mekong River Basin (LMRB) in Mainland Southeast Asia,
because of their high human population density, susceptible infrastruc-
tures, and poor land-use planning and management practices (Yin et al.,
2011; Liu et al., 2017a; Irannezhad et al., 2018).

The LMRB is home to about 70 million people from six different
countries of Vietnam, Thailand, Myanmar, Laos, Cambodia, and China
(Zhao et al., 2021). About 40% of these inhabitants are typically living
in poverty, working in basic freshwater-related sectors (e.g., agriculture,
forestry, and fishery), and dependent upon different ecosystem services
provided by the Lancang-Mekong River (MRC, 2019). As the primary
freshwater source for this river, indeed, precipitation plays a crucial
role in the sustainable economic, social, and environmental develop-
ment in the LMRB (e.g., Liu et al., 2021a). Hence, improving our knowl-
edge about historical variability and changes in precipitation across the
LMRB can lead its riparian countries toward attaining water security
(Sarojini et al., 2016) and consequently achieving the United Nations’
Sustainable Development Goals (SDGs) (UN, 2015), particularly “No
Poverty” (SDG1) and “Zero Hunger” (SDG2) (Sachs et al., 2017), on
both national and regional scales (Irannezhad et al., 2022).

Applying accurate, adequate, and reliable historical datasets is crit-
ically important for a better understanding and interpretation of trends
in past precipitation characteristics, in terms of intensity, frequency, and
duration (e.g., Radinovi¢ and Curi¢, 2009; Chen et al., 2018; Sun et al.,
2018). However, insufficient and uneven distribution of measurement
stations restricts monitoring of spatio-temporal precipitation variabil-
ity across the LMRB (Wang et al., 2016). Available in-situ precipitation
records in this region also include discontinuities mainly due to differ-
ent transboundary conflicts among all six riparian countries that follow
their specific priorities and strategies for using water from the LMRB
in recent decades (Lutz et al., 2014). Despite such limitations, regional
and global gauge-based gridded climate datasets have basically been
created applying the most reliable precipitation data collected from var-
ious sources such as measurement stations in the countries sharing the

86

Geography and Sustainability 3 (2022) 85-103

LMRB, different groups or organizations compiling historical time se-
ries, and observations through research projects (Yatagai et al., 2009,
2012; Sun et al., 2018). Hence, such gridded time series can overcome
the inhomogeneous in-situ records and improve our understanding of
spatio-temporal variations and changes in precipitation across the LMRB
in the past (Lutz et al., 2014). This is practically remarkable as previ-
ous studies generally reported inconsistent, inconclusive, and uncertain
changes in the rate and direction of trends in historical precipitation
throughout the LMRB that summarized in Liu et al. (2021a), mentioned
in the supplementary material, and reviewed in the Discussion Section
of this paper.

Along with analyzing regional precipitation changes, it is critically
important to identify and explain their underlying complex physical
and causal mechanisms. From a hydrological point of view, the spatio-
temporal heterogeneity of precipitation variability throughout a region
on Earth is generally related to the moisture sources and transport path-
ways (e.g., Liu et al., 2021b) controlled by evident patterns in differ-
ent large-scale oceanic-atmospheric circulations (Pathak et al., 2017;
Jiang et al., 2017; Zhu et al., 2020). The power and effect of these pat-
terns over a certain area during a particular period of the year are gen-
erally expressed by climate teleconnection indices (hereafter, “telecon-
nections”) (more information in the supplementary material); e.g., the
North Atlantic Oscillation (NAO). Numerous studies have described the
main components of these teleconnections (e.g., Glantz et al., 2009) and
their linkages to historical variations in precipitation on different parts
of Earth (e.g., Irannezhad et al., 2014; Chen et al., 2019; Yang et al.,
2019; Hrudya et al., 2021; Ghasemifar et al., 2022). A better understand-
ing of significant associations between regional precipitation variability
and teleconnections can lead to developing climate change mitigation
and adaptation strategies (IPCC, 2021), with a focus on hydrological
forecasting, water security, and global sustainability (Jiang et al., 2012;
Liu et al., 2017b; Irannezhad et al., 2022). For the LMRB, however, pre-
vious studies have mostly measured the correlations of a few telecon-
nections with precipitation time series only extracted from one of the
available gauge-based gridded precipitation products (e.g., Chen et al.,
2019; Irannezhad et al., 2020, 2021).

Using the existing regional and global gauge-based gridded climate
products, the overall aim of this study is to provide a comprehensive
assessment of historical precipitation patterns over the LMRB. The spe-
cific objectives are to: (1) test whether there is a change in precipitation
across the LMRB over time; (2) analyze spatio-temporal variations in
precipitation throughout this basin; (3) measure relationships of such
regional precipitation variability with different influential teleconnec-
tions; and (4) investigate the consistencies among different gauge-based
gridded precipitation datasets over the LMRB. The results lay a foun-
dation for employing gauge-based gridded climate products in further
studies focusing particularly on both SDG1 (“No Poverty”) and SDG2
(“Zero Hunger”) in the LMRB by integrating meteorological, hydrologi-
cal, agricultural, and socio-economic processes into an interdisciplinary
“web” model (Liu et al., 2019).

2. Materials and methods
2.1. Study area

The Lancang-Mekong (LM) River in Mainland Southeast Asia
(Fig. 1a), with a drainage basin area of about 795 10° km?, is one of
the largest rivers around the world in terms of mean annual discharge
(475 103 m3) (Gupta et al., 2002; Jacobs, 2002; MRC, 2010). It origi-
nates throughout the Tibetan Plateau in China and runs through Myan-
mar, Laos, Thailand, and Cambodia before entering the Mekong Delta
in Vietnam and then releasing to the South China Sea. Hence, the LMRB
has a high population density of 85.2 people km~2, which is expected to
promptly intensify in the future (MRC, 2019; Zhao et al., 2021). In gen-
eral, the LMRB is geographically divided into two parts: the upper (Lan-
cang River Basin, LRB) and lower (Mekong River Basin, MRB) (Fig. 1b).
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Fig. 1. (a) The location of the Lancang-Mekong River Basin (LMRB) and (b) the Lancang River Basin (LRB) and the Mekong River Basin (MRB).

