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ABSTRACT

The recent slowdown in global warming has initiated a reanalysis of temperature data in some mountainous

regions for understanding the consequences and impact that a hiatus has on the climate system. Spatiotemporal

temperature variability is analyzed over the Tibetan Plateau because of its sensitivity to climate change with a

station network updated to 2014, and its linkages to remote sensing–based variability of MODIS daytime and

nighttime temperature are investigated. Results indicate the following: 1) Almost all stations have experienced a

notable warming in the time interval 1961–2014, with most obvious warming in winter, which depends on the

selected time intervals. 2) There is no clear shift froma predominantwarming to a near stagnation during themost

recent period (2001–present). 3) Uniform altitudinal dependence of temperature change trends could not be

confirmed for all regions, time intervals, and seasons, but sometimes an altitude threshold around 3 km is apparent.

4)Most of themeteorological stations are associated withMODIS temperature warming pixels, and thus regional

cooling ismissingwhen considering only the locations ofmeteorological stations. In summarizing, previous studies

based on station observations do not provide a complete picture for the temperature change over the Tibetan

Plateau. Remote sensing–based analyses have the potential to find early signals of regional climate changes and

assess the impact of global climate changes in complex regional, seasonal, and altitudinal environments.

1. Introduction

Global significant increasing warming trend since the

industrial revolution (Hartmann et al. 2013) is likely to

be punctuated by decadal periods of weaker or stalled

warming or even cooling (Amaya et al. 2015; Easterling

and Wehner 2009; England et al. 2014; Foster and

Rahmstorf 2011; Kosaka and Xie 2013). The observed

apparent stagnation of surface temperature warming

trend, as documented by, for example, the HadCRUT4

dataset, is widely referred to as a hiatus (Trenberth and

Fasullo 2013). One of the examples of hiatus occurs in a

period from the 1940s to the 1970s, followed by a re-

sumed trend of overall upward surface air temperature

from 1975 to 2000, particularly with a decade of

accelerated warming from about 1975 to 1985 (England

et al. 2014). The current hiatus since around 2001 to the

present is not predicted by climate models (Fyfe et al.

2013; Tollefson 2014) and a deeper understanding of its

underlying causes is necessary (Gleisner et al. 2015).

Uncertainty remains about the mechanisms driving

the transition from a rapid warming period to a global

warming hiatus period (Amaya et al. 2015; Gleisner
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et al. 2015), spurring debate regarding its underlying

causes. Otto et al. (2013) suggest that climate sensitivity

may have been overestimated. Cowtan and Way (2014)

and Karl et al. (2015) point to incomplete global cov-

erage of the observational temperature data and a pos-

sible data bias leading the underestimation of the

warming rate. Others suggest that internal natural de-

cadal climate variations and the hiatus originate from

the Pacific and Atlantic Ocean from where they induce

temperature and precipitation response on regional and

global scales (Dai 2013; Dai et al. 2015; Dong and Dai

2015; Steinman et al. 2015; Watanabe et al. 2014). Other

physical explanations include changes in solar variabil-

ity, deep ocean heat uptake, and stratospheric or tro-

pospheric circulation (Meehl et al. 2014; Santer et al.

2014; Schmidt et al. 2014; Tollefson 2014). Much of the

evidence suggests that the surplus energy has been

stored in the world’s oceans (Guemas et al. 2013; Meehl

et al. 2011), in particular the equatorial Pacific (England

et al. 2014; Kosaka and Xie 2013; Meehl et al. 2014;

Trenberth and Fasullo 2013).

Since hiatus periods are likely to disrupt warming

trends (Hansen et al. 2011) and therefore redistribute

global and regional water resources (Chen et al. 2015),

increased attention has been paid to the causes. But it is

also important to improve our understanding of the

impact that a hiatus has on the climate system and its

extent. A linkage between the current hiatus in global

warming and North American drought (encompassing

regions from the western Great Plains to the U.S. West

Coast since around the year 2000) is suggested by

Delworth et al. (2015). Vuille et al. (2015) notice that the

recent hiatus in global warming is likely to be reflected in

Andean temperature, but highly depends on elevation.

