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piControl for each model in order to capture the most extreme
states (although similar results are obtained using, e.g., the
upper and lower quartiles of precipitation). This results in
different regions being defined as wet or dry in each model.
[8] We evaluate the realism of the lgm and historical simu-

lations using paleoclimate reconstructions and historical
observations over the land. (There are no reconstructions of
precipitation over the ocean.) We use a data set of quantitative
climate reconstructions for the LGM from S. P. Harrison et al.
(Climate model benchmarking with glacial and mid-Holocene
climates, submitted to Climate Dynamics, 2013). This data set
provides reconstructions (including uncertainties) of several
climate variables; here we use mean annual temperature over
the land and ocean and mean annual precipitation over the
land. The historical data are derived from two data sets: tem-
perature data are from the HadCRUT4 combined land and
ocean temperature data set [Morice et al., 2012], which covers
the period from 1850 to 2009; precipitation data are from the
GHCN (Global Historical Climatology Network, Version 2)
product, which provides land precipitation data and covers the
interval from 1900 to 2010 [Peterson and Vose, 1997]. The ear-
liest part of the record is based on very few actual observations;
the observed historical change is therefore taken as the differ-
ence between the mean for 1979–2005 and the mean for
1941–1970, and the simulated climate is the difference between
the same years in the simulations.

3. Results: Simulated Changes

[9] The ensemble averages of the six models (see Figure S1
in the supporting information) illustrate the large changes in
temperature and precipitation characteristic of the cold- and
warm-climate states. The lgm simulations show changes of
comparable magnitude (though opposite sign) to the 4xCO2
simulations, consistent with the fact that the overall forcing
is of comparable magnitude [Braconnot et al., 2012], and
historical and 1pctCO2 show changes intermediate in magni-
tude. There are consistent patterns in the large-scale tempera-
ture response in warm- and cold-climate states [Izumi et al.,

2013]: the land warms/cools more than the oceans, and the
high latitudes warm/cool more than the tropics. Izumi et al.
[2013] also showed that there is a different seasonal response
to year-round climate forcing in both warm and cold climates.
These large-scale temperature patterns are broadly reflected in
the changes in precipitation (Figure S1). In general, there are
bigger changes in precipitation over the land than over the
ocean in both warm- and cold-climate states. Changes in
precipitation in the high latitudes (north of approximately
50°N) are larger than those in the midlatitudes (30°N–50°N),
although the response of precipitation in the tropics does not
scale straightforwardly with temperature.
[10] There is a strong relationship between changes in

global temperature and precipitation, with increased precipita-
tion in a warm climate and decreased precipitation in a cold-
climate state (Figure 2). The estimate of the scaling across all
the climate states and all models indicates a 2.06%±0.09%
change per degree (Figure 2); estimates based on individual
models across the climate states vary between 1.63% and
2.51% per degree. The range of values (Table S1) obtained
for the lgm experiment (1.80%–2.89%) is similar to that
obtained for the 4xCO2 experiment (1.37%–2.43%). The
values for an individual model are always larger in the lgm
experiment than in the 4xCO2 experiment, however, consistent
with the fact that the energetic limitation on evaporation is
smaller in the colder state (Figure 1). The values from the
1pctCO2 experiment are not consistently larger than those
from the 4xCO2 experiment, but the differences in scaling
between the two experiments are small.
[11] The historical simulation is the only experiment to

include volcanic and solar forcing and changes in aerosols
and land use. The simulated changes in temperature over
the historic period are small (<1°C), as is the magnitude of
the forcing (relative to the lgm or 4xCO2 simulations), though
consistent with the magnitude of changes shown by the
HadCRUT4 data (Figure S2). The results obtained for the
historical simulations are anomalous: while some models
show an increase in precipitation over the course of the
simulation, three models (GISS-E2-R, MIROC-ESM, and
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Figure 2. The change in precipitation (%) as a function of the change in global temperature (°C) as simulated by each of the
six CMIP5 models (IPSL-CM5A-LR, MPI-ESM-P, MIROC-ESM, CCSM4, MRI-CGCM3, and GISS-E2-R) at the Last
Glacial Maximum (LGM), from the historical run (average for period 1979–2005 CE), the 1% CO2 run (1pctCO2, average
for model years 86–115), and the 4xCO2 run. The left-hand plot shows the global relationship, while the right-hand plots
shows the change in global precipitation (%) over (red) land and (blue) ocean as a function of the change in global land
and ocean temperature (°C).
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piControl for each model in order to capture the most extreme
states (although similar results are obtained using, e.g., the
upper and lower quartiles of precipitation). This results in
different regions being defined as wet or dry in each model.
[8] We evaluate the realism of the lgm and historical simu-