The division point is located at the Chiang Saen discharge measurement
station in the most northern part of Thailand, close to its bored with
China (Fig. 1b). In the LRB with a length of 2000 km, from its head-
waters to the Chiang Saen station, the elevation sharply (2 m km™1)
falls from 4500 m to about 500 m (MRC, 2005). However, between the
Chiang Saen and the Kratie discharge measurement stations throughout
the MRB (Fig. 1b), the river experiences a moderately steep slope (0.25
m km~1) over a distance of 2000 km, meaning a decline in elevation
from 500 m to a few tens of meters (MRC 2005). In the downstream,
from the Kratie station on the Mekong Delta through the South China
Sea (~600 km), the river bed experiences a steep slope of 0.03 (m km~1)
(MRC, 2005). Accordingly, the LMRB area consists of (i) the LRB (24%),
including the contributions of China (21%) as well as Myanmar (3%),
and (ii) the MRB (76%), comprising the shares 25% from Laos, 23% from
Thailand, 20% from Cambodia, and 8% from Vietnam (MRC, 2005).
The Indian Summer Monsoon (ISM), the East Asian Monsoon
(EAM), Tropical Cyclones (TCs), and the El Nifio-Southern Oscillation
(ENSO) naturally influence precipitation variability across the LMRB
(MRC, 2010; Delgado et al., 2012; Rasdnen and Kummu, 2013). Interan-
nual variations in precipitation over the LMRB are principally governed
by the ENSO, which regulates the variability of Asian monsoon including
the ISM and the Western North Pacific Monsoon (WNPM) (Ward et al.,
2010; Rasanen and Kummu, 2013). Accordingly, annual precipitation
is primarily shared between the wet (Jun-Oct) and dry (Nov-May) sea-
sons, by 70% and 30%, respectively. In general, the ISM conveys ex-
tensive atmospheric water vapor content from the Indian Ocean to the
LMRB, particularly arriving from the southwest and partially from the
southeast, during the wet season. The TCs also contribute to extreme
precipitation events (Chen et al., 2019) during the wet season, mainly
its last three months (Aug-Oct). During the dry season, however, the
EAM induces a high pressure across the LMRB. Thus, non-stationary
atmospheric circulations in response to climate change can explain al-
terations in hydrometeorology over the LMRB (Delgado et al., 2010).
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2.2. Data description

2.2.1. Gauge-based gridded climate products

In-situ precipitation observations are basically collected by na-
tional weather services. Integrating all such observations from dif-
ferent nations into one common global dataset has always been es-
sential for climatology, hydrology, water resources, and geophysics.
Hence, the World Meteorological Organization was established in
1873 as an intergovernmental organization including 191 members
(http://www.wmo.int) for developing and standardizing in-situ obser-
vations on Earth. In 1992, the Global Climate Observing System (GCOS)
was founded to make the climate-related data, from local to global scale
(Houghton et al., 2012), freely available to all countries (Spence and
Townshend, 1995). Based on different counting criteria (Kidd et al.,
2017), the total number of worldwide precipitation measurement sta-
tions ranges between 150,000 and 250,000, although not all have
contemporarily or constantly operated (Groisman and Legates, 1995;
New et al., 2001; Strangeways, 2006). Irregular distribution of these
stations around the world motivated generating different gridded pre-
cipitation datasets for various climate-related research purposes and ap-
plications. Hence, several global and regional gridded climate products
at different spatial resolutions have been produced based entirely on
the in-situ precipitation records (e.g., Sun et al., 2018; Yatagai et al.,
2009, 2012). This paper extracted monthly precipitation time series for
the LMRB from these gauge-based gridded climate products, which are
summarized in Table 1 and briefly described in the supplementary ma-
terial.

2.2.2. Teleconnections

To describe the oceanic-atmospheric circulation patterns, this study
considered 18 teleconnections (Table 2) based on previous studies. The
monthly values of these teleconnections were obtained from different
sources, covering the years since 1951. The present paper calculated the
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Table 1
Summary of six global and regional gauge-based gridded climate products generated using in-situ precipitation records.
Coverage  Product Resolution  Frequency  Study period  Source Reference
Global GPCC 0.5°x0.5° Monthly 1901-2010 GPCC (Rudolf et al., 2009; Schneider et al., 2014)
land UDEL Monthly 1901-2010 University of Delaware (Willmott and Matsuura, 1995)
CRU Monthly 1901-2010 The CRU (University of East Anglia) ~ (Harris et al., 2014b; New et al., 2000)
PRECL Monthly 1951-2010 NCEP/NOAA (Chen et al., 2002)
CPC Daily 1981-2010 CPC (Xie et al., 2010)
Asia APHRODITE ~ 0.5°x 0.5° Daily 1951-2010 Japan Meteorological Agency (Yatagai et al., 2009, 2012)
Table 2

Summary of teleconnections considered in this study.

ID Climate teleconnection Source Reference

AMO Atlantic Multi-decadal Oscillation PSD (Enfield et al., 2001)

AO Arctic Oscillation CPC (Thompson and Wallace, 1998)

APVI Asian Polar Vortex Index NCC (NCC, 2019)

CAI Cold Air Index NCC (NCC, 2019)

EA East Atlantic CPC (Barnston and Livezey, 1987)

EA/WR East Atlantic/West Russia CPC (Barnston and Livezey, 1987; Lim and Kim, 2013)
EP/NP Eat Pacific/North Pacific CPC (Barnston and Livezey, 1987)

NAO North Atlantic Oscillation CPC (Barnston and Livezey, 1987)

NCP North Sea-Caspian Pattern CRU (Kutiel and Benaroch, 2002)

PDO Pacific Decadal Oscillation NCAR (Zhang and Levitus, 1997)

PNA Pacific North American CPC (Barnston and Livezey, 1987)

POL Polar/Eurasia pattern CPC (Barnston and Livezey, 1987)

SAM (AAO) Southern Annular Mode (Antarctic Oscillation) NCAR (CPC) (Marshall, 2003)