Coastal regions of Andean experience cooling, while

higher elevations continue to warm. That is whyAndean

glaciers continue to retreat faster than at any time since

they reached their neoglacial maximum extent (Rabatel

et al. 2013), which has spurred a reanalysis of tempera-

ture data in high mountainous regions (Schauwecker

et al. 2014).

The Tibetan Plateau (TP), with its unique climatic

and biogeographical environment, is defined as the

center of the ‘‘Third Pole’’ and is also highly sensitive

and vulnerable to climate change and to anthropo-

genic activities (Cai et al. 2014; Kang et al. 2010). Its

sensitive responses to global climatic change make

the detection of global climate change observable

at its early stage (X. Liu et al. 2009). Research about

the consequences of global warming over the TP in-

cludes the analysis of significant environmental

changes (Cheng and Wu 2007; J. Liu et al. 2009; Su

and Shi 2002; Xu and Liu 2007) and the elevation

dependency of surface air temperature variation (Liu

and Chen 2000; X. Liu et al. 2009; Qin et al. 2009;

Thompson et al. 2003; Yang et al. 2014; You et al.

2010). However, whether the globally observed warm-

ing hiatus between 2001 and 2014 has counterparts

in the high mountainous TP and, if so, what the

consequences/impact of the recent hiatus (from 2001

to the present) over the TP are, has to our knowledge

not been evaluated, in particularly using remote sens-

ing datasets.

Unlike using station and simulation data, employ-

ing remote sensing techniques to analyze surface air

temperature changes in high mountainous regions is a

relatively recent field of research. The remote sensing

approach can overcome the problem of lack of ob-

servational data in particular in the western TP and

also offer insights into the physical processes and

forcing mechanisms related to the elevation de-

pendency of climatic warming or the warming hiatus

over the TP. Therefore, this work will help enhance

our understanding of the characteristics of recent

climatic warming hiatus and climate change over

the TP. After introducing station-based and remote

sensing–based surface air temperature datasets, meth-

ods of analysis are presented (section 2). Station-

based (section 3a) and remote sensing–based (section

3b) warming trends of mean, seasonality, and vari-

ability are introduced before a comparison is ana-

lyzed (section 3c), followed by a concluding summary

(section 4).

2. Data, methods of analysis, and geographical
setting

Most TP warming investigations are performed

using near-surface air and soil temperature mea-

surements from China Meteorological Administra-

tion (CMA) meteorological stations (Qin et al. 2009;

Yan and Liu 2014). However, the whole TP, espe-

cially the western regions and the regions above

4800m, cannot be fully represented only by data from

those stations. This is because the number of stations

is quite limited compared to the wide area where they

are not distributed uniformly, as they are concen-

trated more in the central and eastern regions and

below 4800m (Fig. 1). And usually meteorological

stations are located near population centers and

therefore do not represent all the environments in a

regions, limiting the acquisition of accurate spatial

information about climate (Stisen et al. 2007; Yao and

Zhang 2013).

Therefore, three datasets are used, including monthly

mean temperature from 86 CMAmeteorological stations,
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15 years of land surface temperature (LST) data from

the Moderate Resolution Imaging Spectroradiometer

(MODIS, MOD11C3, version 5), and the GTOPO30

global digital elevation model (DEM) from USGS.

A period of 1961–2014 is selected from CMA data;

detailed descriptions of data quality control and ho-

mogenization are available from Li et al. (2004). The

MODIS LST data are monthly provided at 0.058 spatial
resolution as a gridded level-3 product for daytime and

nighttime from 2001 to 2015. To be comparable and to

diagnose the two temperatures’ altitudinal depen-

dence, GTOPO30 DEM data are resampled according

to the spatial resolution of MODIS LST data and the

surface elevations of the 86 stations are extracted

accordingly.

