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Abstract

Understanding vegetation responses to climate change on the Tibetan Plateau (TP) helps in
elucidating the land-atmosphere energy exchange, which affects air mass movement over and
around the TP. Although the TP is one of the world’s most sensitive regions in terms of
climatic warming, little is known about how the vegetation responds. Here we focus on how
the spring phenology and summertime greenness respond to the asymmetric warming, i.e.,
stronger warming during nighttime than during daytime. Using both in sifu and satellite
observations, we found that vegetation green-up date showed a stronger negative partial
correlation with daily minimum temperature (Tpi,) than with maximum temperature (Tp,x)
before growing season (“preseason” henceforth). Summer vegetation greenness was strongly
positively correlated with summer T,;,, but negatively with Ty,.x. A 1-K increase in preseason
Thmin advanced green-up date by four days (P < 0.05), and in summer enhanced greenness by
3.6% of the mean greenness of 2000-2004 (P < 0.01). In contrast, increases in preseason T,
did not advance green-up date (P > 0.10) and higher summer Ty« even reduced greenness by
2.6% K' (P < 0.05). The stimulating effects of increasing Tmin were likely caused by
reduction in low temperature constraints, and the apparent negative effects of higher Ty,.x on
greenness were probably due to the accompanying decline in water availability. The dominant
enhancing effect of nighttime warming indicates that climatic warming will probably have
stronger impact on TP ecosystems, than on apparently similar Arctic ecosystems where
vegetation is controlled mainly by Tyax. Our results are crucial for future improvements of

dynamic vegetation models embedded in the Earth System Models which are used to describe
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the behavior of the Asian monsoon. The results are significant because the state of the

vegetation on the TP plays an important role in steering the monsoon.

Key words: Asymmetric warming, climate change, plant phenology, Tibetan Plateau,

vegetation growth
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Introduction

Changes in vegetation activity substantially modify the land surface energy balance of the
Tibetan Plateau (Gu et al., 2008, Ma et al., 2015, Shen et al., 2015¢c). These changes can
affect the atmospheric circulation over the Tibetan Plateau and, further, the strength of the
Asian monsoon as well as the climate of the wider Asian continent (Wu er al., 2015).
Knowledge of the climatic controls on Tibetan Plateau vegetation growth is thus needed for
improving our understanding of: the role of the Tibetan Plateau in the monsoon system;
ecosystem responses to climate change; and how to manage the Tibetan Plateau ecosystem
sustainably. Vegetation growth at high latitudes and in alpine regions is sensitive to climatic
warming (Lucht et al., 2002). Both in situ and satellite observations in these regions have
revealed substantial responses in vegetation growth over the past few decades, such as earlier
vegetation green-up date and greening trends (Bhatt et al., 2010, Hinzman et al., 2005, Kerby
& Post, 2013, Parmesan, 2007, Post et al., 2009, Wang et al., 2015b, Xu et al., 2013, Zeng

etal., 2011).

However, the underlying mechanisms of spring phenology and vegetation growth
responses to climatic warming are not yet well understood. Recent studies reported that spring
phenology and vegetation growth were more strongly and positively associated with daily
maximum, rather than daily minimum, temperature in the Northern Hemisphere (Peng et al.,
2013, Piao et al., 2015). This matters because the Earth’s temperature is increasing more
rapidly at night than during the daytime (IPCC, 2013). The greater dependency on daily

maximum versus daily minimum temperatures may, however, not hold true in cold and dry
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areas, where higher maximum temperatures could exacerbate drought effects, while higher
minimum temperatures could alleviate frost damage. It is thus crucial to investigate the
separate effects of daily increases in maximum and minimum temperature on the spring

phenology and vegetation growth on the cold and dry Tibetan Plateau.

The Tibetan Plateau, sometimes known as the “Earth’s third pole”, has a cold climate
with mean annual temperature ranging from —15 °C to 5 °C (You et al., 2013). Yet, because it
is at a relatively low latitude the Tibetan Plateau is very different from the poles in its annual
cycle of daylength and solar radiation. It has a dry climate, because in most areas annual
precipitation is less than 500 mm (Piao et al., 2006), whereas potential evapotranspiration is
higher than 600 mm (Chen et al., 2006). Growth of the alpine vegetation on the Tibetan
Plateau is considered highly sensitive to temperature, and the climatic warming during the
past few decades has resulted in a widespread enhancement of vegetation growth and
advancement of vegetation green-up date across the plateau (Chen et al., 2013, Kato et al.,
2006, Shen et al., 2015b, Wang et al., 2012, Zhang et al., 2013). Nevertheless, a debate is
ongoing about how the vegetation spring phenology is responding to climate warming (Yu et
al., 2010, Zhang et al., 2013) — mainly because of our poor understanding of the mechanisms

by which temperature controls vegetation green-up date.

Very few studies have been conducted into the effects of daytime and nighttime warming
on the Tibetan Plateau vegetation spring phenology and summer growth, although

observations showed that the daily minimum temperature on the Tibetan Plateau has increased
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significantly faster than the daily maximum temperature, during the past few decades (Liu et
al., 2006). The air temperature over the Tibetan Plateau has a wide diurnal range (‘four
seasons in one day’), with low temperatures close to freezing during the night even in the
growing season, and high temperatures during the daytime. This large diurnal temperature
range coupled with a dry climate could result in more complex impacts of daytime and
nighttime warming on Tibetan Plateau vegetation than vegetation in Arctic regions, especially

because growing season nights are much shorter on the Tibetan Plateau than in the Arctic.

