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Changes in agricultural practices are considered a possible option
to mitigate climate change. In particular, reducing or suppressing
tillage (no-till) may have the potential to sequester carbon in soils,
which could help slow global warming. On the other hand, such
practices also have a direct effect on regional climate by altering
the physical properties of the land surface. These biogeophysical
effects, however, are still poorly known. Here we show that no-till
management increases the surface albedo of croplands in summer
and that the resulting cooling effect is amplified during hot
extremes, thus attenuating peak temperatures reached during
heat waves. Using a regional climate model accounting for the
observed effects of no-till farming on surface albedo, as well as
possible reductions in soil evaporation, we investigate the poten-
tial consequences of a full conversion to no-till agriculture in Europe.
We find that the summer cooling from cropland albedo increase is
strongly amplified during hot summer days, when surface albedo
has more impact on the Earth’s radiative balance due to clear-sky
conditions. The reduced evaporation associated with the crop resi-
due cover tends to counteract the albedo-induced cooling, but dur-
ing hot days the albedo effect is the dominating factor. For heatwave
summer days the local cooling effect gained from no-till practice is of
the order of 2 °C. The identified asymmetric impact of surface albedo
change on summer temperature opens new avenues for climate-
engineering measures targeting high-impact events rather than
mean climate properties.

As the atmospheric concentrations of CO2 and other green-
house gases (GHG) are continuing to rise (1), part of the

projected global warming within the next decades is unavoidable,
even if measures are taken to curb anthropogenic GHG emis-
sions (2). In this context, climate-engineering techniques aiming
at alleviating climate change impacts by intentionally manipulating
the climate system are being increasingly debated (3). Among
these techniques, changes to agricultural systems represent one
set of options that could provide climate benefits through either
biogeochemical (4) or biogeophysical (5) effects.
Modifying surface albedo through crop residue management

may provide a cooling influence on climate. Indeed, systems
retaining crop residues at the surface such as in no-till agricul-
ture tend to increase surface albedo compared with conventional
tilled systems (6), thus reducing the solar energy absorbed by the
surface. Previous studies, however, have focused exclusively on
the potential impact on the mean climate (7), whereas the in-
fluence of this practice on temperature extremes has never to our
knowledge been explored. Moreover, crop residue management
may also influence climate conditions through changes in evapo-
transpiration (6), and this effect to our knowledge has so far never
been considered.
The adoption of no-till management is highly variable around

the world. Although no-till systems are widespread in North and
South America, they represent only a small portion of the overall
cropland area in Europe (SI Text). However, with almost 30% of
cropland relative to total land area, Europe is one of the most
densely cultivated regions in the world (8), implying that no-till

practices could be extensively deployed in the future. We use
a Regional Climate Model (RCM), supported by observational
evidence on the effect of no-till management on surface albedo,
to quantify the possible impact of a conversion from conven-
tional to no-till agriculture on the European climate. In the
analyses, we focus on climate extremes beyond changes in mean
climate conditions. Indeed, changes in climate extremes are more
relevant for impacts at the regional scales (9).

Results and Discussion
Albedo Observations. Surface albedo measurements at an exper-
imental site in southern France (Materials and Methods) indicate
an albedo increase of about 0.1 when comparing no-till man-
agement to conventional tillage (Fig. 1). This increase is ob-
served in summer directly after the harvest of the winter wheat
and is due to the higher reflectivity of the retained crop residues
compared with that of the tilled soil. Fig. 1 also shows rapid
drops in albedo on several occasions which are due to rainfall
events. One rainfall event caused the decay in albedo in 2004
around day 40, which may indicate a possible reduction of the
no-till albedo effect with time under wet conditions. That said,
during hot extremes, which is the focus of this study, conditions
are expected to remain mainly dry (10). It is also important to
note that the 0.1 difference we observed is likely not the upper
bound of the no-till effect. The bare soil albedo in Fig. 1 is
around 0.2, which is a relatively high albedo for an agricultural
soil (due to the relatively high loam/low organic matter content
in this soil). Previously reported in situ (11–13) and satellite (14,
15) measurements suggest that the albedo of brown agricultural
soils can be lower than 0.1, whereas soils covered with stubble
can have albedos largely above 0.3, implying albedo differences
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over 0.2. To summarize, the actual albedo difference depends on
various factors including soil darkness, the amount/reflectivity of
stubble, and the soil/stubble wetness. A 0.1 albedo difference can
be seen as a representative order of magnitude for the no-till
effect, whereas the actual difference at a given location may
be lower (e.g., effect of rain) or larger (e.g., in the case of dark
soils). Importantly, an overall effect of the order of 0.1 implies
that the influence of no-till management on surface albedo is
substantially larger than the effect that may be obtained through
leaf albedo biogeoengineering techniques (5).

