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Carbon uptake by the oceans and terrestrial biosphere regulates atmospheric carbon dioxide 

concentration and affects Earth’s climate.  Simulations with Earth System Models can be used to 

project the future evolution of ocean and land carbon uptake in the coming decades and beyond, 

but there is substantial uncertainty in these model projections.  Such uncertainty challenges 

decision makers faced with protecting the future health of our planet.  Here, we quantify and 

isolate the sources of projection uncertainty in ocean and terrestrial carbon uptake over 2006-

2100 by performing an analysis of variance on output from 12 Earth System Models.  We find 

that projection uncertainty is not constant, but instead varies with prediction lead time and the 

scale of spatial averaging.  We discuss strategies for realizing reductions in uncertainty and 

providing valuable projections of ocean and land carbon uptake.     
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“Double impacts of future warming: increased probability of food production shocks and crop 

losses to insect pests” 

 

Meeting the global food demand of roughly 10 billion people by the middle of the 21st century 

will become increasingly challenging as the Earth’s climate continues to warm. Here we have 

investigated two mechanisms through which warming affects crop yields: firstly, high 

temperatures negatively impact plan development through reduced spikelet fertility, reduced 

grain filling, and increased respiration. Secondly, as temperatures rise, insect pests will increase 

in number and metabolic rate. In direct response to warming, we find that – absent changes in 

temperature variability or breeding gains in heat tolerance – the coefficient of variation (CV) of 

maize yields increases almost everywhere to values much larger than present-day values. This is 

due both to an increase in the standard deviation of yields and a decrease in mean yields. For the 

top four maize-exporting countries, which account for 87% of global maize exports, the 

probability that they have simultaneous production losses greater than 10% in any given year is 

presently virtually zero, but it increases to 7% under 2 °C warming and 86% under 4 °C 

warming. Further, in response to warming, global yield losses due to pests are projected to 

increase by 10 to 25% per degree of global mean surface warming, especially in the mid- to high 

latitudes. Our results portend rising instability in global grain trade and international grain prices, 

affecting especially the ∼800 million people living in extreme poverty who are most vulnerable 

to food price spikes. They also underscore the urgency of investments in breeding for heat 

tolerance.  
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In response to greenhouse-gas forcing, general circulation models (GCMs) predict a range of 

surface warming patterns. To understand the sources of uncertainty in these patterns, we use a 

zonal-mean moist energy balance model (MEBM) that represents atmospheric energy transport 

as a linear down-gradient diffusion of near-surface moist-static energy. Given the GCM-

diagnosed zonal-mean patterns of radiative forcing, ocean heat uptake, and radiative feedbacks, 

the MEBM successfully reproduces the zonal-mean patterns of surface warming of GCMs forced 

by an abrupt quadrupling of CO2. We find that uncertainty in the meridional pattern of warming 

primarily arises from uncertainty in radiative feedbacks, with uncertainty in radiative forcing and 

ocean heat uptake playing smaller roles. Cloud feedbacks, in particular, are the greatest source of 

warming uncertainty across latitudes. By considering the spread of radiative feedbacks within 

distinct geographic regions, we show that feedback uncertainty in the tropics leads to warming 

uncertainty at all latitudes. However, feedback uncertainty in polar regions leads to warming 

uncertainty that is confined near the poles. These results suggest that polar warming is 

particularly difficult to predict because it is influenced by uncertainty in both local and nonlocal 

feedback processes. On the other hand, improved understanding of tropical cloud feedbacks has 

the potential to improve warming projections at all latitudes.  
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Future climate simulations predict amplified near surface warming in the Arctic relative to 

lower-latitudes with large inter-model uncertainty. Previous work suggests that increased 

atmospheric latent heat transport, realized via an increased frequency of intraseasonal events, 

contributes towards Arctic amplification. However, the mechanisms underlying the events are 

unclear with studies supporting the role stationary waves driven by zonally asymmetric surface 