In this study, we investigated the effects of daily maximum and minimum temperatures
(Tmax and  Tyin) on  in situ observed  species-level plant green-up date
(China-Meteorological-Administration, 1993) and on satellite-derived vegetation green-up
date and summer (June, July, and August) greenness on the Tibetan Plateau. Three
satellite-derived vegetation greenness datasets were used to determine vegetation green-up
date and to indicate summer greenness, namely Normalized Difference Vegetation Index
(NDVI) from MOQODerate resolution Imaging Spectroradiometer (MODIS; onboard the NASA
Earth Observing System's satellite Terra), and from VEGETATION (onboard the satellite
Systeme Pour I’Observation de la Terre; SPOT), and Enhanced Vegetation Index (EVI; from
MODIS). Vegetation green-up date was firstly determined from each of these three datasets
using four methods separately, and then averaged over the resulting 12 combinations of
datasets and methods (Methods). This average was used for all further analyses. The average
of the three greenness vegetation indices (GVI) including two NDVIs and the EVI was used

as a proxy for summer vegetation activity. A temporal partial correlation analysis was applied

6
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to determine the correlation between vegetation green-up date and greenness and climatic

variables.

Materials and methods

Datasets

In situ phenological observation data

We collected species-level green-up date data at eight phenology stations on the Tibetan
Plateau (Table S1). Phenological observations were made every two days for 10 individual
herbaceous plants per species at each station. The species-level green-up date was defined as
the date when 50% of the individuals display green leaves that have grown up to 10 mm in
spring (March, April, and May) or early summer (Chen et al, 2015,
China-Meteorological-Administration, 1993). Only green-up date data of the dominant
species at each station were selected, which means, one species per station according to the
vegetation map (Editorial-Board-of-Vegetation-Map-of-China, 2001). The stations included
were restricted to those with longer than 10 years observations during 1981 to 2011. For each
phenological station, Ty, and Tn.x and precipitation were recorded at nearby national

meteorological stations (Chen et al., 2015).

Greenness vegetation index data
The three satellite-derived vegetation greenness index datasets for the period 2000-2012
comprised MODIS and SPOT NDVIs (Huete et al., 2002, Maisongrande et al., 2004) and

MODIS EVI (Huete et al., 2002). NDVI and EVI are widely used to infer vegetation
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phenology and growth (Myneni et al., 1997, Tucker et al., 1986, Xu et al., 2013) because they
have been shown to be indicative of variations in canopy biophysical parameters such as leaf
area index and aboveground biomass (Di Bella et al., 2004, Shen et al., 2008, Wylie et al.,
2002). The MODIS NDVI and EVI data (MOD13A1, Collection 5) have a spatial resolution
of 500 m and temporal resolution of 16 days. The spatial and temporal resolutions of the
SPOT NDVI are 1 km and 10 days, respectively. All the NDVI and EVI data have been
calibrated for errors caused by adverse atmospheric, radiometric, and geometric conditions.
These vegetation index datasets have been reported to have higher data quality than the
GIMMS (Global Inventory Modeling and Mapping Studies) NDVI on the Tibetan Plateau

(Zhang et al., 2013).

Climate data

For analyzing the relationships between temperatures and vegetation green-up date, Tmaxs Tmins
and precipitation were provided by the Data Assimilation and Modeling Center for Tibetan
Multi-spheres, Institute of Tibetan Plateau Research, Chinese Academy of Sciences (Chen et
al., 2011). These data have a spatial resolution of 0.1° x 0.1°. Air temperature at 1.5 m was
produced by merging the observations from operational stations of the China Meteorological
Administration (CMA) with the corresponding Princeton meteorological forcing
data(Sheffield er al., 2006). Precipitation was produced by combining three datasets: the
precipitation products (code 3B42) derived from Tropical Rainfall Measuring Mission
(TRMM)(Huffman et al., 2007), precipitation observations from operational stations of CMA,

and the Asian Precipitation — Highly Resolution Observational Data Integration Toward

8
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Evaluation of the Water Resources (APHRODITE) precipitation data (Yatagai et al., 2009).

Analyses

Determination of vegetation green-up date

Before determining vegetation green-up date from NDVI or EVI, we first eliminated the
effects of snow cover on NDVI or EVI for each pixel using the median value of the
uncontaminated winter NDVI or EVI values (Modl3al-Quality, 2011, Vgt-Faq, 2012)
between November and the following March (Zhang et al., 2006, Zhang et al., 2007). After
that, because clouds and poor atmospheric conditions usually depress NDVI or EVI values,
when NDVI or EVI dropped abruptly during the NDVI or EVI ascending period from the
beginning of a year and the occurrence of the annual NDVI or EVI maximum in summer, the
measured values were replaced by the values reconstructed using the Savitzky—Golay filter
(Chen et al., 2004). We then determined vegetation green-up date on each of the three
vegetation indices using each of the four methods respectively, including two inflection
point-based methods (CCR .« and Pax) and two threshold-based methods (G and CR ). In
general, those methods determine the vegetation green-up date around the time when NDVI
or EVI begins to increase in spring or early summer. Details of those methods are given by
(Shen et al., 2015a). The vegetation green-up dates calculated from 12 combinations of

dataset and method were then averaged before being used for further analyses.

Relationships between temperature and green-up date

To assess the impact of Ty, on the interannual variations in green-up date, we calculated
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partial correlation coefficient between time series of green-up date (species-level green-up
date or vegetation green-up date) and preseason Ty, setting T, and precipitation as the
controlling variables. Here the preseason length was determined for Ty, as the period
preceding multiyear averaged green-up date in which mean T, has the largest partial
correlation coefficient (absolute value) with the green-up date, referred to as the preseason for
Tmin. While determining the length of the preseason period, we used a step of 10 days to
smooth potential extreme Ty, or Ty values. We did not constrain the preseason length for
precipitation to be identical to that for temperature. To assess the magnitude of the impact of
preseason Tpin on green-up date, we determined the apparent sensitivity of green-up date to
preseason Tp;, as the coefficient in the multiple linear regressions in which the green-up date
was regressed against Tpin, Tmax, and precipitation in the preseason for Tp,. The impact of
preseason T, on the green-up date was assessed in a similar way, and the preseason for Tax

was determined similarly.