Intra-annual seasonality, mean, and degree-days

are calculated before a simple linear regression

model is used for obtaining the warming trend. Interannual

warming trends of spring [March–May (MAM)], summer

[June–August (JJA)], autumn [September–November

(SON)], and winter [December–February (DJF)], an-

nual mean, and degree-days of the surface air temper-

ature are evaluated by an F test considering P values

less than 0.05. Degree-days, which are commonly de-

fined as the accumulated daily mean temperature ex-

ceeding the base temperature, are one of the most

important indicators of climate changes (You et al.

2014). Base temperature is the lowest temperature at

which metabolic processes result in a net substance gain

in aboveground biomass (Sitte et al. 1999). Some re-

search further differentiates base temperatures related

to various plants such as wheat, sunflower, and corn

relying on rough estimates (as presented in textbooks;

see Aufammer 1998; Keller et al. 1997). In this study, a

base of 08C is chosen to calculate the accumulation

and number of degree-days (ADD and NDD, re-

spectively) characterizing annual biomass increase in

the TP as well as interactions between the cryosphere,

atmosphere, hydrosphere, ecosystem, and topographic

complexity (Bengtsson 1976). Monthly mean temper-

ature of meteorological station data and both daytime

and nighttime monthly MODIS LST composites are

included as surface temperature inputs. Surface tem-

perature data (DD) serves here as a surrogate for

available photosynthetically active radiation (De Beurs

and Henebry 2004), which captures information of

plant growth, biodiversity, and potential evapotranspi-

ration (Bengtsson 1976; You et al. 2014). The function

can be estimated or measured as follows:

If DDi . 0, then

ADD
i
5ADD

i21
1DD

i
; NDD

i
5NDD

i21
1 1;

otherwise,

ADD
i
5ADD

i21
; NDD

i
5NDD

i21
,

where DDi is the monthly increment of growing degree-

days at month i and ADDi (NDDi) is the growing

degree-days (number of degree-days) accumulated from

January, i 2 f1, 2, . . . 12g. Finally, the averaged accu-

mulated degree-days (AADD) are calculated as

FIG. 1. Geographical setting of the Tibetan Plateau including digital elevation information

(GTOPO30) and the location of 86 meteorological stations.
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3. Spatiotemporal temperature variability over the
Tibetan Plateau

Analyzing climatic trends in mountainous and

highland regions can be an ideal approach to the

study of global warming hiatus due to their sensitivity

and vulnerability to climate change (Messerli and

Ives 1997). Elevation-dependent warming has been

observed in several mountainous regions (Fyfe and

Flato 1999; Giorgi et al. 1997; Pepin et al. 2015) be-

sides the TP (X. Liu et al. 2009; Qin et al. 2009). To

understand whether the recent slowdown in global

warming occurs over the TP and, if that is the case,

whether the elevation dependency of warming could

FIG. 2. Elevation-dependent warming trend statistics (0.5-km intervals, 1961–2014) at all meteorological

stations and significant stations of statistical significance on 95% level with P values , 0.05: (a),(h) spring,

(b),(i) summer, (c),(j) autumn, (d),(k) winter, (e),(l) mean, and (f),(m) averaged accumulative degree days

(AADD). The number of stations is indicated in each box; missing boxes or fewer values mean that no or

fewer stations pass the statistically significant F test.
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still be observed, both meteorological stations and

remote sensing–based warming trends are analyzed

and compared.

a. Station-based warming trends

Warming trend analyses of the temperature time se-

ries from the 86 meteorological stations in the period of

1961–2014 are presented first displaying the long-term

warming trend and its altitudinal dependency (Fig. 2).