SCA Scandinavia pattern CPC (Barnston and Livezey, 1987; Bueh and Nakamura, 2007)
SOI Southern Oscillation Index NCAR (Trenberth, 1984)

TPI1 Trans Polar Index CRU (Jones et al., 1999)

TPI2 Tibetan Plateau Index NCC (NCC, 2019)

WP West Pacific CPC (Wallace and Gutzler, 1981)

average of such monthly values for the period Jan-Dec, Jun-Oct, and
Nov-May as the corresponding teleconnection time series for annual
scale, wet and dry seasons, respectively, for both periods of 1951-2010
and 1981-2010. The Asian Polar Vortex Index (APVI), the Cold Air
Index (CAI), and the Tibetan Plateau Index (TPI) were particularly
drawn from a set of 74 indices issued by the National Climate Center
(NCC) of the China Meteorological Administration (CMA). The main
characteristics and time series of all 18 teleconnections can be found in
references and data sources, respectively, given in Table 2.

2.3. Statistical methods

In general, the Mann-Kendall (MK) non-parametric test
(Mann, 1945) is applied for detecting statistically significant (p<0.05)
trends in precipitation time series. The Sen’s method (Sen, 1968)
is normally used to estimate the slope of such significant trends.
Instead of the Pearson’s correlation coefficient (r), the Spearman’s rank
correlation (p) is preferably utilized to quantify the spatio-temporal
consistency among different global and regional gauge-based gridded
precipitation datasets, and also their relationships with teleconnections.
This is mainly referred to the fact that the p, unlike the r, assumes
no normality or other special distribution functions for variables
(Helsel and Hirsch, 1992). In the existence of positive autocorrelation
in precipitation time series, however, the trend-free pre-whitening
(TFPW) method (Yue et al., 2002) for determining significant trends
and the residual bootstrap (RB) approach (Park and Lee, 2001) with
5000 independent replications for examining the standard deviation
of the Spearman’s rank correlations (p) are recommended. This paper
employed such statistical methods to investigate historical precipitation
patterns over the LMRB based on six different global/regional gauge-
based gridded (0.5° x 0.5°) climate products of APHRODITE, CPC, CRU,
GPCC, PRECL, and UDEL (Table 1). The monthly precipitation datasets
for the CPC and APHRODITE products were calculated based on their
daily records. For all precipitation datasets and teleconnections, then,
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annual (Jan-Dec), wet (Jun-Oct) and dry (Nov-May) seasons time series
were computed using their monthly data.

3. Results
3.1. Historical precipitation changes across the LMRB

3.1.1. Century-long outlook (1901-2010) of wetting and drying trends

A statistically significant (p<0.05) wetting trend (0.73 mm yr~!) in
annual precipitation was found for CRU dataset over the LMRB dur-
ing 1901-2010, while UDEL showed a significant drying trend at the
rate of 1.56 mm yr~! (Fig. 2a). Similarly, significant wetting (0.83 mm
yr~1) and drying (-1.28 mm yr~!) trends in annual precipitation were
determined for CRU and UDEL datasets, respectively, over the MRB in
1901-2010 (Fig. 2a). Such century-long decreases in the UDEL annual
precipitation were mainly seen over the south and southeast parts of the
MRB (Fig. 2c), while the increases in the CRU across the north-eastern
areas of the MRB (Fig. 2d). The UDEL dataset also showed a significant
drying trend (-0.67 mm yr~!) in annual precipitation over the entire LRB
during 1901-2010 (Fig. 2a). Such a drying trend was mainly attributed
to significant decreases in annual precipitation over the northern parts
of LRB (Fig. 2c).

The LMRB experienced a drying trend (-1.13 mm yr~!, p<0.05) in
the wet season during 1901-2010 based on the UDEL datasets (Fig. 2e).
This dataset also showed such drier wet seasons over the MRB during the
last century, but GPCC and CRU datasets determined significant wetting
trends of 0.44 and 0.63 mm yr~!, respectively, in wet season precipita-
tion (Fig. 2e). Wet seasons became wetter mainly across the northeast-
ern parts of the MRB based on the GPCC (Fig. 2f) and CRU (Fig. 2h)
datasets, but drier over the southern areas according to the UDEL prod-
uct (Fig. 2g). For the LRB, all GPCC, UDEL, and CRU products deter-
mined drying trends in wet seasons precipitation over the northern parts
during 1901-2010 (Fig. 2f-h).

The dry season got drier over the LMRB, LRB, and MRB during 1901-
2010 based only on the UDEL product, at the rates of 0.58, 0.39, and
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Fig. 2. Trends in annual (a-d) and seasonal (e-1) precipitation over the LMRB, LRB, and MRB during 1901-2010 based on the GPCC, UDEL, and CRU products.

0.61 (mm yr~1), respectively (Fig. 2i). Such drier dry seasons were
mainly found over the south and southeast of the MRB as well as the
northern parts of LRB (Fig. 2k). The LMRB, LRB, and MRB experienced
no clear century-long changes in dry season precipitation based on the
GPCC and the CRU (Fig. 2i), although these products showed wetter dry
seasons predominantly over the north of the MRB (Fig. 2j and Fig. 21).

3.1.2. Mid-past (1951-2010) climate: wetter or drier?

APHRODITE is the only product showing significant wetting trends
in annual precipitation over both LMRB and MRB during 1951-2010
(Fig. 3a). Across the LRB, all six gauge-based gridded climate products
determined increases in annual precipitation (ranging 0.24-0.81 mm
yr~1) over 1951-2010, but all were statistically insignificant (Fig. 3a).
During 1951-2010, spatial trend analysis found significant increases in
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annual precipitation largely across the north and southeast of the MRB
based on the APHRODITE product (Fig. 3f). However, all six gauge-
based gridded climate products determined significant drying trends in
annual precipitation throughout the west of the MRB over 1951-2010
(Fig. 3b-f).