Relationships between temperature and vegetation summer growth

We used the average of MODIS and SPOT NDVIs and MODIS EVI as the GVI as a surrogate
of vegetation summer growth. To reduce the noise in the NDVI and EVI data, maximum
values were used for each month. While assessing the impacts of summer Ty, on summer
GVI, partial correlation analysis was used to account for the impacts of summer Tyax and
precipitation. The impact of summer Ty,,x on GVI was assessed in a similar way. Sensitivity of
vegetation growth to temperature was defined as the coefficients in the multiple regression

between GVI and summer Tin, Timax, and precipitation.

10
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Results

Response of green-up date to temperature

We found that the species-level green-up date in seven out of the eight stations were
negatively correlated with preseason Tn, with an average correlation coefficient of
—0.424+0.19 (mean+SD), and four correlation coefficients were significantly negative (P <
0.05, Fig. 1). In contrast, a significant (P < 0.05) negative correlation between species-level
green-up date and preseason T.,x was observed at only one station. The sensitivity of
species-level green-up date to preseason Ty, ranged from —5 days K to —2.5 days K™ with
mean values of —4.0+1.1 days K™' at the four stations with significantly negative partial
correlations between species-level green-up date and Tin(P < 0.05, Fig. 1). That a majority of
stations have a negative relationship between Ty, and species-level green-up date suggests
that the increase in preseason Ty, could substantially advance species-level green-up timing,
much more than the increase in Tpn.x. Nevertheless, it should be noted that these in situ
species-level green-up date observations were conducted in a limited number of stations,
covering a small fraction of the climate gradients and geographic ranges of the Tibetan

Plateau (Table S1).

To assess whether the advancing effect of the increasing preseason Tpin on vegetation
green-up date is prevalent over the whole Tibetan Plateau, we investigated the impacts of
preseason T, and T on satellite-derived vegetation green-up date. Viewed at regional
level, vegetation green-up date was negatively correlated with preseason Ty, (P < 0.05, Table

1), whereas no significant correlation with preseason Ty, was found (P > 0.10). In addition,

11
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we performed partial correlation analyses between vegetation green-up date and preseason
Tmin and Tk respectively, adding winter temperature as an extra controlling variable to
exclude its impacts. We found similar results (Fig. S1a). We also studied the partial correlation
between vegetation green-up date, and Tp.x and Tp, using the preseasons for T, and Tiax,
respectively; we again produced similar results (Fig. S2a). The stronger negative correlation
between preseason Ty, and vegetation green-up date to that between preseason T, and
vegetation green-up date, indicates that the advancement of vegetation green-up date on the
Tibetan Plateau over the past few decades was more associated with nighttime, rather than

daytime warming.

We further examined the spatial pattern of partial correlation between vegetation
green-up date and preseason Tyin and Thax. For 78% of the pixels, vegetation green-up date
was negatively correlated with preseason Tpn, With 37% being significantly correlated at the
P < 0.05 level, mostly distributed in the eastern, northeastern, and central parts of the plateau
(Fig. 2). Significant (P < 0.05) positive correlations between vegetation green-up date and
preseason Ty, were observed in less than 5% of the pixels. In contrast, vegetation green-up
date showed a diverse range of responses to preseason Tmax. In 45% of the pixels, a positive
correlation was observed, mostly in the northeastern and southwestern parts of the plateau,
with 14% being significant (P < 0.05) (Fig. 2). Negative correlations between vegetation
green-up date and preseason Ty,.x were mostly found in the central and middle-western parts
and eastern edge of the plateau, and 22% of the total pixels exhibited a statistically significant

negative correlation (P < 0.05). More widespread and stronger negative partial correlations
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between T, and vegetation green-up date compared with correlations between T, and
vegetation green-up date, were also observed when we statistically excluded the effect of
winter temperature (Figs. S1b and S1lc) and when we used different definitions of preseason
(that is, using preseason for Tp,x for correlation between T, and vegetation green-up date
and preseason for Ty, for correlation between Ty and vegetation green-up date; Figs. S2b
and S2c). These results suggest that nighttime warming is likely to advance vegetation
green-up date in widespread areas of the Tibetan Plateau, while the advancing effect of

daytime warming is limited mainly to the central and middle-eastern plateau.

The sensitivity of vegetation green-up date to temperature increase further showed a
stronger impact of Tpin on vegetation green-up date than Ty.x. The regression between
vegetation green-up date and preseason Tpin, Tmax, and precipitation showed that a 1 K
increase in the regionally averaged preseason Ty, would advance average vegetation
green-up date by four days (P < 0.05), while the coefficient of Tp,.x was not significant (P >
0.10) (Table 1). The east and northeast of the plateau exhibited sensitivities to Ty, with a
negative sign (i.e., increasing preseason Ty, advances vegetation green-up date), mostly with
magnitude larger than 4 days K™ (Fig. 2). In the southwest and southeast of the plateau, the
temperature sensitivities varied widely from less than —10 days K™' to more than +10 days
K. vegetation green-up date sensitivity to preseason Tna.x showed greater negative values,
lower than —4 days K ', in the central plateau and highly variable values, on average greater
than 2 days K, in the southwest, northeast, and southeast (Fig. 2). In general, nighttime

warming is likely to have advanced vegetation green-up date in more areas of the Tibetan
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Plateau and with a greater magnitude than daytime warming.

Responses of vegetation greenness to temperature in summer

Summer GVI showed a strong positive partial correlation with summer Ty, (R = 0.87, P <
0.01, Table 1). The positive correlations were mainly observed in the northeast and central
parts of the plateau, and in 22% of the total pixels this positive correlation was marginally
significant at P < 0.10 level (Fig. 3). Only in about 3% of the pixels was there a statistically
significant negative correlation between GVI and summer Ty, (at P < 0.10). In contrast to
Thin, the regionally averaged GVI showed a significant negative correlation with summer Ty,ax
(P < 0.05, Table 1), indicating a negative impact of increasing summer Ty, on summer
greenness. The relationship between GVI and summer Ty.x showed substantial spatial
variation (Fig. 3). In the western half and the northeast of the plateau, correlations were
mostly negative, with 11% of the total pixels being significant at the P < 0.10 level, while in

the center and southeast the correlations were mostly insignificantly positive.

