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• We link the observed long-term changes in the 
variability of atmospheric CO2 growth rate (STDCGR) to 
tropic extreme droughts, highlighting the influence of 
tropical droughts on the modulating the climate 
sensitivities of the global carbon cycle.

• The historical changes in STDCGR  were dominated by 
extreme drought-affected areas in tropical Africa and 
Asia, and semi-arid ecosystems.

• We provide novel insight into the terrestrial carbon-
water relation over long-term timescales.

• Our results show that terrestrial biosphere models 
misrepresent the long-term impact of Amazonian 
droughts, calling into question their utility for 
diagnosing the climate sensitivities of the global 
carbon cycle.

This analysis combines atmospheric observations, 
multiple global vegetation models and machine learning 
products to analyze the cause of the sensitivity change. 
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Results: Temperature Sensitivity with Soil Depth  

•  Soil is a major reservoir of carbon, containing more than double the carbon 
currently in the atmosphere and triple that in vegetation. 
•  Soil organic matter (SOM) stabilization and decomposition is still poorly 
represented in Earth System Models (ESMs), despite the potential for large 
carbon-climate and carbon-concentration feedbacks. 

  

•  Increases in carbon inputs to soil in response to elevated CO2 can enhance 
microbial activity and temperature sensitivity, thereby accelerating the 
decomposition of native SOM and limiting soil carbon storage (1-3). 
 

•  Land-cover change has resulted in changes to the magnitude and 
seasonality of plant inputs to the soil. Land-use (e.g., intensive agriculture) 
has been shown to also affect regional temperature seasonality (4). 

> Figure 1: Global soil 
carbon stocks (kg/m2) from 
0-100cm soil depth (5). 
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> Figure 2: Schematic of the analyzed microbial 
model of SOM decomposition. Dynamic energy 
budget (DEB) model incorporating microbial 
physiology and a non-linear mineral isotherm, 
with five carbon pools (SOC, DOC, structural and 
reserve MBC, ENZ) and mineral surfaces (8). 

SOC = soil organic carbon 
DOC = dissolved organic carbon  
MBC = microbial biomass carbon  

ENZ = extracellular enzymes 

•  Most ecosystem- and global-scale models of SOM cycling simulate soil 
carbon decomposition using first-order kinetics, which ignore microbial 
activity and mineral stabilization of soil carbon. 

 

•  The conventional first-order representation does not capture important non-
linear feedbacks, such as priming (accelerated decomposition of native SOM) 
at elevated CO2 and emergent temperature responses. 
 

•  Microbe-explicit models seek to capture emergent non-linear feedbacks 
(6-8). We use a microbial-explicit model (Fig. 2) with five interacting carbon 
pools, microbial physiology and stabilization of SOM to mineral surfaces. 

•  Imposing seasonal and diurnal temperature variability significantly changes 
the non-linear model dynamics and the response of soil to perturbations in 
carbon inputs. 
 

•  SOM models should be parameterized and forced at a time resolution 
similar to that required by the output of the model. 
 

•  To better parameterize microbial-explicit models, we need observations that 
can separate the response of individual carbon pools to perturbations in carbon 
inputs and temperature.  
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> Figure 4: Relationship between soil 
respiration and temperature with 
seasonal and diurnal variability, with 
results partitioned by season. Imposed 
seasonal and diurnal temperature cycles 
h a d 1 0 ° C a n d 8 ° C a m p l i t u d e s , 
respectively. The black, green, blue, and 
red colors depict the seasons. The arrow 
for spring warming indicates the transition 
from winter through spring to summer, and 
that for fall cooling indicates the transition 
from summer through fall to winter. 

> Figure 5: Relationship between 
soil respiration and temperature 
w i t h s e a s o n a l a n d d i u r n a l 
variability for two input rates, with 
results partitioned by season. An 
input of 2X designates double the 
inputs of the 1X scenario. Imposed 
seasonal and diurnal temperature 
cycles had 10°C and 8°C amplitudes, 
respectively. The black, green, blue, 
and red colors depict the seasons.  

•  Increases in carbon inputs not only increase soil respiration, but may also 
affect the overall T sensitivity of the bulk soil.  
 

•  In Fig. 5, soil respiration is significantly steeper with increased inputs, 
implying a greater T sensitivity, especially at higher T.  
 

•  Increasing inputs causes soils with low mineral surface area to be the most 
sensitive to T, because the labile organic matter additions are not readily 
stabilized by minerals. 

•  The temperature (T) sensitivity of soil varies spatiotemporally and is 
strongly affected by the seasons (Fig. 4).  
 

•  An annual T function significantly over- and under-estimates (in summer 
and winter, respectively) fluxes and T sensitivities on shorter time scales. 
 

•  Simulated Q10 (factor of respiration increase for every 10°C) is highest in 
the winter and lowest in the summer, as expected from lab incubations. 
 

 
 
 

 
 
 

•  A dynamic Q10 can greatly affect the response to soil warming. 

Results: Temperature Sensitivity and Carbon Inputs 

> Figure 3: Soil respiration with 
imposed seasonal and diurnal 
variability at three depths. The 
imposed diurnal temperature cycles 
had 1°C, 2°C and 5°C amplitudes for 
surface, medium and deep soil, 
respectively, with corresponding low, 
medium and high mineral surface 
areas. The annual temperature cycle 
had a magnitude of 10°C. The 
forcings used were based on our 
experimental deep-soil warming site 
at Blodgett Forest, California. 

•  Consistent with experimental results from our deep-soil experiment, SOM 
has similar temperature sensitivity with depth. This is driven to a large extent 
by mineralogy, in addition to the diurnal temperature forcing. 
 

•  Carbon storage is greatly affected by the seasonal and diurnal forcing; 
replacing this information with a mean annual temperature may miss important 
climate feedbacks.  
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o  Q10 can range from up to >100 in winter to <1 in summer, where the 
absolute magnitude is greatly affected by temporal data averaging.  

o  On monthly time scales, Q10 varied from 20 in winter to 2 in summer 
with an average annual Q10 of ~3. 

Figure. Long-term change in the 
temperature sensitivity of atmospheric CO2
growth rate (𝛾!"#$ ) emerges from the long-
term change in variability of CGR (STDCGR), 
which is further explained by tropical 
extreme droughts, while terrestrial biosphere 
models fail to capture these long-term 
changes and the drought impact. 
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