For the wet season, the APHRODITE showed a significant increas-
ing trend (0.69 mm yr~!) over the LMRB during 1951-2010, but the
UDEL product showed a significant decreasing trend of -1.14 mm yr~!
(Fig. 3g). Similarly, significant wetting (1.50 mm yr~!) and drying (-2.11
mm yr-!) trends in annual precipitation over the MRB during 1951-
2010 were found according to the APHRODITE and the UDEL products,
respectively (Fig. 3g). The wet season showed statistically significant
drying trends across the western and northern parts of the MRB as well
as the southern areas of the LRB during 1951-2010 (Fig. 3h-1). How-
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Fig. 3. Trends in annual (a-f) and seasonal (g-r) precipitation over the LMRB, LRB, and MRB during 1951-2010 based on the GPCC, UDEL, CRU, PRECL, and

APHRODITE (APH) products.

ever, wetter wet seasons were occasionally seen over the east of the
MRB based on the APHRODITE dataset (Fig. 31).

On basin scale, all five gauge-based gridded climate products gen-
erally determined wetting trends in dry season precipitation over the
LMRB, LRB, and MRB during 1951-2010 (Fig. 3m). Such wetting trends
were all statistically significant over the LRB based on all these five prod-
ucts, while across the LMRB and MRB based only on the APHRODITE
(Fig. 3m). Statistically significant increases in dry season precipitation
were predominantly observed throughout the northern parts of the LRB
during 1951-2010 (Fig. 3n-r). The APHRODITE was the only product
that also showed significant wetting trends in dry season precipitation
over the north and southeast of the MRB (Fig. 3r).

3.1.3. More or less precipitation in recent decades (1981-2010)

In recent decades (1981-2010), annual precipitation generally in-
creased over the LMRB, LRB, and MRB (Fig. 4a). Such increases were
statistically significant over the LMRB based on the UDEL and the
APHRODITE, and over the MRB according to the UDEL, the PRECL, and
the APHRODITE (Fig. 4a). However, no gauge-based gridded precipita-
tion product found significant trends in annual precipitation over the
LRB during 1981-2010 (Fig. 4a). On the spatial scale, significant de-
creases in annual precipitation were mainly observed across the east
and southeast of the MRB determined by all six gauge-based gridded
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climate products (Fig. 4b-g). However, only the APHRODITE (Fig. 4f)
and the CPC (Fig. 4g) products identified increases in annual precipita-
tion over the southeast and north of the MRB in the last climatological
period (1981-2010).

Except for the CPC, all other gauge-based gridded climate products
determined wetter wet seasons over the LMRB, LRB, and MRB in re-
cent decades (Fig. 4h). However, the only significant increasing trend
(3.33 mm yr~!) in wet season precipitation was determined by the
APHRODITE for the MRB during 1981-2010 (Fig. 4h). For wet sea-
son precipitation, the CPC was the only product showing decreases
across all LMRB, LRB, and MRB over 1981-2010, but statistically in-
significant (Fig. 4n). However, such drying trends in wet season pre-
cipitation were significant over the southeast and north of the MRB
(Fig. 4n).

In general, the dry season became wetter over the LMRB, LRB, and
MRB during 1981-2010 (Fig. 40). Such wetting trends in dry season pre-
cipitation were statistically significant over the LMRB and MRB, based
only on the APHRODITE dataset (Fig. 40). On the spatial scale, signif-
icant increases in dry season precipitation were mostly seen across the
south of the MRB as well as the north of the LRB (Fig. 4p-u). On the
other hand, significant drying trends in dry season precipitation were
occasionally observed over the northern parts of the MRB that were
only found by the CPC product (Fig. 4u).
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Fig. 4. Trends in annual (a-g) and seasonal (h-u) precipitation over the LMRB, LRB, and MRB during 1981-2010 for the GPCC, UDEL, CRU, PRECL, APHRODITE

(APH), and CPC products.

3.2. Spatio-temporal precipitation variability throughout the LMRB

3.2.1. Annual scale

Long-term (1901-2010) average values for annual precipitation were
1337.6 mm (CRU), 1434.9 mm (GPCC), and 1471.7 mm (UDEL) across
the LMRB (Fig. 5a). During 1901-2010, annual precipitation over the
LMRB ranged from 1126.7 mm in 1936 (CRU) to 1754.5 mm in 1904
(UDEL) (Fig. 5a). Through the mid-past period (1951-2010), long-term
average values of annual precipitation over the LMRB ranged between
1152.6 mm (APHRODITE) and 1273.8 mm (GPCC) (Fig. 5b), which was
less than the range during 1901-2010. The minimum and maximum an-
nual precipitation amounts over the LMRB were 1010.8 mm in 1958
(APHRODITE) and 1679.6 mm in 1977 (GPCC) (Fig. 5b), which ex-
ceeded the range of the same variability during 1901-2010. In recent
decades (1981-2010), the long-term average values of annual precip-
itation over the LMRB varied from 1143.3 mm (CPC) to 1444.8 mm
(GPCQ), while the highest and lowest annual precipitation amounts were
898.3 mm in 1982 (CPC) and 1679.6 mm in 1999 (GPCC), respectively
(Fig. 5b). Such ranges in the annual precipitation over the LMRB during
1981-2010 was greater than during 1951-2010. In general, annual pre-
cipitation showed higher ranges of historical variability across the LMRB
over time. The highest values of annual precipitation across the LMRB
were predominantly found in 1999 throughout all three study periods
(Fig. 5a-c). However, the lowest annual precipitation was generally rec-
ognized in 1936 during 1901-2010 (Fig. 5a), but in 1992 during both
1951-2010 and 1981-2010 periods (Fig. 5b and c). Besides, spatial scale
assessment identified the lowest long-term average values of annual pre-
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cipitation (~200 mm) over the most northern parts of the LRB, but the
highest ones (~4700 mm) mainly over the southeast, southwest, and
northeast of the MRB (Fig. 6a-c).