We further determined the sensitivity of summer GVI to summer Tpi, and Tpax by
regressing GVI against Tpin, Tmax, and precipitation. As expected, the GVI averaged for the
Tibetan Plateau was more sensitive to summer T, than to Ty« (Table 1). A 1-°C increase in
summer T, enhanced GVI by 3.6% of the mean GVI of 2000-2004 (P < 0.01). In contrast,
increases in higher summer Tyax reduced GVI by 2.6% K™' (P < 0.05). The spatial pattern of
the sensitivity was slightly different to that of correlation, but they shared the same sign. The

majority of pixels with a high sensitivity (> 0.03 GVI units per K) of GVI to summer Tyn
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were found in the plateau center, and the northeast part had slightly lower sensitivity (Fig. 3).
On the other hand, greater negative impacts of summer Tpax 0n GVI (< —0.03 GVI units per K)
were found in the south of the plateau. For the rest of the plateau, the sensitivity of GVI to

temperature change was much lower (Fig. 3).

Discussion

Asymmetric effects of Tya.x versus T, on vegetation green-up date and summer
greenness

In most middle and high latitude areas in the Northern Hemisphere, plant leaf onset is
determined mainly by preseason Ty« (Piao et al., 2015). In contrast to this general pattern,
our results for the Tibetan Plateau clearly show greater control by preseason Ty, over
vegetation green-up date than by preseason T, There are several reasons why vegetation in
the Tibetan Plateau could be more sensitive to Ty than to Tp,y. First is the very low Ty, and
the associated risk of frost damage. On the Tibetan Plateau, the preseason T, is commonly
below —5 °C (Figs. S3-S5), which may put a strong constraint on plant developmental
processes (such as break of ecodormancy,bud growth, and leaf unfolding) associated with
green-up onset (Horvath et al., 2003, Korner, 2015). Low temperatures may also directly
injure cell structures. To mitigate the high risk of freezing injury at low temperatures, plants
may slow or postpone developmental processes and thus retard spring leaf unfolding (Vitasse
et al., 2014). In addition, the frozen soil water under low temperature could also limit water
absorption by the roots of the alpine plants (Pangtey ef al., 1990). On the Tibetan Plateau

where winter and early spring is dry, soil water availability is largely dependent on the spring

15
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thaw. Whereas, the spring thaw on the plateau was constrained by the low soil temperature
(Wan et al., 2012, Yang et al., 2013, Yi et al., 2013, Zhang et al., 2005). Increasing nighttime
temperature may, therefore, help to remove such constraints and thus advance green-up onset.

Such a process would explain the observed correlations with Tpp.

In contrast to the clear relation with Ty, we did not find a statistically significant partial
correlation between regionally averaged preseason Tpax and vegetation green-up date. This
may be related to the confounding effects of water availability and Ty, on the green-up dates
on the Tibetan Plateau. Alpine steppe and alpine meadow comprise most of the vegetation on
the Tibetan Plateau, and spring growth of these vegetation types is suggested to be limited by
low water availability (Dorji ef al., 2013, Pangtey et al., 1990, Shen et al., 2015a, Shen et al.,
2011). In the areas with less preseason precipitation and high Ty, daytime warming may be
associated with higher evaporation and reduced soil water availability, and thus lead to a
positive or weak correlation between Ty,,x and vegetation green-up date (Figs. S6, S7a and
S7b). In contrast, in the wetter areas where there is less water stress, such as the central and
middle-eastern plateau, T, increase could effectively advance green-up date. For instance,
ground-based observations showed that moisture appeared to be growth limiting for of a
dwarf shrub species in a dry area Tibetan Plateau, particularly the moisture loss due to high
maximum temperature in May and June (Liang et al., 2012). Preseason Tp,x 1s higher than 5
°C in most areas of the Tibetan Plateau (Figs. S3-S5). The high Ty and dry climate in the
Tibetan Plateau may both, therefore, cause a weak correlation between the Ty,,x and green-up

dates. However, the mechanisms through which Ty, and precipitation co-determine
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vegetation green-up date still remain unclear. Further experimental studies are thus needed to
identify the physiological mechanisms underlying the asymmetric impacts of Ty, and Tax On

vegetation green-up date.

Besides temperatures and precipitation, photoperiod and snow melting date may
potentially be the drivers of the plant spring phenology in cold climates (Korner, 2007, Keller
& Korner, 2003, Sedlacek et al., 2015). For photoperiod-sensitive plants, photoperiod
should be above a threshold to permit temperature-driven development (Basler & Korner,
2012, Korner, 2007). However, a previous study showed that the internannual variations in
vegetation green-up date were not related to sunshine duration in most areas of the Tibetan
Plateau (Wang et al., 2015a). This suggests that the vegetation may be not sensitive to
photoperiod or photoperiod threshold is fulfilled during the study period. As to the effect of
snow cover changes, plants in concave terrain with secure snow cover may track temperature
whenever snow melts (Sedlacek er al., 2015). On the Tibetan Plateau, however, an earlier
study suggest that the interannual variations in green-up date averaged over the Plateau seems
unlikely to result from changes in snow melt dates (Yu et al., 2010). This could be a result of
the low fraction of snow cover during the period preceding green-up date (Fig. S8). Therefore,
the stronger effect of Ty, on the green-up date was not likely caused by the changes in

photoperiod and snow melting date.

In addition, we also observed spatially varying sensitivity of vegetation green-up date to

preseason Tyax (Fig. 2) and we have shown that such variability was associated to the
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preseason precipitation (Fig. S7b) (but note that the water availability is also dependent on
soil water holding capacity). In comparison, there was lower spatial variability in the
sensitivity of green-up date to Tmin and we are still unclear what environmental factor
dominates such variability or how interactions between multiple environmental factors
resulted in the variability. Moreover, the different phenological strategies and varying species
compositions across the communities in the Tibetan Plateau should also contribute to

variability in the observation relationships between green-up date and temperatures.