lations using paleoclimate reconstructions and historical
observations over the land. (There are no reconstructions of
precipitation over the ocean.) We use a data set of quantitative
climate reconstructions for the LGM from S. P. Harrison et al.
(Climate model benchmarking with glacial and mid-Holocene
climates, submitted to Climate Dynamics, 2013). This data set
provides reconstructions (including uncertainties) of several
climate variables; here we use mean annual temperature over
the land and ocean and mean annual precipitation over the
land. The historical data are derived from two data sets: tem-
perature data are from the HadCRUT4 combined land and
ocean temperature data set [Morice et al., 2012], which covers
the period from 1850 to 2009; precipitation data are from the
GHCN (Global Historical Climatology Network, Version 2)
product, which provides land precipitation data and covers the
interval from 1900 to 2010 [Peterson and Vose, 1997]. The ear-
liest part of the record is based on very few actual observations;
the observed historical change is therefore taken as the differ-
ence between the mean for 1979–2005 and the mean for
1941–1970, and the simulated climate is the difference between
the same years in the simulations.

3. Results: Simulated Changes

[9] The ensemble averages of the six models (see Figure S1
in the supporting information) illustrate the large changes in
temperature and precipitation characteristic of the cold- and
warm-climate states. The lgm simulations show changes of
comparable magnitude (though opposite sign) to the 4xCO2
simulations, consistent with the fact that the overall forcing
is of comparable magnitude [Braconnot et al., 2012], and
historical and 1pctCO2 show changes intermediate in magni-
tude. There are consistent patterns in the large-scale tempera-
ture response in warm- and cold-climate states [Izumi et al.,

2013]: the land warms/cools more than the oceans, and the
high latitudes warm/cool more than the tropics. Izumi et al.
[2013] also showed that there is a different seasonal response
to year-round climate forcing in both warm and cold climates.
These large-scale temperature patterns are broadly reflected in
the changes in precipitation (Figure S1). In general, there are
bigger changes in precipitation over the land than over the
ocean in both warm- and cold-climate states. Changes in
precipitation in the high latitudes (north of approximately
50°N) are larger than those in the midlatitudes (30°N–50°N),
although the response of precipitation in the tropics does not
scale straightforwardly with temperature.
[10] There is a strong relationship between changes in

global temperature and precipitation, with increased precipita-
tion in a warm climate and decreased precipitation in a cold-
climate state (Figure 2). The estimate of the scaling across all
the climate states and all models indicates a 2.06%±0.09%
change per degree (Figure 2); estimates based on individual
models across the climate states vary between 1.63% and
2.51% per degree. The range of values (Table S1) obtained
for the lgm experiment (1.80%–2.89%) is similar to that
obtained for the 4xCO2 experiment (1.37%–2.43%). The
values for an individual model are always larger in the lgm
experiment than in the 4xCO2 experiment, however, consistent
with the fact that the energetic limitation on evaporation is
smaller in the colder state (Figure 1). The values from the
1pctCO2 experiment are not consistently larger than those
from the 4xCO2 experiment, but the differences in scaling
between the two experiments are small.
[11] The historical simulation is the only experiment to

include volcanic and solar forcing and changes in aerosols
and land use. The simulated changes in temperature over
the historic period are small (<1°C), as is the magnitude of
the forcing (relative to the lgm or 4xCO2 simulations), though
consistent with the magnitude of changes shown by the
HadCRUT4 data (Figure S2). The results obtained for the
historical simulations are anomalous: while some models
show an increase in precipitation over the course of the
simulation, three models (GISS-E2-R, MIROC-ESM, and
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Figure 2. The change in precipitation (%) as a function of the change in global temperature (°C) as simulated by each of the
six CMIP5 models (IPSL-CM5A-LR, MPI-ESM-P, MIROC-ESM, CCSM4, MRI-CGCM3, and GISS-E2-R) at the Last
Glacial Maximum (LGM), from the historical run (average for period 1979–2005 CE), the 1% CO2 run (1pctCO2, average
for model years 86–115), and the 4xCO2 run. The left-hand plot shows the global relationship, while the right-hand plots
shows the change in global precipitation (%) over (red) land and (blue) ocean as a function of the change in global land
and ocean temperature (°C).
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piControl for each model in order to capture the most extreme
states (although similar results are obtained using, e.g., the
upper and lower quartiles of precipitation). This results in
different regions being defined as wet or dry in each model.
[8] We evaluate the realism of the lgm and historical simu-