Over the LRB, long-term average values of annual precipitation
ranged between 765.4 mm (CRU) and 973.5 mm (UDEL) for 1901-2010
(Fig. 5a), 747.5 mm (APHRODITE) and 914.5 mm (UDEL) for 1951-
2010 (Fig. 5b), and 745.6 mm (CPC) and 924.1 mm (UDEL) for 1981-
2010 (Fig. 5¢). The lowest and highest annual precipitation values over
the LRB were 592.1 mm in 1906 (CRU) and 985.5 mm in 1918 (GPCC)
for 1901-2010 (Fig. 5a), 647.6 mm in 1953 (APHRODITE) and 1018.7
mm in 2001 (UDEL) for 1951-2010 (Fig. 5b), and 571.1 mm in 1994
(CPC) and 1018.7 mm in 2001 (UDEL) for 1981-2010 (Fig. 5c), respec-
tively. Both CRU and GPCC identified 1906 and 1918 as the correspond-
ing years to the minimum and maximum annual precipitation over the
LRB during 1901-2010 (Fig. 5a). However, 1992 and 2001 are gener-
ally corresponding years for both periods of 1951-2010 and 1981-2010
(Fig. 5b and c). Across the LRB, annual precipitation spatially decreased
from north to south (Fig. 6a-c).

Long-term average values of annual precipitation over the MRB var-
ied from 1679.7 mm (CRU) to 1777.3 mm (GPCC) during 1901-2010
(Fig. 5a), from 1383.1 mm (APHRODITE) to 1788.6 mm (GPCC) during
1951-2010 (Fig. 5b), and from 1376.9 mm (CPC) to 1789.3 mm (GPCC)
during 1981-2010 (Fig. 5¢). The highest annual precipitation across the
MRB was about 2164.4 mm in 1904 determined by the UDEL, while
the lowest was 985.6 mm in 1999 found in the CPC dataset (Fig. 5a-c).
The minimum (maximum) annual precipitation over the MRB was gen-
erally corresponding to the years 1992-1993 (1999-2000). Spatially, the
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Fig. 5. Variations in annual (a-c) and seasonal (d-i) precipitation over the LMRB, LRB, and MRB during 1901-2010, 1951-2010, and 1981-2010 based on all six
gauge-based gridded climate products of GPCC, UDEL, CRU, PRECL, APHRODITE (APH), and CPC.

highest long-term values of annual precipitation were observed over the
southeast and northeast of the MRB (Fig. 6a-c).

3.2.2. Wet and dry seasons

Across the LMRB, long-term average values for wet season precipi-
tation ranged between 983.5 mm (CRU) and 1054.8 mm (GPCC) dur-
ing 1901-2010 (Fig. 5d), 855.1 mm (APHRODITE) and 1062.5 mm
(GPCC) during 1951-2010 (Fig. 5e), and 838.1 mm (CPC) and 1056.7
mm (GPCC) during 1981-2010 (Fig. 5f). Such long-term values for wet
season precipitation over the LRB (MRB) were 607.9-743.8 mm (1207.8-
1287.1 mm) in 1901-2010 (Fig. 5d), 579.1-707.3 mm (1012.4-1301.1
mm) in 1951-2010 (Fig. 5e), and 573.3-708.1 mm (993.8-1294.3 mm)
in 1981-2010 (Fig. 5f). The highest value of wet season precipitation was
from 722.6 mm in 2009 (CPC) to 880.9 mm in 1988 (UDEL) across the
LMRB, while the lowest was between 1166.7 mm in 2000 (GPCC) and
1324.1 mm in 1938 (UDEL) (Fig. 5d-f). These minimum and maximum
values for wet season precipitation were 416.8 mm in 1994 (CPC) and
1235.1 mm in 1938 (UDEL) in the LRB, while 798.1 mm in 1987 (CPC)
and 1531.1 mm in 1917 (UDEL) across the MRB, respectively (Fig. 5d-f).
In general, the LRB experienced the lowest (highest) wet season precip-
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itation in 1906 (1924) over the period 1901-2010 (Fig. 5d), but in 1994
(1966) through the years after 1951 (Fig. 5e). However, such agreement
in the years of minimum and maximum values for wet season precip-
itation was not found over the LMRB and the MRB. Spatially, the low
values of wet season precipitation were observed over the northern parts
of the LRB, but the high ones over the southwest and northeast of the
MRB (Fig. 6d-f).

For dry season precipitation, long-term average values over the
LMRB ranged from 354.6 mm (CRU) to 380.1 mm (GPCC) for 1901-
2010 (Fig. 5g), from 297.6 mm (APHRODITE) to 378.4 mm (GPCC) for
1951-2010 (Fig. 5h), and from 311.5 mm (CPC) to 387.1 mm (GPCC)
for 181-2010 (Fig. 5i). These long-term values of dry season precipi-
tation over the LRB (MRB) were 157.6-229.9 mm (451.2-489.9 mm)
in 1901-2010 (Fig. 5g), 160.6-207.5 mm (370.1-486.4 mm) in 1951-
2010 (Fig. 5h), and 169.1-215.3 mm (391.1-496.1 mm) in 1981-2010
(Fig. 5i). The minimum value of dry season precipitation was from
185.1 mm in 1963 (APHRODITE) to 224.3 mm in 1917 (CRU) across
the LMRB, while the maximum was about 592.5 mm in 2000 (GPCC)
(Fig. 5g-i). The lowest and highest values for dry season precipitation
were 74.1 mm in 1969 (CRU) and 761.1 mm in 1913 (UDEL) in the
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Fig. 6. Spatio-temporal variations in historical long-term average values for annual (a-c) and seasonal (d-i) precipitation throughout the LMRB during 1901-2010,
1951-2010, and 1981-2010 based on all six gauge-based gridded climate products of GPCC, UDEL, CRU, PRECL, APHRODITE (APH), and CPC.

LRB, while 213.8 mm in 1992 (APHRODITE) and 819.9 mm in 1999
(GPCQ), respectively (Fig. 5g-i). The LMRB and the LRB generally ex-
perienced the lowest wet season precipitation in 1963 and 1969 during
1951-2010, respectively (Fig. 5h), while in 1992 and 1987 through the
years after 1981 (Fig. 5i). For both of these basins, the highest dry sea-
son precipitation was commonly found in 2000 during all three study
periods (Fig. 5g-1). Besides, the dry seasons were naturally wetter over
the northeast and southwest of MRB than over the northern areas of LRB
(Fig. 6g-1).

