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Big questions have been answered

 Is the atmospheric composition changing?

 Is climate warming?

 Are human activities responsible for it?

But many other critical questions remain or emerge

Marotzke et al., Nature Climate Change (2017)

➔ Where does the carbon go?

➔ How does the weather change with climate?

➔ How does climate influence the habitability 
of the Earth and its regions?



Tropical rain belts

● Profound impact on water resources, agriculture, air quality, ecosystems, vegetation and carbon cycle.

● Regional changes in tropical rainfall count amongst the most uncertain aspects of climate projections.

→ What controls the position, strength and variability of tropical rain belts?

TRMM precipitation

Precipitation climatology from TRMM satellite

Observed rainfall trends
from 1950 to 2000

(Jul-Aug-Sep, CRU data)

Bony et al., Nature Geosci., 2015
Held et al., PNAS, 2005
https://trmm.gsfc.nasa.gov/



Cloud-circulation coupling

● Increasing (modeling) evidence that atmospheric cloud-radiative effects are critical in controlling the intensity, the 
width and the shifts of atmospheric circulations and tropical rain belts.

Haynes et al., GRL, 2013
Harrop & Hartmann, J. Climate, 2016

Zonal mean precipitation simulated
by a climate model with/without

atmospheric cloud-radiative effects

Without

With



Cloud-circulation coupling

● Increasing (modeling) evidence that atmospheric cloud-radiative effects are critical in controlling the intensity, the 
width and the shifts of atmospheric circulations and tropical rain belts.

● We are just beginning to quantify these effects observationally thanks to the cloud vertical information provided by 
lidar-radar satellite observations.

LW cloud-radiative heating (K/day)
derived from CloudSat/CALIPSO (2006-2010)

Haynes et al., GRL, 2013
Harrop & Hartmann, J. Climate, 2016

Zonal mean precipitation simulated
by a climate model with/without

atmospheric cloud-radiative effects

Without

With



Extra-tropical storm tracks

EUMETSAT

NASA GSFC

● A major component of the general circulation and a key 

control of extra-tropical precipitation, weather-related 

impacts and severe weather.

→ How will the storm tracks change (position, tilt, 

strength) as the atmosphere becomes wetter, the 

stratosphere colder and the Arctic sea-ice shrinks?

● Increasing (modeling) evidence for an active role of 

water in the dynamics of the storm tracks, including the   

role of atmospheric cloud-radiative effects

Impact of cloud-radiative effects
on eddy kinetic energy (+30%)

Li et al., J. Climate (2015)



Convective organization and tropical storms

Recent events remind us the importance of predicting 
storminess and its potential changes in the future.

→ What controls the organization of the atmosphere 
in cloud clusters and tropical cyclones? 

Critical ingredients:
   - surface evaporation
 - water vapor in most & dry areas

- atmospheric cloud-radiative effects
 - shallow radiatively-driven circulations

Emanuel et al., JAMES (2014); Muller and Bony, GRL (2015); Wing et al., Surveys Geophys. (2017)

International Space Station, NASA, http://eol.jsc.nasa.gov 

SATMOS Meteo-France, 21 Sep 2017 



What will be the pace of global warming over the next decades?

Large uncertainty, partly due to the uncertainty in 
Equilibrium Climate Sensitivity (1.5K – 4.5K)

A concern for:

 * mitigation policies: what amount of CO2 emissions is 

compatible with a given temperature target? To maintain a 
warming target of 2 K, nearly twice as much CO2 could be 
emitted in a low (1.5 K) climate sensitivity world as 
compared to a high (4.5 K) sensitivity world.

 * adaptation studies: many regional changes scale with 
global warming, and life strongly depends on temperature 
(e.g. crops production, human physiological adaptability to 
heat stress)

The uncertainty in Climate Sensitivity primarily results from the difficulty
to predict how, and how strongly, clouds respond to warming.

Climate Sensitivity….ignorance of no other ‘climate’ quantities costs so much
and has been so difficult to pin down.



  

International Space Station, NASA, http://eol.jsc.nasa.gov 

 (High-level) anvil clouds We now better understand what controls the altitude of anvil 
clouds generated by deep convection.

As the climate warms, the top of anvil clouds is expected to 
rise while remaining at nearly the same temperature.

This behavior is thought to amplify global warming.
 

More uncertain: How will the coverage of anvil clouds change?

Bony et al., PNAS, 2016; Stein et al., J. Climate, 2017

Can we observe this?

What impact does it have on the 
tropical atmospheric circulation
and the Earth’s radiation budget? 

Models also predict that as the climate warms 
and the clouds rise, their coverage falls 
(stability-iris effect)

Calipso/CloudSat observations show that 
the anvil cloud coverage is very sensitive

to the clustering of convection:

High aggregation

Weak aggregation



Marine low clouds

Sherwood et al., Nature (2014), Bony et al., 
Nature Geosci. (2015), Stevens et al., BAMS (2015)

 A root cause of uncertainty in model estimates 

of climate sensitivity: How will low-level clouds 

respond to warming? especially shallow cumuli?