Model Experiments. We use the Consortium for Small-scale
Modeling–Climate Limited-area Modeling (COSMO-CLM2) RCM
(Materials and Methods) to assess the potential impact of no-
till farming over Europe. The control experiment (CTL) has
a horizontal resolution of ∼50 km and is run over the period
1979–2009 using reanalysis data as boundary conditions. The
same setup is used in experiment NOTILL, except that both
surface albedo and soil resistance are modified to account for
the effect of no-till management. More specifically, surface

albedo is increased by 0.1 over croplands based on the ob-
servational evidence discussed above. The effect on evapo-
ration is included by increasing soil resistance to empirically
represent the additional resistance to soil evaporation asso-
ciated with the crop residue mulch. A fourfold increase was
chosen to obtain an increase in soil water content of the order
of 20% (between 0 and 60 cm), which is the effect that has
been observed when comparing no-till with conventional
management (16).
Both these modifications are applied only from July to October.

This assumes that harvest occurs at the beginning of the summer
as is the case for winter crops, leaving the soil covered by a res-
idue mulch during summer. This situation is representative of
Europe where the two major crops are wheat and barley (17),
and where winter varieties are usually preferred because they
tend to have higher yields under European climate conditions.
The modifications are applied to all cropland areas (Fig. 2A),
simulation NOTILL thus representing an idealized scenario of a
full conversion to no-till management in Europe. We note, how-
ever, that the local temperature changes investigated here are
largely driven by local land management changes rather than
large-scale climate feedbacks (SI Text).
Two additional simulations are also performed to isolate the

respective role of surface albedo versus evaporation. In these
simulations, the modifications to surface albedo (ALB) and soil
resistance (EVA) are applied separately.

Asymmetry in the Temperature Response and the Role of Albedo and
Evaporation Changes. The conversion to no-till management leads
to a pronounced cooling of the hottest summer days, locally of
the order of 2 °C or more (Fig. 2B). In contrast, the effect on
mean summer temperature remains largely below 1 °C of cooling
or warming over most regions (Fig. S1). The relatively modest
effect on mean temperatures thus hides a much stronger impact
on extreme temperatures, which relates to a highly asymmetric
response of temperature distributions to the applied modifications
in albedo and soil resistance (Fig. 3). Because of the contrasted
mean temperature response between northern and southern
Europe (Fig. S1), these two regions are considered separately for
the analysis.
The temperature response to albedo change alone (Fig. 3 A

and B) is strongly asymmetric, although the change in albedo
itself does not vary across the temperature distribution. This
asymmetry is due to the amplification of the albedo-induced
forcing under clear-sky conditions. Clear-sky conditions, and
thus higher incoming solar radiation, prevail during hot summer
days, implying that a larger amount of solar radiation is reflected
back compared with normal days for a given increase in surface
albedo (Fig. S2). In other words, an increase in surface albedo is
more efficient at removing the heat away from the surface under
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Fig. 1. Time series of albedo measurements contrasting no-till and con-
ventional management. The measurements are taken in summer shortly
after harvest of a winter wheat field in Avignon (France). Conventional
management was applied in 2006, 2008, and 2010. For these years the soil
was tilled shortly after harvest, and the x axis represents the number of days
since tillage (occurring around July 20). In 2004, wheat residues were
retained at the ground after harvest, and no tillage was applied (no-till
management). For this year, the x axis indicates the number of days after
harvest (on June 26).

crop fraction change in 99th pct of TmaxA B

Fig. 2. Cropland distribution prescribed in the model experiments (A). Change (NOTILL − CTL) in the 99th percentile of daily maximum temperature for
summer (July–August) (B).
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extreme warm conditions. A negative cloud feedback mechanism
causes a warming effect for the cold tail of the distribution. The
albedo increase induces a decrease in turbulent fluxes, thus limiting
convection and cloud formation in the model. The reduction in
cloud cover then increases net shortwave radiation at the surface
(Fig. S2), which counteracts the surface albedo increase. This
mechanism, however, is ineffective during warm days, because cloud
cover is already low during these days.
The effect of evaporation is also asymmetric (Fig. 3 C and D).