1) Almost all the stations (or stations with statis-

tically significant trends, 95% level) over the TP have

experienced a notable warming during the last 54 years,

with warming rates of 0.58 6 0.738Cdecade21 (or 0.478 6
0.738Cdecade21) for the annual mean. 2) The seasonal

warming rates of all the stations show linear warming

rates of winter (0.598 6 0.688Cdecade21) . summer

(0.538 6 0.858Cdecade21) . autumn (0.478 6
0.778Cdecade21) . spring (0.418 6 0.768Cdecade21),

while the seasonal warming rates of stations with sta-

tistically significance show linear warming rates of win-

ter (0.628 6 0.698Cdecade21) . autumn (0.468 6
0.778Cdecade21). summer (0.408 6 0.758Cdecade21).
spring (0.378 6 0.778Cdecade21). That is, the most

obvious warming occurs in winter, which is comparable

with previous results given by X. Liu et al. (2009). 3)

The linear warming rate of the averaged accumulated

degree-days AADD for all stations (or stations with

statistically significance) is 0.168 6 0.148Cdecade21 (or

FIG. 3. As in Fig. 2, but for 2001–14.
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0.208 6 0.148Cdecade21), which may correspond with

the greenness/vegetation increasing over the TP (Cai

et al. 2015). 4) The linear trends (analyzed in 0.5-km

elevation interval zones) show a positive altitudinal

dependency, including annual mean, seasonality, and

averaged accumulated degree-days. That is, the

warming trends (during 1961–2014) increasing with

elevation depend on seasonality.

FIG. 4. As in Fig. 2, but comparing three periods (1961–94 vs 1971–2004 vs 1981–2014).
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Similar warming trend analyses for the 2001–14 in-

terval are presented to investigate the possible discrep-

ancies in the temperature trend and its altitude

dependency between the 1961–2014 period and the re-

cent hiatus (2001–present; see Fig. 3). 1) The recent

analyses of all observational station data confirm the

conclusions (see Fig. 2), which suggest that a pattern of

warming has persisted up to 2014, with a linear warming

rate of 0.488 6 1.028Cdecade21 for the annual mean

temperature and 0.668 6 1.628Cdecade21 for the aver-

aged accumulated degree-days. 2) A different seasonal

order of linear warming rates shows summer (0.718 6
1.518Cdecade21) . spring (0.688 6 1.168Cdecade21) .
winter (0.488 6 1.028Cdecade21) . autumn (0.338 6
2.728Cdecade21), with noticeable (remarkable) stan-

dard deviation values compared with similar statistics in

the period of 1961–2014. 3) If only the last 14 years are

considered, the trends are positive but insignificant

(missing boxes or fewer valuesmean no or fewer stations

satisfy the F test; see Figs. 3g–l). That is, for most of the

stations, the recent warming trend may either be non-

linear or has come to a halt (without trend). The only

exception is the autumn trend showing a statisti-

cally significant linear warming rate of 0.058 6
0.308Cdecade21 (more statistically significant analyses

will be shown in section 3b with remote sensing data).

4) The elevation dependency of climate warming is not

as robust as it in the period of 1961–2014. For example,

the statistically significant increasing rates of autumn

temperature are 20.098 6 0.218, 0.138 6 0.338, 0.088 6
0.188, 20.088 6 0.248, 0.048 6 0.408, 0.308 6 0.448, and
0.118 6 0.088Cdecade21 averaged for stations at,2 km,

2–2.5 km, 2.5–3 km, 3–3.5 km, 3.5–4km, 4–4.5 km, and

4.5–5 km, respectively (Fig. 3i).

To further diagnose the recent warming trends and

elevation dependency of temperature trends, three

temperature trends are also analyzed and plotted in

Fig. 4 and Table 1, showing the warming trend shift from

1961–94 to 1971–2004 to the most recent period 1981–

2014 (all significance levels given in Fig. 4 are at the P,
0.05 level). 1) Most of the stations over the TP have

experienced statistically significant warming, particu-

larly for the periods of 1971–2004 and 1981–2014. The

warming rates increase as the periods shift (i.e., warming

trend of 1961–94 , 1971–2004 , 1981–2014), which is

independent from variable parameters, such as annual

mean, seasonality, and averaged accumulated degree-

days (Figs. 4a–f). 2) Significant station samples are not

sufficiently representative in the period of 1961–94, as

only winter and annual mean trends display complete

‘‘boxes’’ in all the elevation zones (Figs. 4g–l), showing

positive elevation dependencies below and above

;3 km (likewise during 1971–2004). For example, the

statistically significant increasing rates of annual

mean (or winter) temperature in 1961–94 are 0.138 6
0.058C, 0.25 6 0.138C, and 0.328 6 0.118Cdecade21

TABLE 1. Elevation-dependent mean and standard deviation comparison (0.5-km intervals, 1961–94 vs 1971–2004 vs 1981–2014) of

warming trends at meteorological stations with statistically significant trends (95% level, P value , 0.05) for spring, summer, autumn,

winter, mean, and averaged accumulative degree days (AADD). NaN means that either no stations pass or only one station passes the

statistically significant F test.