3.3. Relationships of precipitation with teleconnections over the LMRB

On basin scale, annual precipitation was significantly correlated with
PDO (p =-0.25 to -0.49), EP/NP (p = -0.26 to -0.40) and AMO (p = 0.26
to 0.42) over both the LRMB and the MRB during 1951-2010, while
with NCP (p = -0.29 to -0.30) and SAM (p = 0.27 to 0.30) across
the LRB (Fig. 7a-c). In general, these relationships were stronger dur-
ing 1981-2010, particularly with PDO (p = -0.35 to -0.57) and AMO
(p = 0.28 to 0.53) in all three basins, with EP/NP (p = -0.34 to -0.63)
and SOI (p = 0.34 to 0.52) over the LMRB and the MRB, and with
SAM (p = 0.36 to 0.45) over the LRB (Fig. 7d-f). Such differences be-
tween 1951-2010 and 1981-2010 were also observed on the spatial
scale of the LRB (Fig. 8). The strongest correlations of annual precip-
itation with SAM over the north of LRB during 1951-2010 (Fig. 8a-e)
were generally associated with TPI1 in 1981-2010 (Fig. 8f-k). However,
annual precipitation was most significantly associated with AMO over
the most northern parts of the LRB during both study periods (Fig. 8).
In the west of MRB, the strongest relationships were largely found
between annual precipitation and TPI1 during 1951-2010 (Fig. 8a-e),
while not in 1981-2010 (Fig. 8f-k). Spatial analysis of correlations be-
tween teleconnections and annual precipitation from different gauge-
based gridded climate products identified no common patterns over the
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west, north, and south of the MRB during 1951-2010 and 1981-2010
(Fig. 8).

Wet season precipitation was most significantly associated with PDO
(p = -0.31 to -0.41) over the LMRB and the MRB during 1951-2010
(Fig. 9a and c), but with NCP (p =-0.29 to -0.37) across the LRB (Fig. 9b).
In recent decades (1981-2010), however, the strongest correlations of
wet season precipitation over the LRB and the MRB were generally mea-
sured with SAM (p = 0.35 to 0.49) and AO (p = 0.40 to 0.56), respec-
tively (Fig. 9e and f). In northern parts of the LRB, wet season precipita-
tion largely showed the strongest relationships with SAM during 1951-
2010 (Fig. 10a-e), but with AMO in 1981-2010 (Fig. 10f-k). The highest
correlations of wet season precipitation over the north and southeast of
MRB were with SOI and NCP, respectively, through the year 1951-2010
(Fig. 10a-e). Wet season precipitation across the southeast of MRB was
strongly connected to PNA in 1981-2010 (Fig. 10f-k). No other mutual
spatial pattern in relationships between wet season precipitation and
teleconnections was identified over the other areas of the LMRB.

Dry season precipitation showed the highest correlations with SOI
over the LMRB and MRB (p = 0.28 to 0.47) during 1951-2010, (Fig. 11a
and c). Such relationships were generally stronger (p = 0.42 to 0.76)
in 1981-2010 (Fig. 11d and f). Across the LRB, dry season precipita-
tion was most significantly associated with APVI (p = -0.27 to -0.36)
through 1951-2010 (Fig. 11b), but with AMO (p = 0.37 to 0.45) during
1981-2010 (Fig. 11b). Spatially, the strongest relationships of dry season
precipitation over the most northern parts of LRB were found with AMO
in 1951-2010, across northern and central LRB with CAI, and through-
out the south of LRB with AO (Fig. 12a-e). Besides, NCP was the most
powerful teleconnection affecting variations in dry season precipitation
over the south, east, and west of the MRB (Fig. 12a-e). During 1981-
2010, however, dry season precipitation was most strongly correlated
with SOI over the entire MRB, and even some parts of northern LRB
(Fig. 12£-K).
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Fig. 7. The Spearman’s rank correlations (p) of influential teleconnections with annual precipitation based on all six gauge-based gridded climate products of GPCC,
UDEL, CRU, PRECL, APHRODITE (APH), and CPC over the LMRB, LRB, and MRB during 1951-2010 and 1981-2010.
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Fig. 9. The Spearman’s rank correlations (p) of influential teleconnections with wet season precipitation based on all six gauge-based gridded climate products of
GPCC, UDEL, CRU, PRECL, APHRODITE (APH), and CPC over the LMRB, LRB, and MRB during 1951-2010 and 1981-2010.
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Fig. 10. The spatio-temporal pattern in the Spearman’s rank correlations (p) of teleconnections with wet season precipitation based on all six gauge-based gridded
climate products of GPCC, UDEL, CRU, PRECL, APHRODITE (APH), and CPC over the LMRB during 1951-2010 and 1981-2010.
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Fig. 11. The Spearman’s rank correlations (p) of influential teleconnections with dry season precipitation based on all six gauge-based gridded climate products of
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Fig. 13. The Spearman’s rank correlations (p) among the gauge-based gridded climate products of GPCC, UDEL, CRU, PRECL, APHRODITE (APH), and CPC on the
annual scale over the LMRB, LRB, and MRB during 1901-2010, 1951-2010 and 1981-2010.

3.4. Consistencies between gauge-based gridded precipitation datasets over
the LMRB

For precipitation, the GPCC showed the strongest connections with
other five gauge-based gridded climate products over the LMRB, LRB,
and MRB on both annual and seasonal scales (Fig. 13 and 14). During
1901-2010, the GPCC showed the highest consistency with the CRU for
annual and wet season precipitation over the LMRB (p = 0.75-0.76) and
the LRB (p = 0.94-0.95) (Fig. 13 and 14). Across the MRB, the strongest
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relationships were also found between the GPCC and the CRU for wet
season precipitation (p = 0.74) (Fig. 14g), but between the GPCC and
the UDEL for both annual (p = 0.73) (Fig. 13g) and dry season (p = 0.89)
(Fig. 14p) precipitation. For the period 1951-2010, the highest correla-
tions were generally measured between the GPCC and the PRECL for an-
nual and seasonal precipitation over the LMRB, LRB, and MRB (Fig. 13
and 14), with p = 0.83-0.96; only exception refers to the dry season
precipitation over the LRB with the strongest correlations between the
GPCC and the APHRODITE, with p = 0.98 (Fig. 14n). Across all LRMB,
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LRB, and MRB, the highest consistencies in recent decades (1981-2010)
were found between the GPCC and the PRECL for annual precipitation
(p = 0.91-0.95) (Fig. 13c-f and i), the GPCC and the CRU for wet sea-
son precipitation (p = 0.75-0.95) (Fig. 14c-f and i), and the GPCC and
the APHRODITE for dry season precipitation (p = 0.94-0.97) (Fig. 14l-o
and r). Besides, there were other statistically significant relationships
among different gauge-based gridded precipitation datasets over the
LRMB, LRB, and MRB on both annual and seasonal scale, represented in
Fig. 13 and 14.