Unlike in boreal ecosystems where increases in summer Ty.x have been observed to
stimulate summer vegetation growth (Tan ef al., 2015), on the Tibetan Plateau the positive
correlation between summer GVI and summer Ty, suggests that vegetation growth was likely
still constrained by low Tuin. As given in Fig. S9a, in most areas of the plateau, the mean
summer Ty, is still below 5 °C, and such a low temperature allows little growth (Korner,
2003, Korner, 2015). This explanation is also consistent with the stronger positive correlation
between GVI and Ty, in areas with lower summer T, (Fig. S9b). Previous ground-based
observations have also found positive effects of higher summer Ty, on plant growth on the
Tibetan Plateau (Liang et al., 2009, Zhu et al., 2011). Higher summer Ty, may thus promote
vegetation growth by reducing the constraints of low temperature and such benefit would be
greater in the areas with lower summer Ty, (Fig. S9b). On the other hand, under high summer
Thax (Fig. S10), further temperature increases may not enhance vegetation growth, but instead
depress it by reducing root zone water content on the Tibetan Plateau (Peng et al., 2013). This

also helps to explain the stronger negative impact of higher summer Ty« on the vegetation
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growth in more arid areas (Fig. S11).

Implications

Vegetation green-up date on the Tibetan Plateau advanced by 15-18 days during the 1980s and
1990s (Piao et al., 2011, Yu et al., 2010, Zhang et al., 2013). This is about 2-3 times the
average for the latitude band 40 °N-70 °N (6.4 days for Eurasia and 7.7 days for North
America) (Zhou et al., 2001), despite the smaller climatic warming on the Tibetan Plateau on
the basis of mean daily temperature (Hansen et al., 2010). The stronger response of phenology
is probably due to the dependence of Tibetan Plateau vegetation green-up date on preseason
Tmin (while in the Arctic and in other northern middle and high latitude regions, vegetation
green-up date is mainly cued by preseason T (Piao et al., 2015)), but also because
preseason Tp, has increased more rapidly than preseason T,y during this period. During the
past decade, the decrease in preseason precipitation and daytime warming-induced soil water
loss may have counteracted the advancing effect of warming on the green-up date on the
Tibetan Plateau. In general, the controls of Ty, on both the vegetation green-up date and
summer growth indicate that the ongoing climate change, in which nighttime warming is
more intensive than daytime, could impose stronger impacts on the Tibetan Plateau

ecosystems than on Arctic ecosystems.

Same to the most of the other regions on the Earth (Easterling er al., 1997), the Tibetan
Plateau 1s warming faster during night than during day, resulting in a decreasing diurnal

temperature range. Such decrease in diurnal temperature range has been attributed to changes



374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

in cloud cover, soil moisture, precipitation, solar radiation, and vegetation activity (e.g. leaf
area index), but it remains unknown whether nighttime warming and daytime warming will
interact with each other. The stronger positive effects of nighttime warming on vegetation
growth in the summer and the net cooling effect of enhanced vegetation growth during
daytime because of stronger effect of evaporative cooling over warming effect of albedo
decrease (Shen ef al., 2015¢) suggest that nighttime warming may dampen daytime warming
on the Tibetan Plateau, thus contributing to the decreases in diurnal temperature range.
Moreover, the advance in vegetation green-up caused by the increase in preseason Tp, could
also result in higher greenness in late spring or early summer, suggesting that preseason

nighttime warming may have a cooling effect on growing season Tpax.

Based on the projected higher precipitation and temperature (Diffenbaugh & Field,
2013, Su et al., 2013), we may expect that climate change will impact the alpine vegetation
growth in a positive way. Yet, the dominant role of T, warming suggests that the future
impacts could continue to be greater on the Tibetan Plateau than on other regions which are
more responsive to Tp.. The enhancement of vegetation activity could strengthen the
influence of vegetation on ecosystem structure and processes, and on surface energy
partitioning; these influences could further strengthen the regional atmospheric circumfluence
that affects Asian climate. The evidence provided in this study improves our understanding of
how the Tibetan Plateau vegetation responds to climate change and creates the opportunity for
a more realistic representation of vegetation phenology and growth in land surface models —

an improvement which is urgently needed for reducing uncertainty in Earth-atmosphere
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interaction modeling (Shen et al., 2015¢).

Such modeling efforts will include interpreting the satellite retrievals of vegetation
phenology and growth from ecophysiological findings at species level. In this study, green-up
dates at both species and community levels were used to assess the phenological response to
Tmin and Tpax. The two datasets are in accordance with each other regarding the stronger effect
of preseason T, on green-up date than Tp.x. To know how well they correlated with each
other, we calculated the Pearson’s correlation coefficient between the time series of the
satellite-derived vegetation green-up date and in situ species-level green-up date of the
dominant species at each of the 8 phenological stations for the overlapped years (10-12 years).
We found that vegetation green-up date was positively correlated with species-level green-up
date at 7 out of the 8 stations, and that 42.9% of the positive correlations were significant at P
< 0.05 level. No significant correlation (P = 0.19) between vegetation green-up date and
species-level green-up date was found (Table S2). Vegetation green-up date is determined on
the greenness vegetation indices NDVI and EVI which are well related to leaf area index or
aboveground green biomass over pixel-sized area where there could be dozens of species
exhibiting different leafing stages, while species-level green-up date is based on leaf length
for a limited number of individuals for one species. Therefore, vegetation green-up date
should differ from species-level green-up date unless the species-level green-up date of a
limited number of individuals for one species could indicate the seasonal change of greenness
for the pixel-sized area where the station locates. We call for higher representativeness of

ground phenological observations regarding large number plant species and a variety of
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climate regimes on the plateau and further study to bridge the two kinds of phenological

observations.

Acknowledgments

This work is funded by a ‘Strategic Priority Research Program (B)’ of the Chinese Academy
of Sciences (Grant No. XDB03030404), a National Basic Research Program of China (Grant
No. 2013CB956303), grants from the National Natural Science Foundation of China (No.
41571103, 41201459, and 41471033) and from Youth Innovation Promotion Association of
the Chinese Academy of Sciences (No. 2015055). I.A.J. acknowledges support from the

European Research Council Synergy Grant 610028.