lations using paleoclimate reconstructions and historical
observations over the land. (There are no reconstructions of
precipitation over the ocean.) We use a data set of quantitative
climate reconstructions for the LGM from S. P. Harrison et al.
(Climate model benchmarking with glacial and mid-Holocene
climates, submitted to Climate Dynamics, 2013). This data set
provides reconstructions (including uncertainties) of several
climate variables; here we use mean annual temperature over
the land and ocean and mean annual precipitation over the
land. The historical data are derived from two data sets: tem-
perature data are from the HadCRUT4 combined land and
ocean temperature data set [Morice et al., 2012], which covers
the period from 1850 to 2009; precipitation data are from the
GHCN (Global Historical Climatology Network, Version 2)
product, which provides land precipitation data and covers the
interval from 1900 to 2010 [Peterson and Vose, 1997]. The ear-
liest part of the record is based on very few actual observations;
the observed historical change is therefore taken as the differ-
ence between the mean for 1979–2005 and the mean for
1941–1970, and the simulated climate is the difference between
the same years in the simulations.

3. Results: Simulated Changes

[9] The ensemble averages of the six models (see Figure S1
in the supporting information) illustrate the large changes in
temperature and precipitation characteristic of the cold- and
warm-climate states. The lgm simulations show changes of
comparable magnitude (though opposite sign) to the 4xCO2
simulations, consistent with the fact that the overall forcing
is of comparable magnitude [Braconnot et al., 2012], and
historical and 1pctCO2 show changes intermediate in magni-
tude. There are consistent patterns in the large-scale tempera-
ture response in warm- and cold-climate states [Izumi et al.,

2013]: the land warms/cools more than the oceans, and the
high latitudes warm/cool more than the tropics. Izumi et al.
[2013] also showed that there is a different seasonal response
to year-round climate forcing in both warm and cold climates.
These large-scale temperature patterns are broadly reflected in
the changes in precipitation (Figure S1). In general, there are
bigger changes in precipitation over the land than over the
ocean in both warm- and cold-climate states. Changes in
precipitation in the high latitudes (north of approximately
50°N) are larger than those in the midlatitudes (30°N–50°N),
although the response of precipitation in the tropics does not
scale straightforwardly with temperature.
[10] There is a strong relationship between changes in

global temperature and precipitation, with increased precipita-
tion in a warm climate and decreased precipitation in a cold-
climate state (Figure 2). The estimate of the scaling across all
the climate states and all models indicates a 2.06%±0.09%
change per degree (Figure 2); estimates based on individual
models across the climate states vary between 1.63% and
2.51% per degree. The range of values (Table S1) obtained
for the lgm experiment (1.80%–2.89%) is similar to that
obtained for the 4xCO2 experiment (1.37%–2.43%). The
values for an individual model are always larger in the lgm
experiment than in the 4xCO2 experiment, however, consistent
with the fact that the energetic limitation on evaporation is
smaller in the colder state (Figure 1). The values from the
1pctCO2 experiment are not consistently larger than those
from the 4xCO2 experiment, but the differences in scaling
between the two experiments are small.
[11] The historical simulation is the only experiment to

include volcanic and solar forcing and changes in aerosols
and land use. The simulated changes in temperature over
the historic period are small (<1°C), as is the magnitude of
the forcing (relative to the lgm or 4xCO2 simulations), though
consistent with the magnitude of changes shown by the
HadCRUT4 data (Figure S2). The results obtained for the
historical simulations are anomalous: while some models
show an increase in precipitation over the course of the
simulation, three models (GISS-E2-R, MIROC-ESM, and
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Figure 2. The change in precipitation (%) as a function of the change in global temperature (°C) as simulated by each of the
six CMIP5 models (IPSL-CM5A-LR, MPI-ESM-P, MIROC-ESM, CCSM4, MRI-CGCM3, and GISS-E2-R) at the Last
Glacial Maximum (LGM), from the historical run (average for period 1979–2005 CE), the 1% CO2 run (1pctCO2, average
for model years 86–115), and the 4xCO2 run. The left-hand plot shows the global relationship, while the right-hand plots
shows the change in global precipitation (%) over (red) land and (blue) ocean as a function of the change in global land
and ocean temperature (°C).