 Recent research suggests that the response 

of low-clouds to warming is largely controlled 

by the vertical mixing of water vapor in the

lower troposphere.



Our inability to provide robust assessments

of global and regional climate changes

stems to a large extent from our limited understanding 

of how clouds, circulation and climate interact

Clouds, Circulation and Climate Sensitivity

One of the 7 Grand Science Challenges of the

      

                                             

Bony, Stevens, Frierson, Jakob, Kageyama, Pincus, Shepherd, Sherwood, Siebesma, Sobel, Watanabe and Webb, 2015 :

Clouds, Circulation and Climate Sensitivity, Nature Geoscience, 4, 261-268



Bony, Stevens, Frierson, Jakob, Kageyama, Pincus, Shepherd, Sherwood, Siebesma, Sobel, Watanabe and Webb, 2015 :

Clouds, Circulation and Climate Sensitivity, Nature Geoscience, 4, 261-268

Clouds, Circulation and Climate Sensitivity

Clouds, Circulation and Climate Sensitivity:

1. What controls the position, strength and variability of storm tracks?

2. What controls the position, strength and variabilityof tropical rain belts?

3. What role does convection play in cloud feedbacks?

4. What role does convective aggregation play in climate? 



Observational needs

Discussed at:

- WCRP Climate Symposium in 2014 (Asrar et al, BAMS, 2015)

- International workshop organized at ISSI (International Space Science Institute, Bern) in 2016

- As part of an international ISSI science team (2017-2018; Stevens, Bony, Winker, L’Ecuyer, Kiemle, Brogniez, 
Siebesma, Blyth, Schär, Flamant, Delanoë, Zuidema..)

- Special Issue of Surveys in Geophysics (also published as an ISSI book) to appear in Nov 2017



International Space Science Institute (ISSI)

Special Issue of Surveys in Geophysics (also edited as an ISSI book), to appear in Nov 2017:

Structure and dynamical influence of water vapor in the lower tropical troposphere
Bjorn Stevens, Hélène Brogniez, Christoph Kiemle, Jean-Lionel Lacour, Cyril Crevoisier, Johannes Killiani

Importance profiles for water vapor
Brian Mapes, Arunchandra S. Chandra, Zhiming Kuang, Paquita Zuidema

The distribution of water vapor over low-latitude oceans: Current best estimates, errors, and impacts
Robert Pincus, Anton Beljaars, Stefan A Buehler, Gottfried Kirchengast, Florian Ladstaedter, Jeffrey S Whitaker

Mechanisms and model diversity of trade-wind shallow cumulus cloud feedbacks : a review
Jessica Vial, Sandrine Bony, Bjorn Stevens, Raphaela Vogel

Implications of warm rain in shallow cumulus and congestus clouds for large-scale circulations
Louise Nuijens, Kerry Emanuel, Hirohiko Masunaga, Tristan L'Ecuyer

Convective Self-Aggregation in Numerical Simulations: A Review
Allison A. Wing Kerry Emanuel, Christopher E. Holloway Caroline Muller

Observing Convective Aggregation
Christopher E. Holloway, Allison A. Wing, Sandrine Bony, Caroline Muller, Hirohiko Masunaga, Tristan S. L'Ecuyer, David D. Turner, Paquita Zuidema

An observational view of radiation circulation feedbacks on convective aggregation
Matthew D. Lebsock, Tristan S. L’Ecuyer, Robert Pincus

Airborne Lidar Observations of Water Vapor Variability in Tropical Shallow Convective Environment
Christoph Kiemle, Silke Gross, Martin Wirth, Luca Bugliaro

Emerging Technologies and Synergies for Airborne and Space-Based Measurements of Water Vapor Profiles
Amin R Nehrir, Christoph Kiemle, Mathew Lebsock, Gottfried Kirchengast, Stefan A Buehler, Ulrich Löhnert, Cong-Liang Liu, Peter Hargrave, Maria Barrera-Verdejo, 
David Winker

Observational constraints on cloud feedbacks: the role of active satellite sensors
David Winker and Hélène Chepfer

Shallow circulations: relevance and strategies for satellite observation
Gilles Bellon, Oliver Reitebuch, Ann Kristin Naumann 

EUREC4A: a field campaign to elucidate the couplings between clouds, convection and circulation
Sandrine Bony, Bjorn Stevens, Felix Ament , Susanne Crewell, Julien Delanoë, Kerry Emanuel, David Farrell, Cyrille Flamant, Silke Gross, Lutz Hirsch, Bernhard 
Mayer, Louise Nuijens, James H. Ruppert Jr., Irina Sandu, Pier Siebesma, Sabrina Speich, Frederic Szczap, Raphaela Vogel, Manfred Wendisch, Martin Wirth



Observational needs

Discussed at:

- WCRP Climate Symposium in 2014 (Asrar et al, BAMS, 2015)

- International workshop organized at ISSI (International Space Science Institute, Bern) in 2016

- As part of an international ISSI science team (2017-2018; Stevens, Bony, Winker, L’Ecuyer, Kiemle, Brogniez, 
Siebesma, Blyth, Schär, Flamant, Delanoë, Zuidema..)