References

Basler D, Korner C (2012) Photoperiod sensitivity of bud burst in 14 temperate forest tree
species. Agricultural and Forest Meteorology, 165, 73-81.

Bhatt US, Walker DA, Raynolds MK et al. (2010) Circumpolar Arctic Tundra Vegetation
Change Is Linked to Sea Ice Decline. Earth Interactions, 14.

Chen H, Zhu QA, Peng CH et al. (2013) The impacts of climate change and human activities
on biogeochemical cycles on the Qinghai-Tibetan Plateau. Glob Chang Biol, 19,
2940-2955.

Chen J, Jonsson P, Tamura M, Gu Z, Matsushita B, Eklundh L (2004) A simple method for
reconstructing a high-quality NDVI time-series data set based on the Savitzky—Golay
filter. Remote Sensing of Environment, 91, 332-344.

Chen SB, Liu YF, Thomas A (2006) Climatic change on the Tibetan Plateau: Potential
evapotranspiration trends from 1961-2000. Clim Change, 76, 291-319.

Chen X, An S, Inouye DW, Schwartz MD (2015) Temperature and snowfall trigger alpine
vegetation green-up on the world's roof. Glob Chang Biol, 21, 3635-3646.

Chen Y, Yang K, He J, Qin J, Shi J, Du J, He Q (2011) Improving land surface temperature
modeling for dry land of China. Journal of Geophysical Research, 116.

China-Meteorological-Administration (1993)  Observation Criterion of Agricultural
Meteorology, Beijing, China (in Chinese), China Meteorological Press.

Di Bella C, Faivre R, Ruget F et al. (2004) Remote sensing capabilities to estimate pasture
production in France. International Journal of Remote Sensing, 25, 5359-5372.
Diffenbaugh NS, Field CB (2013) Changes in Ecologically Critical Terrestrial Climate
22



447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489

Conditions. Science, 341, 486-492.

Dorji T, Totland O, Moe SR, Hopping KA, Pan J, Klein JA (2013) Plant functional traits
mediate reproductive phenology and success in response to experimental warming and
snow addition in Tibet. Glob Chang Biol, 19, 459-472.

Easterling DR, Horton B, Jones PD et al. (1997) Maximum and minimum temperature trends
for the globe. Science, 277, 364-367.

Editorial-Board-of-Vegetation-Map-of-China (2001) 7:1000,000 Vegetation Atlas of China,
Beijing, China, Science Press.

Gu S, Tang Y, Cui X et al. (2008) Characterizing evapotranspiration over a meadow
ecosystem on the Qinghai-Tibetan Plateau. Journal of Geophysical Research, 113.

Hansen J, Ruedy R, Sato M, Lo K (2010) Global Surface Temperature Change. Review of
Geophysics, 48.

Hinzman L, Bettez N, Bolton WR et al. (2005) Evidence and Implications of Recent Climate
Change in Northern Alaska and Other Arctic Regions. Clim Change, 72, 251-298.

Horvath DP, Anderson JV, Chao WS, Foley ME (2003) Knowing when to grow: signals
regulating bud dormancy. Trends in Plant Science, 8, 534-540.

Huete A, Didan K, Miura T, Rodriguez EP, Gao X, Ferreira LG (2002) Overview of the
radiometric and biophysical performance of the MODIS vegetation indices. Remote
Sensing of Environment, 83, 195-213.

Huffman GJ, Adler RF, Bolvin DT et al. (2007) The TRMM multisatellite precipitation
analysis (TMPA): Quasi-global, multiyear, combined-sensor precipitation estimates at
fine scales. Journal of Hydrometeorology, 8, 38-55.

Ipcc (2013) Climate Change 2013: The Physical Science Basis. Contribution of Working
Group 1 to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change. (ed Stocker TF, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung,
A. Nauels, Y. Xia, V. Bex and P.M. Midgley) pp Page, Cambridge, United Kingdom
and New York, NY, USA.

Korner C (2003) Carbon limitation in trees. Journal of Ecology, 91, 4-17.

Korer C (2007) Significance of Temperature in Plant Life. In: Plant Growth and Climate
Change. pp Page., Blackwell Publishing Ltd.

Korner C (2015) Paradigm shift in plant growth control. Current Opinion in Plant Biology, 25,
107-114.

Kato T, Tang YH, Gu S, Hirota M, Du MY, Li YN, Zhao XQ (2006) Temperature and biomass
influences on interannual changes in CO2 exchange in an alpine meadow on the
Qinghai-Tibetan Plateau. Glob Chang Biol, 12, 1285-1298.

Keller F, Korner C (2003) The role of photoperiodism in alpine plant development. Arctic
Antarctic and Alpine Research, 35, 361-368.

Kerby JT, Post E (2013) Advancing plant phenology and reduced herbivore production in a
terrestrial system associated with sea ice decline. Nature Communications, 4.

Liang E, Lu X, Ren P, Li X, Zhu L, Eckstein D (2012) Annual increments of juniper dwarf
shrubs above the tree line on the central Tibetan Plateau: a useful climatic proxy. Ann
Bot, 109, 721-728.

Liang EY, Shao XM, Xu Y (2009) Tree-ring evidence of recent abnormal warming on the
23



490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532

southeast Tibetan Plateau. Theoretical and Applied Climatology, 98, 9-18.

Liu X, Yin Z-Y, Shao X, Qin N (2006) Temporal trends and variability of daily maximum and
minimum, extreme temperature events, and growing season length over the eastern
and central Tibetan Plateau during 1961-2003. Journal of Geophysical Research, 111.

Lucht W, Prentice IC, Myneni RB er al. (2002) Climatic control of the high-latitude
vegetation greening trend and Pinatubo effect. Science, 296, 1687-1689.

Ma N, Zhang Y, Guo Y, Gao H, Zhang H, Wang Y (2015) Environmental and biophysical
controls on the evapotranspiration over the highest alpine steppe. Journal of
Hydrology, 529, 980-992.