Overall, the increased soil resistance owing to the crop residue
cover reduces evapotranspiration rates (Fig. S3) and tends to
warm the surface. This effect is amplified for the cold tail of the
distribution because of a decrease in cloud cover and associated
increase in the amount of absorbed solar radiation at the surface
(Fig. S2). For the warmest days, however, there is no substantial
change in temperature. Indeed, during these days the larger soil
water content under no-till conditions combined with the high
vapor pressure deficit counterbalances the increased soil re-
sistance. This mechanism tends to dampen, or even reverse, the
initial decrease in evapotranspiration (Fig. S3). This is particu-
larly the case for southern Europe where evapotranspiration is
strongly constrained by soil moisture availability (18).
Overall, it appears that the albedo-induced cooling effect is

the dominant factor during heatwave conditions. This explains
the pronounced cooling found during heat waves when com-
bining the two effects in simulation NOTILL (Fig. 3 E and F).

For the hottest summer days (above the 99th percentile), the
cooling effect is of the order of 2 °C for southern Europe and
1.6 °C for northern Europe.

Implication for the 2003 Heat Wave in France. To illustrate the po-
tential impact of no-till management in the context of a specific
heat wave, we analyze the temperature evolution over France
during the summer 2003 heat wave (Fig. 4), one of the most
severe recent heat waves in Europe (19). Simulation NOTILL
suggests that the peak temperature over cropland areas would
have been substantially mitigated under no-till management.
During the peak of the heat wave in August, the daily maximum
temperature was 9.9 °C above the 1986–2009 climatology accord-
ing to a gridded observational dataset for temperature (20) (taking
an average over 10 d between the fifth and 14th of August). This
figure is well reproduced by the model, with an anomaly of 10.2 °C
in the CTL simulation. In simulation NOTILL, the anomaly is only
of 8.4 °C owing to the effect of no-till management, which repre-
sents a 2 °C reduction of the heatwave anomaly over this 10-d pe-
riod. Fig. 4 also shows that the albedo increase is the dominant
factor, the evaporation effect having a relatively minor role during
this specific event.

Conclusion
Through the asymmetric impact of albedo change on summer
temperature distribution, crop residue management may provide

ALB - CTL, SE ALB - CTL, NE

EVA - CTL, SE EVA - CTL, NE

NOTILL - CTL, SE NOTILL - CTL, NE

A B

C D

E F

Fig. 3. Change in daily maximum temperature for experiments ALB (A and B), EVA (C and D), and NOTILL (E and F) (in reference to experiment CTL) for
different quantiles of the daily maximum temperature distribution. Differences are calculated at each grid point with more than 60% of cropland and for
each summer day (within July–August) over the period 1986–2009. Differences are then averaged for each quantile of daily maximum temperature defined
based on experiment CTL. The dashed bars represent the SD calculated across all days and grid points. SE, southern Europe (below 45°N); NE, northern Europe
(Above 45°N).
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a promising way to mitigate the local impact of heat waves. This
method is expected to be mostly effective for midlatitude crops
harvested around July and leaving the soil bare during the
months of the year subject to heat waves. This has important
implications because warm extremes have a disproportionately
large impact on humans and ecosystems and are expected to
become more frequent and severe in the future (9). Alleviating
the effect of heat waves by 1 or 2 °C can potentially translate into
large differences in terms of impacts on humans and ecosystems,
because these impacts may evolve nonlinearly with temperature
and present threshold effects (9, 21, 22). More generally, all
measures aiming at increasing the albedo of the surface (23, 24)
may provide a way to act upon warm extremes locally. Whereas
current geoengineering proposals usually target a global climate
stabilization, we propose to also consider measures modifying
the distribution of temperatures, due to its importance for so-
ciety and ecosystems.
While our study illustrates the potential benefits of no-till

farming at the regional scale, in particular in the context of heat
waves, a wider adoption of this practice can be justified only if all
possible environmental consequences are carefully considered.
In particular, possible impacts on the global climate arising from
changes in GHG concentrations need to be considered. Al-
though this question has been studied for many years (4, 25),
more research is still needed to better understand the bio-
geochemical effect of no-till management under various soil types,
climates, and agricultural conditions (SI Text). Future research
should also consider possible impacts on large-scale atmospheric
circulation and associated changes in precipitation patterns that
may occur if no-till farming were to be deployed over large areas.