- Special Issue of Surveys in Geophysics (also published as an ISSI book) to appear in Nov 2017

Communicated to:

- NASA Decadal Survey
 
- European survey Next Generation of Copernicus Space Component

- GCOS (Implementation Plan, AOPC-22)



#1. Long-term homogeneous satellite-based cloud profiles

To:
● Monitor the evolution of clouds with warming, especially fine changes in their vertical distribution 

(crucial information for research on Climate Sensitivity)
● Estimate the vertical distribution of atmospheric cloud-radiative effects (very important for the circulation)
● Assess the processes that control clouds in climate, NWP and mesoscale models

    → Need to implement the vertical profile of clouds as part of cloud ECV

● EarthCARE to follow on Calipso/CloudSat missions...but what’s next?

→ Difficult to imagine modern climate research without 3D observations of clouds!

Observational needs

Vertical distribution of clouds
derived from Calipso/CloudSat



#1. Long-term homogeneous satellite-based cloud profiles

→ Prepare and implement a follow-on lidar-radar mission to Calipso-CloudSat and EarthCare

● Horizontal resolution: < 300m
● Vertical resolution: 30m
● Temporal resolution: instantaneous
● Timeliness: 3 hours
● Uncertainty: 1%
● Stability: 50m/decade (altitude), 0.1%/decade (cloud fraction)

Observational needs

Vertical distribution of clouds
derived from Calipso/CloudSat



#2. Measurements of water vapour profiles in the lower tropical atmosphere (surface to 600 hPa)

To:
● Monitor the evolution of vertical mixing of lower-tropospheric water vapor (key player in low-cloud feedbacks)
● Improve water vapor retrievals from passive sensors in the lower troposphere

Observational needs

Stevens et al., Surveys in Geophysics (2017)

(NARVAL2 campaign
in the Caribbean, Aug 2016)



#2. Measurements of water vapour profiles in the lower tropical atmosphere (surface to 600 hPa)

To:
● Monitor the evolution of vertical mixing of lower-tropospheric water vapor (key player in low-cloud feedbacks)
● Improve water vapor retrievals from passive sensors in the lower troposphere
● Better assess the vertical profile of radiative cooling in the lower troposphere (important for shallow circulations) 
● Better understand mesoscale organization of convection and triggering of convective aggregation
● Improve the prediction of convection and severe weather by improving the initialization of forecast models

→Fundamental information for weather and climate

Observational needs



#2. Measurements of water vapour profiles in the lower tropical atmosphere (surface to 600 hPa)

→Develop a strategy for a space mission that would provide such measurements

e.g. by combining active (lidar) and passive (radiometers) remote sensing of water vapor

● Horizontal resolution: 10 km
● Vertical resolution: 300 m
● Temporal resolution: instantaneous
● Uncertainty: 3%

Observational needs

Airborne WV lidar (WALES) measurements during NARVAL2 (courtesy DLR) 



A French-German initiative in support of the WCRP Grand Challenge on Clouds, Circulation and Climate Sensitivity

Will take place from 20 Jan to 20 Feb 2020, with operations based out of Barbados (13N, 55W, Atlantic trades)

EUREC4A has two objectives:

  - to advance understanding of the interplay between 
    clouds, convection, radiation and circulation,
    and their role in climate change

  - to provide a comprehensive dataset that may be used
    as a benchmark for the modelling and the remote   
    sensing of water vapor, clouds, radiation and winds
    (e.g. EarthCARE, ADM-Aeolus & future missions)

An opportunity: the EUREC4A field campaign (2020, www.eurec4a.eu)

Elucidating the role of clouds-circulation couplings in climate



HALO (operated by DLR)

ATR-42 (operated by SAFIRE)

An opportunity: the EUREC4A field campaign (2020, www.eurec4a.eu)

Elucidating the role of clouds-circulation couplings in climate



● 200 Flight Hours already funded (ATR: 100h ERC, HALO: 50h MPG + 50h DFG), hoping for more hours

● Time window chosen to optimize meteorological conditions, coordination with other platforms especially 

EarthCARE/ADM-Aeolus and Ships.

● An opportunity to assess the performance of current satellite missions for clouds, winds and radiation, 

and to prepare the next ones.
Bony, Stevens et al., Surveys in Geophysics (2017)

An opportunity: the EUREC4A field campaign (2020, www.eurec4a.eu)

Elucidating the role of clouds-circulation couplings in climate



www.eurec4a.eu 

For more information

(Nov 2017 issue)

http://www.eurec4a.eu/


Conclusion

Watching and predicting climate change is really about 

watching and predicting carbon and water.

Much is done and planned for the former,

Much more should be done and planned for the latter.

Two recommendations from the WCRP Grand Challenge on Clouds, Circulation and Climate Sensitivity:

- Prepare and implement a follow-on lidar-radar mission to Calipso/CloudSat and EarthCARE

for long-term homogeneous satellite measurements of cloud vertical profiles.

- Prepare a strategy for measuring water vapor profiles in the lower tropical atmosphere

(from the surface to 600 hPa) with good vertical and horizontal resolutions.



  

Merci
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