forcing while others support transient waves. Here, we investigate the role of stationary versus 

transient waves in driving Arctic latent heat transport by comparing wintertime reanalysis data 

with a zonally-symmetric aquaplanet model simulation. Latitude-zonal wavenumber spectra 



show that variability in Arctic latent heat transport is dominated by planetary-scale waves 1-3 in 

both reanalysis and the model. Latitude-zonal phase-speed spectra of latent heat transport show 

that transient planetary wave variability peaks in the Arctic in reanalysis and the model. Model 

near surface temperature regressed on latent heat transport at 70N show that transient planetary 

waves can drive a net time-integrated warming of the Arctic. The results show that stationary 

waves are not necessary to drive Arctic latent heat transport and near surface warming and 

suggest transient planetary waves could play an important role. The results have implications for 

understanding Arctic amplification. 
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Open and closed mesoscale cellular convection (MCC) are an important morphological 

group of low clouds that occur globally and are seasonally variable. These clouds potentially 

have a large climatic impact as they are found to have significantly different cloud optical 

depths and thus radiative impacts. Their dominance in regions of large uncertainty in models 

(i.e. the Southern Ocean and cold sectors of cyclones) makes them especially important to 

understand for improving low cloud parameterizations and reducing cloud bias in models. A 

multi-year MCC neural network classification dataset is used in combination with NASA A-

Train satellite retrievals and ECMWF ERA-Interim reanalysis to investigate characteristics 

and controls on open and closed MCC. Thermodynamic forcing associated with temperature 

gradients from marine cold air outbreaks are found to be important for open and closed MCC 

development, particularly in the mid-latitudes and sub-tropics. These clouds are well-

predicted using metrics that combine the influence of atmospheric static stability and surface 

forcing. The modulating influence of aerosols on the development and persistence of MCC is 

also examined in this work. Results from our study can be used to improve the 

parameterization of cloudiness and reduce shortwave bias in cyclonic cold fronts (i.e. cold air 

outbreaks) as well as advance the simulation of marine low clouds. 
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Marine-terminating outlet glaciers of the Greenland Ice Sheet have been retreating and 

accelerating for at least the past two decades. These changes have conventionally been associated 

with climate forcing. Some co-located glaciers that experience the same climate forcing, 

however, have retreated by different magnitudes and rates, indicating that individual glacier 



characteristics (e.g. geometry) have a role in modulating retreat. The relative importance of 

climate forcing and local factors to glacier change has not previously been systematically 

evaluated for a large spatial or temporal dataset. In order to assess the influence of climate 

forcing and other factors on a longer-term and regional scale, we are creating a record of annual 

terminus positions for 92 glaciers in northwestern and west central Greenland from 1972 to the 

present. A subset of five neighboring glaciers (Upernavik Isstrøm and others) for which annual 

terminus positions have been completed is provided as an example. Several of these glaciers 

have experienced periods of advance, especially in the 1990s, but the overall trend is retreat. The 

timing and magnitude of retreat vary among the five glaciers; these variations will be further 

explored upon completion of the larger regional dataset. 
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When an equatorial Kelvin wave propagating eastward along the equator hits an eastern 

boundary which is not oriented at right angles to the equator, the incoming energy spreads north 

and south as coastal disturbances along the eastern boundary. If the non-dimensional frequency 

of the incident wave is in the range below gravity waves, less than 1 + 1/sqrt(2), but greater than 

1 - 1/sqrt(2), the highest planetary wave frequency, no equatorial waves are reflected back to the 

west along the equator. All the incident energy propagates poleward to the north and south along 

the eastern boundary.  

If the eastern boundary has a NE/SW orientation at the equator, a greater portion of the incident 

Kelvin wave energy travels northward along the eastern boundary and a lesser portion goes 

southward. For an incident Yanai wave at the same frequency hitting the same eastern boundary, 

the partition of the energy away from the equator is the opposite to the Kelvin wave case. A 

larger portion of the energy goes southwest and a smaller portion goes northeast. The fraction 

going northeast in the Yanai wave case is the same as the fraction going southwest in the Kelvin 

wave case. 