On the spatial scale, the strongest century-long (1901-2010) corre-
lations were generally measured between the GPCC and CRU over the
north of LRB, the CRU and the UDEL over the south of LRB and the
north of MRB, and the GPCC and the UDEL over the other parts of
the MRB, for both annual and seasonal precipitations (Fig. 15). Dur-
ing 1951-2010, the highest consistencies for annual and seasonal pre-
cipitation were commonly found between the CRU and the PRECL over
large areas of the LRMB, except its south-eastern and most southern
parts in where the GPCC and the APHRODITE most strongly corre-
lated (Fig. 16). For annual precipitation in recent decades (1981-2010),
the strongest relationships were observed between the GPCC and the
PRECL over the most part of the LRB and the west of MRB, while be-
tween the GPCC and the APHRODITE across the southern and west-
ern parts of MRB (Fig. 17a-f). For wet season precipitation, the high-
est consistencies were between the GPCC and APHRODITE throughout
the east and south of the MRB during 1981-2010, the GPCC and CRU
over other parts of MRB, and the CRU and PRECL over the entire LRB
(Fig. 17g-1). For dry season precipitation, the strongest associations were
between the GPCC and APHRODITE over the entire LRB as well as the
south, east, and northeast of the MRB in 1981-2010; while the GPCC
and the PRECL showed the highest consistencies across the other parts
(Fig. 17m-r).
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4. Discussion

In general, this paper found wetting trends in annual precipitation
over the LMRB, LRB, and MRB during 1981-2010. Previous studies
have also concluded such increases in annual precipitation over the
LMRB (Chen et al., 2019; Delgado et al., 2010, 2012; Réasdnen et al.,
2012), LRB (Fan and He, 2015), and MRB (Lutz et al., 2014) in re-
cent decades. Similar to the present paper, Fan and He (2015) reported
increases in annual precipitation over the LRB during 1951-2010, and
Xue et al. (2011) concluded no clear changes over the MRB. For the wa-
ter years (from November to the following October) between 1952 and
2015, Irannezhad et al. (2020) also reported no statistically significant
trends in annual precipitation over the LMRB, MRB, and LRB. Besides,
trends in annual precipitation throughout the LMRB were inconclusive
for 1901-2010. However, similar to our study, Lutz et al. (2014) reported
century-long increases in the annual CRU precipitation time series over
the LMRB. Wetting (drying) trends in annual precipitation were gener-
ally significant over the north and east (small areas in the south and
west) of the MRB over time.

In 1981-2010, both wet and dry seasons generally got wetter over all
three basins studied here. Similarly, such wetting trends in wet and dry
season precipitation over the MRB and the LRB in recent decades were
reported by Lutz et al. (2014) and Fan and He (2015), respectively. For
the period 1951-2010, dry seasons largely showed increases in precipi-
tation over the LMRB, LRB, and MRB, while wet seasons became drier.
Such wetter dry and drier wet seasons since 1951 have previously been
concluded over the LRB (Fan and He, 2015) and the MRB (Lutz et al.,
2014). Irannezhad et al. (2020) also reported wetter dry seasons, but
no clear trends in wet season precipitation across the LRB and MRB
during 1952-2015. For 1901-2010, this study determined decreases in
dry and wet season precipitation based on the UDEL dataset, while in-
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analysis of precipitation throughout the LMRB by Ruiz-Barradas and
Nigam (2018) also found decreases in March-May (the three last months
of the dry season) over the LRB as well as in June-November (covering
wet season) across the MRB. Spatially, increases and decreases in wet
season precipitation showed a similar pattern to the wetting and drying
trends in annual precipitation trends. However, dry season precipitation
significantly increased over the north of the LRB and the northeast and
east of the MRB.

On both annual and seasonal scales, wetting and drying trends de-
termined in precipitation were principally in association with increases
in its variability across the LMRB over time. Previous studies have also
reported such increases in annual and seasonal precipitation variabil-
ity throughout the LMRB (e.g., Delgado et al., 2010, 2012; Lutz et al.,
2014; Résdnen et al.,, 2012). The range of long-term average values
for annual and seasonal precipitation over all three basins in 1981-
2010 was generally higher than in 1951-2010 and 1901-2010. Similarly,
Lutz et al. (2014) concluded higher long-term average values for both
annual and seasonal precipitation over the MRB during 1981-2010, with
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Fig. 15. The spatio-temporal pattern of con-
sistencies among the gauge-based gridded cli-
mate products of GPCC, UDEL, CRU, PRECL,
APHRODITE (APH), and CPC for estimating an-
nual and seasonal precipitation time series over
the LMRB during 1901-2010.

Right Panel
(p)

CcPC g’
APH & g'g
oN -
PRECL 507
SHos
CRU ¢
o4
UDEL S|
£
GPCC m0-2
Q
&
0

respect to 1941-1980 and 1901-1940. In all three basins, increases in
wet season precipitation variability were basically referred to the lower
(drier) long-term average values seen over time. Similarly, increases in
dry season precipitation variability were principally attributed to the
lower (drier) long-term average values over the LMRB and the MRB in
recent decades, but to the higher (wetter) values across the LRB. On the
spatial scale, long-term average values of annual and seasonal precip-
itation naturally increased from northwest to southeast of the LMRB,
with two high centers in the lower part of the MRB, where there is a de-
creasing gradient from east to west. Such spatial patterns in annual and
seasonal precipitation have previously been reported (e.g., Chen et al.,
2018; Lutz et al., 2014).