Maisongrande P, Duchemin B, Dedieu G (2004) VEGETATION/SPOT: an operational
mission for the Earth monitoring; presentation of new standard products. International
Journal of Remote Sensing, 25, 9-14.

Mod13al-Quality (2011) MODI13A1 VI Quality. Available at:
https://Ipdaac.usgs.-gov/products/modis_products _table/mod13al (accessed 20

December 2013). pp Page.

Myneni RB, Keeling CD, Tucker CJ, Asrar G, Nemani RR (1997) Increased plant growth in
the northern high latitudes from 1981 to 1991. Nature, 386, 698-702.

Pangtey YPS, Rawal RS, Bankoti NS, Samant SS (1990) Phenology of high-altitude plants of
Kumaun in central Himalaya, India. International Journal of Biometeorology, 34,
122-127.

Parmesan C (2007) Influences of species, latitudes and methodologies on estimates of
phenological response to global warming. Glob Chang Biol, 13, 1860-1872.

Peng S, Piao S, Ciais P et al. (2013) Asymmetric effects of daytime and night-time warming
on Northern Hemisphere vegetation. Nature, 501, 88-92.

Piao S, Cui M, Chen A, Wang X, Ciais P, Liu J, Tang Y (2011) Altitude and temperature
dependence of change in the spring vegetation green-up date from 1982 to 2006 in the
Qinghai-Xizang Plateau. Agricultural and Forest Meteorology, 151, 1599-1608.

Piao S, Fang J, He J (2006) Variations in Vegetation Net Primary Production in the
Qinghai-Xizang Plateau, China, from 1982 to 1999. Clim Change, 74, 253-267.

Piao S, Tan J, Chen A et al. (2015) Leaf onset in the northern hemisphere triggered by
daytime temperature. Nature Communications, 6, 6911.

Post E, Forchhammer MC, Bret-Harte MS et al. (2009) Ecological Dynamics Across the
Arctic Associated with Recent Climate Change. Science, 325, 1355-1358.

Sedlacek J, Wheeler JA, Cortes AJ et al. (2015) The Response of the Alpine Dwarf Shrub
Salix herbacea to Altered Snowmelt Timing: Lessons from a Multi-Site Transplant
Experiment. PLoS One, 10.

Sheffield J, Goteti G, Wood EF (2006) Development of a 50-year high-resolution global
dataset of meteorological forcings for land surface modeling. Journal of Climate, 19,
3088-3111.

Shen M, Piao S, Cong N, Zhang G, Jassens IA (2015a) Precipitation impacts on vegetation
spring phenology on the Tibetan Plateau. Glob Chang Biol, 21, 3647-3656.

Shen M, Piao S, Dorji T et al. (2015b) Plant phenological responses to climate change on the

Tibetan Plateau: research status and challenges. National Science Review, In Press,
24


https://lpdaac.usgs.-gov/products/modis_products_table/mod13a1

533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575

doi: 10.1093/nsr/nwv1058.

Shen M, Piao S, Jeong SJ et al. (2015c) Evaporative cooling over the Tibetan Plateau induced
by vegetation growth. Proc Natl Acad Sci U S A, 112, 9299-9304.

Shen M, Tang Y, Chen J, Zhu X, Zheng Y (2011) Influences of temperature and precipitation
before the growing season on spring phenology in grasslands of the central and eastern
Qinghai-Tibetan Plateau. Agricultural and Forest Meteorology, 151, 1711-1722.

Shen M, Tang Y, Klein J, Zhang P, Gu S, Shimono A, Chen J (2008) Estimation of
aboveground biomass using in situ hyperspectral measurements in five major
grassland ecosystems on the Tibetan Plateau. Journal of Plant Ecology, 1, 247-257.

Su F, Duan X, Chen D, Hao Z, Cuo L (2013) Evaluation of the Global Climate Models in the
CMIPS5 over the Tibetan Plateau. Journal of Climate, 26, 3187-3208.

Tan J, Piao S, Chen A et al. (2015) Seasonally different response of photosynthetic activity to
daytime and night-time warming in the Northern Hemisphere. Glob Chang Biol, 21,
377-387.

Tucker CJ, Fung 1Y, Keeling CD, Gammon RH (1986) Relationship between atmospheric co2
variations and a satellite-derived vegetation index. Nature, 319, 195-199.

Vgt-Faq (2012) FAQ About the VGT products. Available at: http://www.vgt.vito.be/fagnew/
(accessed on 20 December 2013). pp Page.

Vitasse Y, Lenz A, Korner C (2014) The interaction between freezing tolerance and phenology
in temperate deciduous trees. Front Plant Sci, 5, 541.

Wan G, Yang M, Wang X (2012) Variations in soil temperature at BJ site on the central
Tibetan Plateau. Journal of Mountain Science, 9, 274-285.

Wang H, Liu D, Lin H, Montenegro A, Zhu X (2015a) NDVI and vegetation phenology
dynamics under the influence of sunshine duration on the Tibetan plateau.
International Journal of Climatology, 35, 687-698.

Wang S, Duan J, Xu G et al. (2012) Effects of warming and grazing on soil N availability,
species composition, and ANPP in an alpine meadow. Ecology, 93, 2365-2376.

Wang XH, Piao SL, Xu XT, Ciais P, Macbean N, Myneni RB, Li L (2015b) Has the advancing
onset of spring vegetation green-up slowed down or changed abruptly over the last
three decades? Global Ecology and Biogeography, 24, 621-631.

Wu G, Duan A, Liu Y et al. (2015) Tibetan Plateau climate dynamics: recent research
progress and outlook. National Science Review, 2, 100-116.

Wylie BK, Meyer DJ, Tieszen LL, Mannel S (2002) Satellite mapping of surface biophysical
parameters at the biome scale over the North American grasslands - A case study.
Remote Sensing of Environment, 79, 266-278.

Xu L, Myneni RB, Chapin lii FS ef al. (2013) Temperature and vegetation seasonality
diminishment over northern lands. Nature Climate Change, 3, 581-586.