Mean (std)

8C decade21 ,2.0 km 2–2.5 km 2.5–3 km 3–3.5 km 3.5–4 km 4–4.5 km .4.5 km

1961–94 Spring 20.32 (0.06) NaN 20.22 (NaN) 0.21 (NaN) NaN 0.48 (NaN) 0.33 (NaN)

Summer 0.13 (0.04) 0.22 (0.07) 0.22 (0.01) 0.27 (NaN) 0.26 (0.06) 0.26 (0.04) 0.23 (0.07)

Autumn NaN 0.33 (0.10) 0.40 (0.12) 0.29 (0.02) 0.30 (0.00) 0.40 (0.14) 0.42 (0.03)

Winter 0.33 (0.11) 0.58 (0.30) 0.68 (0.28) 0.54 (0.15) 0.39 (0.05) 0.64 (0.56) 0.52 (0.17)

Mean 0.13 (0.05) 0.25 (0.13) 0.32 (0.11) 0.21 (0.06) 0.21 (0.03) 0.35 (0.17) 0.40 (0.19)

AADD 20.08 (0.15) 20.24 (NaN) 20.10 (NaN) 20.15 (NaN) 0.18 (NaN) 0.34 (NaN) NaN

1971–2004 Spring 0.34 (0.16) 0.36 (0.16) 0.34 (0.05) 0.30 (0.03) 0.28 (0.06) 0.36 (0.12) 0.35 (0.05)

Summer 0.28 (0.08) 0.30 (0.04) 0.40 (0.15) 0.31 (0.09) 0.27 (0.06) 0.30 (0.11) 0.29 (0.05)

Autumn 0.26 (0.07) 0.32 (0.09) 0.46 (0.08) 0.39 (0.09) 0.38 (0.06) 0.41 (0.15) 0.37 (0.07)

Winter 0.54 (0.11) 0.57 (0.20) 0.71 (0.50) 0.42 (0.12) 0.43 (0.08) 0.58 (0.23) 0.47 (0.06)

Mean 0.30 (0.12) 0.30 (0.14) 0.40 (0.13) 0.32 (0.07) 0.28 (0.07) 0.32 (0.12) 0.32 (0.09)

AADD 0.30 (0.16) 0.17 (0.02) 0.25 (0.09) 0.18 (0.15) 0.18 (0.02) 0.21 (0.09) 0.20 (0.02)

1981–2014 Spring 0.45 (0.18) 0.45 (0.13) 0.46 (0.14) 0.46 (0.11) 0.41 (0.08) 0.43 (0.09) 0.46 (0.12)

Summer 0.37 (0.19) 0.47 (0.17) 0.46 (0.18) 0.45 (0.11) 0.38 (0.09) 0.40 (0.13) 0.38 (0.11)

Autumn 0.31 (0.09) 0.37 (0.08) 0.42 (0.13) 0.39 (0.11) 0.40 (0.11) 0.64 (0.56) 0.50 (0.19)

Winter 0.44 (0.19) 0.46 (0.11) 0.61 (0.46) 0.50 (0.11) 0.68 (0.15) 1.23 (1.29) 1.10 (0.76)

Mean 0.33 (0.15) 0.34 (0.13) 0.47 (0.16) 0.48 (0.20) 0.46 (0.09) 0.63 (0.34) 0.59 (0.24)

AADD 0.29 (0.13) 0.26 (0.05) 0.32 (0.17) 0.34 (0.21) 0.22 (0.06) 0.39 (0.22) 0.38 (0.34)
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(or 0.338 6 0.118C, 0.588 6 0.308C, and 0.688 6
0.28 8Cdecade21) averaged for stations at ,2 km, 2–

2.5 km, and 2.5–3 km, respectively. The threshold of

;3 km is also found byQin et al. (2009). 3) During 1981–

2014 the elevation-dependent temperature trends are

most robust for winter means, followed by annual means

and autumn seasons.