Variations and trends in annual and seasonal precipitation through-
out the LMRB over time were significantly associated with a number of
teleconnections. Compared to 1951-2010, the significant correlations of
these teleconnections, particularly SOI, PDO, AMO, EP/NP, and SAM,
with annual and seasonal precipitation across the LMRB strengthened
in 1981-2010. Such stronger relationships can partially explain wetting
trends detected in both annual and seasonal precipitation time series
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Fig. 16. The spatio-temporal pattern of consistencies among the gauge-based gridded climate products of GPCC, UDEL, CRU, PRECL, APHRODITE (APH), and CPC
for estimating annual and seasonal precipitation time series over the LMRB during 1951-2010.

across the LMRB during recent decades. The stronger positive events of
SOI (La Nifia) naturally causes precipitation to increase throughout the
Southeast Asia (e.g., Juneng and Tangang, 2005; Risdnen et al., 2016;
Résdnen and Kummu, 2013; Wang et al., 2000). Such stronger positive
SOI events (La Nifia) are generally accompanied by the stronger negative
phase of PDO, which is also associated with more precipitation across
the West Pacific, covering the LMRB (Chen et al., 2019; Delgado et al.,
2012; Verdon and Franks, 2006). As the AMO leads (lags) the PDO
by approximately 13 (17) years in the same 60-year oscillation cycle
(d’Orgeville and Peltier, 2007), its positive influence on increasing pre-
cipitation over the LMRB was stronger in 1981-2010 than in 1951-2010.
Wetter climatic conditions across the LMRB during 1981-2010 were also
associated with the stronger negative EP/NP events, which naturally in-
crease precipitation over Central Vietnam and adjacent islands includ-
ing Hainan (China) and the Philippines (Li et al., 2015). Besides, wetter
wet seasons over the LRB in 1981-2010 showed the most robust associ-
ations with the positive SAM events, which shift westerlies towards the
Antarctic and thereby supports stronger positive SOI events (La Nifia)
with higher precipitation over the mainland Southeast Asia.

This paper measured consistencies among different gauge-based
gridded climate products created based on in-situ precipitation records
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throughout the LMRB in three study periods of 1901-2010, 1951-2010,
and 1981-2010. Such relationships generally strengthened over time.
This may mainly refer to the application of more and/or similar in-situ
records in recent decades for generating these products. Spatially, the
strongest and weakest consistencies were found over the LRB and the
MRB, respectively, for both annual and seasonal precipitation. This is
principally because of the lower number of stations available as well as
the substantially lower amounts of annual and seasonal precipitation in
the LRB than in the MRB. Based on the time resolution, the gauge-based
gridded climate products were most significantly consistent in gener-
ating the dry season precipitation time series throughout the LMRB,
LRB, and MRB. This is mainly due to the lower range of precipitation
during the dry than wet season across all three basins. Previous stud-
ies also reported that consistencies among the gauge-based gridded cli-
mate products are largely dependent on the number of similar/different
precipitation measurement stations used, the climate of study area, the
time resolution, the manner of analysis, the procedure of quality con-
trol, and the study period (e.g., Hegerl et al., 2015; Sun et al., 2014,
2018). Accordingly, this paper concluded that GPCC is most strongly
associated with other products on both annual and seasonal scales over
all three basins and study periods. This product (GPCC) was previously
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Fig. 17. The spatio-temporal pattern of consistencies among the gauge-based gridded climate products of GPCC, UDEL, CRU, PRECL, APHRODITE (APH), and CPC
for estimating annual and seasonal precipitation time series over the LMRB during 1981-2010.

used by Sun et al. (2018) as the reference to examine the reliability
of other gauge-based gridded climate products (including UDEL, CRU,
PRECL, and CPC) for analyzing precipitation patterns on both regional
and global scales. Yatagai et al. (2012) also confirmed the accuracy
and reliability of APHRODITE based on the GPCC product. Similar to
Yatagai et al. (2012), this study used daily APHRODITE datasets to cal-
culate its annual and seasonal scale, which showed significant relation-
ships with corresponding GPCC datasets computed from the monthly
scale. After GPCC, PRECL and then APHRODITE showed the highest
consistencies with other products for studying precipitation variability
and trends throughout the LMRB.

5. Conclusions

This study provided a detailed overview of historical precipitation
patterns over the Lancang-Mekong River Basin (LMRB) utilizing six
gauge-based gridded climate products of GPCC, UDEL, CRU, PRECL,
APHRODITE, and CPC. Accordingly, the present paper evaluated long-
term trends, variability, consistency, and links to teleconnections for an-
nual and seasonal (wet and dry) precipitation throughout the LMRB dur-
ing 1901-2010, 1951-2010, and 1981-2010. Annual and seasonal pre-
cipitation amounts naturally increase from northwest to southeast of the
LMRB, but with a spatial gradient increasing from west to east through-
out the lower parts of the Mekong River Basin (MRB). The LMRB, Lan-
cang River Basin (LRB), and MRB experienced increases in annual pre-
cipitation during 1951-2010 and 1981-2010. The dry (wet) seasons got
wetter (drier) in 1951-2010, while both dry and wet seasons got wetter
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during 1981-2010. Such changes in annual and dry (wet) season precipi-
tation over all three basins (LRB) were most significantly associated with
the SOI (SAM), which strengthened during 1981-2010. Hence, wetting
trends in annual and wet (dry) season precipitation were mostly found
across the north and east of the MRB (the northern parts of the LRB
as well as the northeast and east of the MRB). Such historical precip-
itation trends, variability, and links to teleconnections over the LMRB
were identical among different gauge-based gridded climate products,
with the strongest (weakest) consistencies throughout the north of LRB
(the south and southeast of the MRB) due to relatively drier (wetter)
climatic conditions. Accordingly, GPCC (APHRODITE) can be applied
as the primary gauge-based gridded climate product for further studies
on the effects of climate variability and change on water resources in
the LMRB before (after) 1951. In particular, the APHRODITE product is
suggested as the key source of dry season precipitation dataset across
all the LMRB, LRB, and MRB for the period 1951-2010.
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