Yang K, Qin J, Zhao L et al. (2013) A Multiscale Soil Moisture and Freeze—Thaw Monitoring
Network on the Third Pole. Bulletin of the American Meteorological Society, 94,
1907-1916.

Yatagai A, Arakawa O, Kamiguchi K, Kawamoto H, Nodzu MI, Hamada A (2009) A 44-Year
Daily Gridded Precipitation Dataset for Asia Based on a Dense Network of Rain

Gauges. Sola, 5, 137-140.
25


http://www.vgt.vito.be/faqnew/

576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603

604

605

Yi S, Li N, Xiang B, Wang X, Ye B, Mcguire AD (2013) Representing the effects of alpine
grassland vegetation cover on the simulation of soil thermal dynamics by ecosystem
models applied to the Qinghai-Tibetan Plateau. Journal of Geophysical Research:
Biogeosciences, n/a-n/a.

You Q, Fraedrich K, Ren G, Pepin N, Kang S (2013) Variability of temperature in the Tibetan
Plateau based on homogenized surface stations and reanalysis data. International
Journal of Climatology, 33, 1337-1347.

Yu H, Luedeling E, Xu J (2010) Winter and spring warming result in delayed spring
phenology on the Tibetan Plateau. Proc Natl Acad Sci U S A, 107, 22151-22156.

Zeng H, Jia G, Epstein H (2011) Recent changes in phenology over the northern high latitudes
detected from multi-satellite data. Environmental Research Letters, 6, 045508.

Zhang G, Zhang Y, Dong J, Xiao X (2013) Green-up dates in the Tibetan Plateau have
continuously advanced from 1982 to 2011. Proc Natl Acad Sci U S A, 110, 4309-4314.

Zhang X, Friedl MA, Schaaf CB (2006) Global vegetation phenology from Moderate
Resolution Imaging Spectroradiometer (MODIS): Evaluation of global patterns and
comparison with in situ measurements. Journal of Geophysical Research, 111,
10.1029/2006j2000217.

Zhang X, Tarpley D, Sullivan JT (2007) Diverse responses of vegetation phenology to a
warming climate. Geophysical Research Letters, 34.

Zhang X7, Shi PL, Liu YF, Ouyang H (2005) Experimental study on soil CO2 emission in the
alpine grassland ecosystem on Tibetan Plateau. Science in China Series D-Earth
Sciences, 48, 218-224.

Zhou LM, Tucker CJ, Kaufmann RK, Slayback D, Shabanov NV, Myneni RB (2001)
Variations in northern vegetation activity inferred from satellite data of vegetation
index during 1981 to 1999. Journal of Geophysical Research, 106, 20069-20083.

Zhu H-F, Shao X-M, Yin Z-Y, Xu P, Xu Y, Tian H (2011) August temperature variability in
the southeastern Tibetan Plateau since AD 1385 inferred from tree rings.
Palaeogeography, Palaeoclimatology, Palaeoecology, 305, 84-92.

26



606

607

608

609

610

611

612

613

614

615

616

617

618

Table 1

Impacts of T, and Trax On vegetation green-up date and summer greenness (GVI). For
partial correlation between green-up date and T, preseason for Tpi, was used, and for
correlation between green-up date and T, preseason for correlation was used. For
sensitivity of green-up date to Tp,, preseason for Ty, was used, and for sensitivity to Tpax,
preseason for Tp,x was used. Here 0.015 GVI unit and 0.10 GVI units (the magnitude of the
two sensitivities) are equivalent to about 3.6% and 2.6% of the mean GVI of 2000-2004,
respectively. Significance: *** and ** indicate significance levels at P < 0.05 and at P < 0.01,

respectively. Correlation and sensitivity with no asterisk are not significant (P > 0.10).

Tmin Tmax

Partial coefficient between vegetation green-up

—0.64** —0.48
date and temperature
Sensitivity of vegetation green-up date to

y OF vegeHdtion greehip —4.17%% 256

temperature (day/K)
Partial coefficient between GVI and

0.87#%* —0.65%*
temperature
Sensitivity of GVI to temperature (1/K) 0.015%** —0.011**

27



619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

Figure captions

Fig. 1. Top, Partial correlation coefficient between species-level green-up date of dominant
species and preseason T, and Tpa, setting respectively preseason T and T, and
precipitation as controlling variables at each of eight phenological stations (Table S1) on the
Tibetan Plateau. For correlation between green-up date and Ty, preseason for Tp,i, was used,
and for correlation between green-up date and Ty, preseason for Ty.x was used. Bottom,
Sensitivities of species-level green-up date to preseason Tpi, and T, Significance: *** P <

0.01; ** P <0.05; * P <0.10. Correlations with no asterisk are not significant (P > 0.10).

Fig. 2. Top, spatial pattern of partial correlation coefficient (Rp) between vegetation green-up
date and T, or Thax. For correlation between green-up date and Ty, preseason for Ty, was
used, and for correlation between green-up date and Ty, preseason for Tp.x was used.
R=+0.60, R=%0.52, R=+0.42, R=+0.34 correspond to the 5%, 10%, 20%, 30% significance
levels, respectively. Bottom, spatial patterns of sensitivities of vegetation green-up date to
preseason Trin and Thay, respectively. Inset in each panel shows the percentage of the pixels in
each interval of correlation coefficient or sensitivity with the interval value indicated by the

color in the legend in the right.

Fig. 3. Top, spatial patterns of partial correlation coefficient between summer GVI and
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summer Tpn, and Tp,y, respectively. R=+0.60, R=+0.52, R=+0.42, R=+0.34 correspond to the
5%, 10%, 20%, 30% significance levels, respectively. Bottom, spatial patterns of sensitivities
of summer GVI to summer Ty, and Tpax, respectively. Inset in each panel shows the
percentage of the pixels in each interval of correlation coefficient or sensitivity with the

interval value indicated by the color in the legend in the right.
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Figure 1
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651  Figure 2
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654  Figure 3
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