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A B S T R A C T

Growth and senescence rates are critical ecological indicators of seasonality shifts of vegetation, 
with both sensitive to climate change. Here we investigated daily mean vegetation growth and 
senescence rates, and the major climate forcing across the Northern Hemisphere (>30◦N) using 
satellite-derived normalized difference vegetation index (NDVI) and flux-based gross primary 
productivity (GPP) from 1982 through 2015. Both growth and senescence rates are higher at high 
latitudes than those at low latitudes, with spatially-averaged values increased by 1.0 × 10− 4 and 
0.7 × 10− 4 NDVI-units⋅day− 1 per degree latitude. These increases were greater in Eurasia than in 
North America. A parallel acceleration of growth (0.8 ×10− 4 NDVI-units⋅day− 1⋅decade− 1) and 
senescence (0.6 ×10− 4 NDVI-units⋅day− 1⋅decade− 1) rates was found for the 34-year study period. 
The warming-induced increases in vegetation peak growth (peak NDVI) contributed strongly to 
this parallel acceleration, while unequal advances or delays of three key phenological indicators 
(the start (SOS), peak (POS), and end (EOS) of the growing season) exerted influential effects on 
the rates. However, no single climatic factor during any period appeared responsible for the 
variations in growth and senescence rates. In areas with growth and senescence rates that are 
determined by peak growth, temperature and precipitation during the growth period accelerated 
both rates through elevating peak growth. On the other hand, in areas with growth rate deter
mined by SOS, rising temperature before SOS decelerated the growth rate by advancing SOS. In 
areas with senescence rate determined by EOS, both temperature and radiation during the 
senescence period contributed to changes in senescence rate by influencing EOS. In sum, a central 
focus should be placed on the linkages among climate, phenology, and growth and senescence 
rates for quantifying vegetation seasonality and associated ecosystem function under the 
changing climate.   
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spatial fragments, with a tendency towards positive effects at high latitudes and negative effects in arid and semi-arid mid-latitude 
regions (Fig. 8c, d). The regions where senescence rate was determined by EOS were mainly distributed at high latitudes in Eurasia, 
with a complex spatial pattern in the impacts of climatic variables on EOS. Preseason temperature negatively regulated EOS variations 
over 45.7%, whereas radiation positively controlled EOS variations over 31.3% of their total pixels (Fig. 8e, f). Moreover, increasing 
precipitation accelerated senescence rate by advancing EOS in the remaining 23.0% of the area (Fig. 8e). 

At flux site scale, the GPPPOS, as the major driver on growth and senescence rates (Fig. 6b), was more from preseason temperature 
(Fig. 9a), whereas the impacts of precipitation and radiation were not significant (Fig. 9b, c). 

Fig. 7. Spatial changes in important climatic factor on growth rate: (a) SOS, (c) POS, and (e) NDVIPOS, and the correlation coefficient between the 
major determinant of growth rate and the dominant climatic factors: (b) SOS, (d) POS, and (f) NDVIPOS. The inserted bars shown in the lower left of 
(a, c, and d) indicate the corresponding data frequencies. 

Fig. 8. Spatial changes of important climatic factor on senescence rate: (a) POS, (c) NDVIPOS, and (e) EOS, and the correlation coefficient between 
the major determinant of senescence rate and the dominant climatic factors: (b) POS, (d) NDVIPOS, and (f) EOS. The inserted bars shown in the lower 
left of (a, c, and d) indicate the corresponding data frequencies. 

Fig. 9. Relationships of GPPPOS and preseason (a) temperature, (b) precipitation, and (c) radiation at the 45 flux sites.  
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