Histograms for the five different periods—1961–94,

1971–2004, 1981–2014, the most recent period 2001–14,

and the whole period of 1961–2014—also confirm that

there is no clear shift from predominant warming to near

stagnation during the most recent periods. The warming

trend over the TP has experienced a statistically signif-

icant continuous warming during the last 54 years that is

independent of seasonality (see the histogram of

warming rates in Fig. 5).

b. Remote sensing–based warming trends

Unlike previous studies considering warming rate

from CMA stations and the one fromMODIS LST data

at station corresponding pixels (Qin et al. 2009),

MODIS LST data are analyzed as an independent

dataset to obtain temperature change trends. This is

because statistically significant grid pixels in MODIS

data appear to show a more representative distribution

of the wide mountainous regions than meteorological

station data (see Figs. 6 and 7 vs Fig. 1). Incomplete

coverage of the observational statistically significant

temperature data leads to a possible data bias of the

warming rate estimation if only the last 14 years are

considered (see missing ‘‘boxes’’ in Figs. 3g–l).

Related daytime and nighttime geographical distri-

bution of temperature trends andP value from the F test

are presented in Figs. 6 and 7, which show the following

results: 1) Regression slopes along the Himalaya and

Kunlun Mountains indicate a cooling trend (shown in

green), especially in spring and winter as well as the

annual means and averaged accumulated degree-days.

2) The warming trend occurs more frequently in the

Hengduan Mountain Range where most of the meteo-

rological stations are located. 3) A smoother and more

robust warming trend distribution is noted for nighttime

FIG. 5. Histograms (1961–94 vs 1971–2004 vs 1981–2014 vs 2001–14 vs 1961–2014) of warming trends using meteorological station data

with statistically significant trends (95% level, P value, 0.05): (a) spring, (b) summer, (c) autumn, (d) winter, (e) mean, and (f) averaged

accumulative degree days over the Tibetan Plateau. The number of stations is indicated in each box; missing boxes or fewer values mean

no or less stations pass the statistically significant F test.
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compared with (also regionally varying) daytime

LST trends.

Detailed statistical analyses with MODIS daytime

and nighttime LSTs for the period of 2001–15 are shown

in Figs. 8 and 9 to focus on the possible remote sensing–

based temperature trends and altitudinal dependencies

since the recent hiatus (2001 to the present). To clearly

display remote sensing data against measurements, the

FIG. 6. Geographical distribution ofMODIS daytime LST (2001–15) analysis for spring (MAM), summer (JJA), autumn (SON), winter

(DJF), annual mean, and averaged accumulated degree-days (AADD)-based regression (a)–(c) and (g)–(i) trend and (d)–(f) and

(j)–(l) P value.
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range above 2.0 km is chosen because a large pixel

number (below 2.0 km) and high standard deviations do

not reveal clear trends and altitude dependencies. The

following results are noted. First, for the entire TP with

elevation above 2 km (Figs. 8a–f and 9a–f), 63.33%

(76.91%) of the pixels have experienced a notable

warming during the most recent 15 years using LST

daytime (nighttime) series with a linear warming rate of

0.278 6 0.868Cdecade21 (0.258 6 0.398Cdecade21) for

the annual mean. Contrarily, for the significant regions

(P value, 0.05; Figs. 8g–l and 9g–l), 14.26% (18.29%) of

the pixels have experienced a statistically significant

FIG. 7. As in Fig. 6, but for nighttime.
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warming during the most recent 15 years with LST

daytime (nighttime) series, showing a linear cooling rate

of20.488 6 0.578Cdecade21 (20.186 0.258Cdecade21)

for the annual mean.