This partition was discovered empirically in a numerical experiment. The purpose of this paper is 

to prove this result and illustrate it with some examples. We also show that the result no longer 

holds when the frequency range of the incident wave is such that eastward propagation equatorial 

waves are possible. 
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Advances in ocean observing technology allow for a better understanding of in situ 

biogeochemical processes through space and time. Here, we combine two recently developed 

technologies, a prototype pCO2 optical sensor (Aanderaa model 4797) with the PRofiling 

crAWLER (PRAWLER, NOAA-PMEL), to achieve high-frequency carbon profile data on the 

continental shelf of the northern California Current System from July to September 2017. This 

area experiences summer upwelling of deep, corrosive waters can exacerbate ocean acidification 

conditions and provide unsuitable environments for development of aragonitic calcifying 

organisms and finfish that are important to the local economy. However, despite its ecological 

significance as a highly productive upwelling zone, this region is currently understudied and 

undersampled. The fluorescence lifetime based pCO2 optode is compact and low power. These 

features allowed the pCO2 optode to be integrated onto the PRAWLER, a low cost, small, wave-

powered profiling instrument. The PRAWLER covered the full water column from ~3 to 80 m. 

Both profiling mode and fixed depths were tested to evaluate pCO2 optode performance. 

Validation efforts include comparison to measured pCO2 from a nearby (<1 km) surface mooring 

as well as calculated water column pCO2 using temperature and dissolved oxygen from 

previously established regional empirical relationships. Aragonite saturation state was also 

calculated to help assess variability of the carbon system due to physical and biological drivers 

over the deployment period. The combination of the pCO2 optode and PRAWLER allowed for 

unique insight into the dynamics of upwelling and ocean acidification in this region. This sensor 

testbed is ideal to evaluate carbon system variability due to the multitude of physical, chemical, 

and biological observations at this site. 
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Time-variation of radiative feedbacks has been widely demonstrated in climate models. 

Transient simulations have shown that over the historical period, feedbacks are more negative in 

recent decades; in the future under CO2 forcing, feedbacks would become less negative over 

time.  Recent studies have attributed the feedback changes to evolving patterns of sea surface 

temperatures (SSTs), with a focus on the east-west SST gradient in tropical Pacific. Relative 

warming in the East Pacific, which decreases low clouds locally, is thought to drive more 

positive feedbacks in the long run. Conversely, lack of warming in this region over the recent 

historical period is thought to be the reason for the anomalously negative feedback in 2000s. 



However, previous studies only diagnose the feedback associated with a complete SST pattern, 

failing to quantify the impact of individual SST regions on TOA radiation, surface air 

temperature (TAS), and feedbacks.  

 

In this study, we use a Green’s function approach to attribute the evolution of feedbacks to 

specific regions of surface warming. We carry out 137 prescribed-SST simulations within 

CESM-CAM4, each with a localized patch of anomalous SST and/or sea-ice concentration. The 

results first highlight the radiative response to warming in the West Pacific as the dominant 

control on global TOA radiation change, rather than the East Pacific as previously proposed. 

Warming in tropical ascent regions can remotely drive TOA radiative flux to space, yielding a 

more negative feedback; warming in descent regions leads to amplified but locally constrained 

warming effects, and a more positive feedback. Second, the evolution of feedbacks is primarily 

attributed to changes in TAS patterns. From 1950s to 2000s, global TAS change is 

predominately a response to SST change in ascent regions, yielding a strong outgoing radiative 

response and thus a very negative global feedback. In the future, global TAS change will depend 

more on warming in descent regions and high latitudes, which yields a nearly zero or slight 

radiation change, and thus a more positive global feedback.  

 