LI ET AL.: CMIP5 PRECIPITATION: TEMPERATURE SCALING

4020

Kleidon, A., Renner, M., Earth System Dynamics, 4, 455-465 (2013)

piControl for each model in order to capture the most extreme
states (although similar results are obtained using, e.g., the
upper and lower quartiles of precipitation). This results in
different regions being defined as wet or dry in each model.
[8] We evaluate the realism of the lgm and historical simu-

lations using paleoclimate reconstructions and historical
observations over the land. (There are no reconstructions of
precipitation over the ocean.) We use a data set of quantitative
climate reconstructions for the LGM from S. P. Harrison et al.
(Climate model benchmarking with glacial and mid-Holocene
climates, submitted to Climate Dynamics, 2013). This data set
provides reconstructions (including uncertainties) of several
climate variables; here we use mean annual temperature over
the land and ocean and mean annual precipitation over the
land. The historical data are derived from two data sets: tem-
perature data are from the HadCRUT4 combined land and
ocean temperature data set [Morice et al., 2012], which covers
the period from 1850 to 2009; precipitation data are from the
GHCN (Global Historical Climatology Network, Version 2)
product, which provides land precipitation data and covers the
interval from 1900 to 2010 [Peterson and Vose, 1997]. The ear-
liest part of the record is based on very few actual observations;
the observed historical change is therefore taken as the differ-
ence between the mean for 1979–2005 and the mean for
1941–1970, and the simulated climate is the difference between
the same years in the simulations.

3. Results: Simulated Changes

[9] The ensemble averages of the six models (see Figure S1
in the supporting information) illustrate the large changes in
temperature and precipitation characteristic of the cold- and
warm-climate states. The lgm simulations show changes of
comparable magnitude (though opposite sign) to the 4xCO2
simulations, consistent with the fact that the overall forcing
is of comparable magnitude [Braconnot et al., 2012], and
historical and 1pctCO2 show changes intermediate in magni-
tude. There are consistent patterns in the large-scale tempera-
ture response in warm- and cold-climate states [Izumi et al.,

2013]: the land warms/cools more than the oceans, and the
high latitudes warm/cool more than the tropics. Izumi et al.
[2013] also showed that there is a different seasonal response
to year-round climate forcing in both warm and cold climates.
These large-scale temperature patterns are broadly reflected in
the changes in precipitation (Figure S1). In general, there are
bigger changes in precipitation over the land than over the
ocean in both warm- and cold-climate states. Changes in
precipitation in the high latitudes (north of approximately
50°N) are larger than those in the midlatitudes (30°N–50°N),
although the response of precipitation in the tropics does not
scale straightforwardly with temperature.
[10] There is a strong relationship between changes in

global temperature and precipitation, with increased precipita-
tion in a warm climate and decreased precipitation in a cold-
climate state (Figure 2). The estimate of the scaling across all
the climate states and all models indicates a 2.06%±0.09%
change per degree (Figure 2); estimates based on individual
models across the climate states vary between 1.63% and
2.51% per degree. The range of values (Table S1) obtained
for the lgm experiment (1.80%–2.89%) is similar to that
obtained for the 4xCO2 experiment (1.37%–2.43%). The
values for an individual model are always larger in the lgm
experiment than in the 4xCO2 experiment, however, consistent
with the fact that the energetic limitation on evaporation is
smaller in the colder state (Figure 1). The values from the
1pctCO2 experiment are not consistently larger than those
from the 4xCO2 experiment, but the differences in scaling
between the two experiments are small.
[11] The historical simulation is the only experiment to

include volcanic and solar forcing and changes in aerosols
and land use. The simulated changes in temperature over
the historic period are small (<1°C), as is the magnitude of
the forcing (relative to the lgm or 4xCO2 simulations), though
consistent with the magnitude of changes shown by the
HadCRUT4 data (Figure S2). The results obtained for the
historical simulations are anomalous: while some models
show an increase in precipitation over the course of the
simulation, three models (GISS-E2-R, MIROC-ESM, and
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Figure 2. The change in precipitation (%) as a function of the change in global temperature (°C) as simulated by each of the
six CMIP5 models (IPSL-CM5A-LR, MPI-ESM-P, MIROC-ESM, CCSM4, MRI-CGCM3, and GISS-E2-R) at the Last
Glacial Maximum (LGM), from the historical run (average for period 1979–2005 CE), the 1% CO2 run (1pctCO2, average
for model years 86–115), and the 4xCO2 run. The left-hand plot shows the global relationship, while the right-hand plots
shows the change in global precipitation (%) over (red) land and (blue) ocean as a function of the change in global land
and ocean temperature (°C).
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The Carnot limit is a fundamental upper bound 
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Simple models can provide very good first order 
estimates

Explnation of calculations in script
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1 Abstract

Explanation of the sensitivity graphs made for the POSTER for the IMPRS
retreat. In the formula of sensitivity of KleidonRenner2013, all details of
exact calculations made for the evaporation of LHS and sum of terms on
RHS for both relative and absolute di↵erences.

Corrs. to file: CDO rel&abs change.txt OR CDO rel&abs change.sh
(same content in the two files)

2 Introduction

The point is to compute the LHS and the RHS seperately for the formula
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4 Computing the absolute terms

Just multiply by the corresponding relative terms by evaporation at that
field point. Just one line with CDO.
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