Materials and Methods
Albedo Observations. The cropland site Avignon (FRAvi) is situated in a peri-
urban area in Provence, southeast France (43.92°N, 4.88°E, 32 m asl). The
mean temperature and annual precipitation are about 14 °C and 687 mm,
respectively. The land has been cultivated for several decades. During the
period from 2001 to 2010, five different types of crops were cultivated:
winter wheat (durum wheat), corn, sunflower, peas, and sorghum. Here, we

only considered winter wheat and its related tillage management activities.
Durum wheat was sown on 7 December 2003, 27 October 2005, 13 November
2007, and 19 November 2009 with different cultivars (Artimon, Acalou, Dakter
and Dakter, respectively). These cultivars were harvested on 26 June 2004, 26
June 2006, 1 July 2008, and 13 July 2010, respectively. A first tillage was done
shortly after harvest in 2006 (20 July), 2008 (18 July), and 2010 (21 July). In
2004, the first tillage was done more than 2 mo after harvest (2 September). In
all cases, tillage depth was 10–15 cm with 0.7–1.2 kg/m2 residuals buried. The
influence of no-till management on summer surface albedo can be assessed by
comparing the albedo after harvest in 2004 (no tillage until September) and
after tillage in 2006, 2008, and 2010 (conventional tillage). It should be noted
that various factors (e.g., type of soil, surface soil moisture, amount of stubble
or straw remaining on the ground) may affect the magnitude of the no-till
albedo effect estimated from this comparison.

Albedo was calculated as the ratio of reflected to incoming solar radiation
measured by two pyranometers. A CM3 pyranometer was used for measuring
reflected radiation as part of a CNR1 four-component net radiometer (from
Kipp & Zonen) set at a height of 2 m over the crop. It measured radiation
over the spectral range 305–2,800 nm. In 2004 and 2006, incident radiation
was measured with a PSP pyranometer (The Eppley Laboratory, Inc.) and in
2008 and 2010 with a CMP21 pyranometer (Kipp & Zonen), both measuring
in the 285–2,800-nm spectral range. All pyranometers were calibrated by
comparison with reference radiation sensors linked to the radiation refer-
ence at the World Radiation Center at Davos (Switzerland) through Meteo
France calibration facilities in Carpentras (France). Description of the instru-
ments can be found in ref. 26 and at the manufacturer websites. The meas-
urements were made every second and averaged on a half-hourly basis
before deriving the daily averages used in this study.

Model Description. The simulations are performed with COSMO-CLM2 (27,
28), which couples the COSMO-CLM Regional Climate Model version 4.8 and
the Community Land Model version 3.5 (CLM3.5). A more detailed de-
scription of COSMO-CLM2 and its evaluation for Europe is provided in earlier
studies (27, 28).

COSMO-CLM is a nonhydrostatic limited-area atmospheric model jointly
used by the Consortium for Small-scale Modeling (COSMO) and the Climate
Limited-area Modeling Community (CLM-Community). The model includes
a second-order leapfrog scheme for the time integration. Vertical turbulent
mixing is parameterized according to a level 2.5 closure using Turbulent
Kinetic Energy as a prognostic variable (29). For moist convection, the mass
flux scheme of ref. 30 is used. Large-scale precipitation is parameterized with
a four-category one-moment cloud-ice scheme including cloud and rain
water, snow, and ice. Radiative fluxes within the atmosphere are calculated
based on a δ-two-stream radiative transfer scheme, using three spectral
intervals in the solar part and five spectral intervals in the thermal part of
the spectrum (31).

CLM3.5 is a state of the art land surface model representing the hydro-
logical, biogeophysical, and biogeochemical processes determining the
exchanges of radiation, heat, water, and carbon between the land and the
atmosphere (32). CLM3.5 represents vegetation diversity based on 15 dif-
ferent Plant Functional Types (PFTs). Several PFTs can coexist in a given grid
cell, and the energy balance and surface fluxes are calculated at the PFT level
before being aggregated at the grid-scale level based on the proportion of
PFTs in the grid cell. In this study, CLM3.5 is used without carbon/nitrogen
dynamics and ecosystem dynamics. There is no distinction in the model be-
tween different crop types which are all encompassed within one generic
crop PFT. The current distribution of cropland is derived from ref. 33, and the
phenological cycle of Leaf Area Index (LAI) for crops (and other PFTs) is
prescribed based on satellite data (34). A limitation of this satellite data set is
that it does not represent well the crop phenology (e.g., harvest events are
not captured, and there is no clear LAI minimum after harvest in summer).
This leads to potential inconsistencies in our experiments assuming summer
harvest. However, in our approach we prescribe the no-till forcing (change
in albedo or soil resistance) based on observational evidence and independently
of the initial soil and vegetation state. We cannot exclude that using a more
realistic crop phenology would affect the results, but the effect is likely to be
minimal because our approach is conservative in terms of the applied no-
till forcing.