Second, the seasonal trends over the entire TP show

linearwarming rates of daytime trends of summer (0.928 6
1.648Cdecade21) . autumn (0.608 6 1.08Cdecade21) .
spring (0.048 6 1.458Cdecade21) . winter (20.478 6
1.078Cdecade21), and nighttime trends of spring (0.548 6
0.638Cdecade21) . autumn (0.448 6 0.58Cdecade21) .

summer (0.258 6 0.588Cdecade21) . winter (20.218 6
0.698Cdecade21). However, the seasonal trends in statis-

tically significant regions show linear cooling rates of

daytime trends of autumn (20.528 6 0.728Cdecade21) .
summer (20.638 6 0.938Cdecade21). winter (20.818 6
0.918Cdecade21). spring (21.08 6 1.08Cdecade21), and

nighttime trends of autumn (20.198 6 0.278Cdecade21).
summer (20.308 6 0.338Cdecade21) . spring (20.328 6
0.408Cdecade21) . winter (20.518 6 0.608Cdecade21).

Thus, the most obvious seasonal trend discrepancy

FIG. 8. Elevation-dependent warming trend statistics (0.5-km intervals, 2001–15) derived fromMODIS daytime

land surface temperature (LST) over the Tibetan Plateau and significant regions with warming trends passing the F

test at the 95% level (P value, 0.05): (a),(h) spring, (b),(i) summer, (c),(j) autumn, (d),(k) winter, (e),(l) mean, and

(f),(m) averaged accumulative degree days (AADD). Pixel number is indicated in each box, and missing boxes or

fewer values mean no or less stations pass the statistically significant F test.
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between averaged MODIS daytime and nighttime LSTs

and meteorological station data occurs in winter. This

discrepancy could be due to the limitations of remote

sensing reflection data over surfaces with high albedo (ice

and snow), because in mountainous areas with large ter-

rain slopes a main radiative artifact is related to the angle

dependence of satellite observations.

Third, the MODIS LST-based elevation de-

pendencies show both positive or negative and robust or

weak correlations depending on statistical parameters,

such as annual mean, seasonality, and averaged accu-

mulated degree-days, although similar elevation de-

pendencies are indicated in significant regions and for

the entire TP. For example, the statistically significant

cooling rates of the daytime spring trends show a neg-

ative elevation dependency versus daytime summer

trends showing a positive elevation dependency. This

finding is comparable with previous results (Vuille and

Bradley 2000; Pepin and Seidel 2005; Pepin and

Lundquist 2008; You et al. 2010) that elevation de-

pendency could not be confirmed in various regions of

the world.

c. Elevation dependence: A comparison

To compare elevation dependencies of CMA stations

and MODIS LST data, temperature trends from CMA

FIG. 9. As in Fig. 8, but for nighttime.
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stations are selected exceeding the statistically signifi-

cance of 95% (P value , 0.05). That is, only autumn

trends from CMA station data passing the F test (for

2001–14, see Figs. 3g,h) will be compared with MODIS

daytime and nighttime LST data (Fig. 10). 1) Similar

autumn trends from MODIS daytime and nighttime

LST data are extracted at station corresponding pixels.

Warming trends from the related remotely sensed

MODIS spectroradiometer data are relatively more in-

tense than observed by the 86 meteorological stations.

They show higher mean values in most of the elevations

zones and more variability (standard deviation) of

daytime (compared to nighttime) trends. Thus, it may be

possible that there is a positive bias in the remotely

sensed MODIS warming trends. 2) The statistically

significant MODIS temperature trends (Figs. 8g–l and

9g–l) show a cooling trend in the significant regions in-

stead of warming. Although the entire TP indicates a

warming trend (Figs. 8a–f and 9a–f), regional cooling is

missing when considering only the CMA station data.

3) In summarizing, the general warming rate derived

merely from the limited number of samples/stations may

not be fully representative for the warming status of the

entire TP. That is, studies based only on station obser-

vations do not necessarily provide a representative and

complete picture of temperature change estimates ob-

served over the TP. But it needs to be noted that the

general updated and detailed warming distribution ob-

tained fromMODIS LST data [warming dependences on

complex topography, time phases (seasonal, diurnal, and

nocturnal) and altitude] are based on the assumption that

in regions without station measurements, MODIS LST

data provide trends similar to those from station-based

temperature observations (see also Qin et al. 2009).