All performed simulations use a horizontal resolution of ∼50 km with 32
atmospheric levels in the vertical and a time step of 240 s. The simulations
cover the period from 1979 to 2009. The European Centre for Medium-
Range Weather Forecasts (ECMWF) Interim Reanalysis (ERA-Interim) (35) is
used as lateral boundary conditions. The first 6 y are used as spin-up time,
and only the following 25 y (1985–2009) are analyzed in this study.

Fig. 4. Effect of no-till management for the 2003 heat wave. Time series of
daily maximum temperature during the summer 2003 heat wave averaged
over France (44–50°N; −5–5°E), considering only grid cells with more than
60% of cropland.

9760 | www.pnas.org/cgi/doi/10.1073/pnas.1317323111 Davin et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
30

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1317323111/-/DCSupplemental/pnas.201317323SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1317323111


www.manaraa.com

ACKNOWLEDGMENTS. Many thanks are due to Olivier Marloie (Institut
National de la Recherche Agronomique) for the calibration and main-
tenance of the radiation measurements in Avignon. This research
has been supported by the Competence Center Environment and

Sustainability of the Eidgenössiche Technische Hochschule Domain (CCES)
through the MAIOLICA project and by the EU FP7 EMBRACE project. The
computing time was provided by the Swiss National Supercomputing
Centre (CSCS).

1. Friedlingstein P, et al. (2010) Update on CO2 emissions. Nat Geosci 3(12):811–812.
2. Solomon S, Plattner G-K, Knutti R, Friedlingstein P (2009) Irreversible climate change

due to carbon dioxide emissions. Proc Natl Acad Sci USA 106(6):1704–1709.
3. Vaughan NE, Lenton TM (2011) A review of climate geoengineering proposals. Clim

Change 109(3-4):745–790.
4. Smith P, et al. (2007) Agriculture. Climate Change 2007: Mitigation. Contribution of

Working Group III to the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change, eds Metz B, et al. (Cambridge Univ Press, Cambridge, UK), pp
497–540.

5. Singarayer JS, Davies-Barnard T (2012) Regional climate change mitigation with crops:
Context and assessment. Philos Trans R Soc A-Math Phys Eng Sci 370(1974):4301–4316.

6. Horton R, Bristow K, Kluitenberg G, Sauer T (1996) Crop residue effects on surface
radiation and energy balance—Review. Theor Appl Climatol 54(1-2):27–37.

7. Lobell D, Bala G, Duffy P (2006) Biogeophysical impacts of cropland management
changes on climate. Geophys Res Lett 33(6), L06708, 10.1029/2005GL025492.

8. Ramankutty N, Evan AT, Monfreda C, Foley JA (2008) Farming the planet: 1. Geo-
graphic distribution of global agricultural lands in the year 2000. Glob Biogeochem
Cycles 22(1), GB1003, 10.1029/2007GB002952.

9. Intergovernmental Panel on Climate Change (2012) Managing the Risks of Extreme
Events and Disasters to Advance Climate Change Adaptation. A Special Report of
Working Groups I and II of the Intergovernmental Panel on Climate Change (Cam-
bridge Univ Press, Cambridge, UK).

10. Mueller B, Seneviratne SI (2012) Hot days induced by precipitation deficits at the
global scale. Proc Natl Acad Sci USA 109(31):12398–12403.

11. Piggin I, Schwerdtfeger P (1973) Variations in the albedo of wheat and barley crops.
Arch Met Geoph Biokl Ser B 21(4):365–391.

12. Hares M, Novak M (1992) Simulation of surface-energy balance and soil-temperature
under strip tillage. 2. Field-test. Soil Sci Soc Am J 56(1):29–36.

13. Andales A, Batchelor W, Anderson C, Farnham D, Whigham D (2000) Incorporating
tillage effects into a soybean model. Agric Syst 66(2):69–98.