4. Summary and conclusions

Fully quantifying the temperature change over the TP

has profound implications for detecting early signals of

global warming change (X. Liu et al. 2009) and for better

understanding the influence of the TP on its surrounding

regions in terms of water cycle, atmospheric circulation,

and environment change (Yao et al. 2004). The aim of

this study is to provide a clearer picture of the magni-

tude, change, and spatiotemporal characteristics of

surface air temperature changes over the TP using both

station network and remote sensing observations. This

includes the elevation dependency of warming and the

recent globally observed slowdown and whether it oc-

curs over the TP.

Analyses applied to the geographically and climati-

cally complex TP shows the following results:

1) The entire TP indicates a warming trend from 1961 to

2014, and no cooling shift is found from the pre-

dominant warming from 1961–94 and 1971–2004 to

the most recent periods of 1981–2014 and 2001–14

using meteorological station data.

2) The MODIS daytime and nighttime LST trends

derived from station corresponding pixels show a

higher mean value in most of the elevations zones,

but a lower warming trend for the entire TP of

0.278 6 0.868Cdecade21 or 0.258 6 0.398Cdecade21,

FIG. 10. Comparison between warming trends derived from station observations (with a statistically significance

at the 95% level) and from station-related MODIS pixels: (a) daytime and (b) nighttime LST trends with an

elevation interval of 0.5 km. For station observations only the autumn trend shows sufficient significance in all

elevation zones.
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and even a cooling trend for the significant re-

gions of 20.488 6 0.578Cdecade21 or 20.188 6
0.258Cdecade21 in terms of daytime or nighttime

mean trend. That is, the warming rate derived from

limited CMA observations is not representative.

3) The analysis of the TP temperature trends shows

continuing warming for higher elevations and a

positive warming–elevation correlation from 1961

to 2014. However, the positive warming–elevation

correlation could not be confirmed for different pe-

riods and regional scales. That is, distinct differences

in terms of stagnant temperatures or even cooling

have been observed in different periods and regions.

4) Recent analyses suggest (Dai et al. 2015; Steinman

et al. 2015; Watanabe et al. 2014) that the global

warming hiatus is mainly induced by internal natural

decadal climate variations originating from the Pa-

cific and Atlantic that lead to regionally varying

responses on land temperature and precipitation

(Dai 2013; Dai et al. 2015). Thus the response of

the Tibetan Plateau (or any other regions) may be

affected by signals that are transported by the

dynamics of large-scale atmospheric circulation

(see Zhu et al. 2011). The statistics of this re-

sponse, however, is subject to further analyses, in

particular the relevance of the temperature

trends.

In general, although remote sensing data may partially

contradict the warming trends observed in the station

data, as it occurs mainly in regions of central TP that are

sparsely covered by ground-based measurements, this

study shows that the globally observed warming hiatus

between 2001 and 2014 has no counterparts in the high

mountainous TP. In particular, the station data suggest

that the warming is almost continuously ongoing in

the time interval 1961–2014. That is, the TP has

experienced a statistically significant warming during

the last 54 years and no distinct hiatus could be found in

the last 15 years. In addition, previous studies based on

station observations do not provide the complete picture

for the temperature change over the TP. Regional,

seasonal, and altitudinal differences make warming

trend analyses complex, so warming trends can easily be

underestimated or neglected. Here, remote sensing–

based LST datasets have the potential to identify early

signals of regional climate changes that can be used in

assessing the environmental impacts of global climate

changes in mountainous regions. Further research will

focus on the impacts of multispheric and multiscale in-

teractions on climate changes, in particular the in-

terrelationship between the cryosphere in terms of snow

cover (albedo), vegetation, and enlarged lake areas and

the seasonal, diurnal, and altitudinal discrepancies over

the TP.
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