14. Merlin O, et al. (2010) Disaggregation of MODIS surface temperature over an agri-
cultural area using a time series of Formosat-2 images. Remote Sens Environ 114(11):
2500–2512.

15. Merlin O, et al. (2014) An image-based four-source surface energy balance model to
estimate crop evapotranspiration from solar reflectance/thermal emission data (SEB-
4S). Agric For Meteorol 184(0):188–203.

16. De Vita P, Di Paolo E, Fecondo G, Di Fonzo N, Pisante M (2007) No-tillage and con-
ventional tillage effects on durum wheat yield, grain quality and soil moisture con-
tent in southern Italy. Soil Tillage Res 92(1-2):69–78.

17. Leff B, Ramankutty N, Foley J (2004) Geographic distribution of major crops across the
world. Glob Biogeochem Cycles 18(1), GB1009, 10.1029/2003GB002108.

18. Seneviratne SI, et al. (2010) Investigating soil moisture-climate interactions in a
changing climate: A review. Earth Sci Rev 99(3-4):125–161.

19. Schär C, et al. (2004) The role of increasing temperature variability in European

summer heatwaves. Nature 427(6972):332–336.
20. Haylock MR, et al. (2008) A European daily high-resolution gridded data set of surface

temperature and precipitation for 1950-2006. J Geophys Res 113(D20), D20119,

10.1029/2008JD010201.
21. Dessai S (2002) Heat stress and mortality in Lisbon part I. model construction and

validation. Int J Biometeorol 47(1):6–12.
22. Anderson GB, Bell ML (2011) Heat waves in the United States: Mortality risk during

heat waves and effect modification by heat wave characteristics in 43 U.S. commu-

nities. Environ Health Perspect 119(2):210–218.
23. Doughty CE, Field CB, McMillan AMS (2011) Can crop albedo be increased through

the modification of leaf trichomes, and could this cool regional climate? Clim Change

104(2):379–387.
24. Oleson KW, Bonan GB, Feddema J (2010) Effects of white roofs on urban temperature

in a global climate model. Geophys Res Lett 37, L03701, 10.1029/2009GL042194.
25. Abdalla M, et al. (2013) Conservation tillage systems: A review of its consequences for

greenhouse gas emissions. Soil Use Manage 29(2):199–209.
26. Kohsiek E, et al. (2007) The energy balance experiment EBEX-2000. Part III: Behaviour

and quality of the radiation measurements. Bound Layer Meteorol 123(1):55–75.
27. Davin EL, Stoeckli R, Jaeger EB, Levis S, Seneviratne SI (2011) COSMO-CLM2: A new

version of the COSMO-CLM model coupled to the Community Land Model. Clim Dyn

37(9-10):1889–1907.
28. Davin EL, Seneviratne SI (2012) Role of land surface processes and diffuse/direct

radiation partitioning in simulating the European climate. Biogeosciences 9(5):

1695–1707.
29. Mellor GL, Yamada T (1982) Development of a turbulence closure-model for geo-

physical fluid problems. Rev Geophys 20(4):851–875.
30. Tiedtke M (1989) A comprehensive mass flux scheme for cumulus parameterization in

large-scale models. Mon Weather Rev 117(8):1779–1800.
31. Ritter B, Geleyn J (1992) A comprehensive radiation scheme for numerical weather

prediction models with potential applications in climate simulations. Mon Weather

Rev 120(2):303–325.
32. Oleson KW, et al. (2008) Improvements to the Community Land Model and their im-

pact on the hydrological cycle. J Geophys Res 113(G1), G01021, 10.1029/2007JG000563.
33. Ramankutty N, Foley JA (1999) Estimating historical changes in global land cover:

Croplands from 1700 to 1992. Global Biogeochem Cycles 13(4):997–1027.
34. Lawrence PJ, Chase TN (2007) Representing a new MODIS consistent land surface

in the Community Land Model (CLM 3.0). J Geophys Res 112(G1), G01023, 10.1029/

2006JG000168.
35. Dee DP, et al. (2011) The ERA-Interim reanalysis: Configuration and performance of

the data assimilation system. Quart J R Meteorol Soc 137(656):553–597.

Davin et al. PNAS | July 8, 2014 | vol. 111 | no. 27 | 9761

EA
RT

H
,A

TM
O
SP

H
ER

IC
,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
30

, 2
02

1 


