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Abstract In climate simulations we find a pronounced

meridional (equator to pole) gradient of climate response to

land cover change. Climate response approaches zero in the

tropics, and increases towards the poles. The meridional

gradient in climate response to land cover change results

from damping feedbacks in the tropics, rather than from

polar amplification. The main cause for the damping in the

tropics is the decrease in cloud cover after deforestation,

resulting in increased incoming radiation at the surface and

a lower planetary albedo, both counteracting the increase in

surface albedo with deforestation. In our simulations,

deforestation was also associated with a decrease in sen-

sible heat flux but not a clear signal in evaporation.

Meridional differences in climate response have implica-

tions for attribution of observed climate change, as well as

for climate change mitigation strategies.

Keywords Land use change � Deforestation � Climate

response � Regional climate � Global climate model

1 Introduction

The currently observed change in global mean temperature

can be attributed to changes in the radiation balance of the

earth as a result of anthropogenic changes in (a.o.) green-

house gas concentration, aerosols and land cover (the so-

called radiative forcing) and feedbacks of the climate

system. The most important radiative forcing of land cover

change is the change in albedo and the subsequent change

in net radiation in relation to deforestation and/or affores-

tation. Land cover change has a distinct spatial distribution

because of the regional differences in the need for agri-

cultural lands in association with cultural history and the

natural distribution of biomes over climate zones. Here we

focus on the regional distribution of the feedbacks, of

which the most important ones are the changes in evapo-

ration and clouds.

Land cover has changed due to anthropogenic activity:

from 1870 to 1992 the fraction of forests on land has

decreased from 0.43 to 0.36 (Klein Goldewijk 2001;

Ramankutty and Foley 1999, Section 2b), and still the

deforestation continues at unprecedented rates. The corre-

sponding increase in albedo has a negative radiative forc-

ing (Forster et al. 2007) with a magnitude of roughly 20%

of the radiative forcing of increased CO2 concentrations in

the same period. For these reasons, land cover change is a

matter of substantial interest in climate change studies.

The albedo change of land cover change and the asso-

ciated change in temperature may provoke feedbacks

leading to amplification or damping of the initial forcing of

the climate system. Examples of mechanisms where feed-

backs are involved are (1) the intimate link between land

cover change, albedo and energy partitioning at the surface,

implying a great potential to actively change boundary

layer processes; (2) the impact of clouds on the radiation
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budget, which is large relative to the radiative forcings of

land cover change and CO2. Changes in cloud formation

may form an important feedback to land cover change,

because the formation of clouds is connected to the surface

fluxes of water vapour and sensible heat: the first is one of

the sources of moisture and the second generates the ver-

tical mixing affecting cloud formation. Such feedbacks and

their spatial distribution determine the response of climate

to the initial albedo change. The interactions between

forcing and feedback make the use of complex earth sys-

tem/climate models inevitable to quantify the climate

response to land cover change.

A number of studies have used global circulation models

(GCM’s) to study land cover change, some focusing on the

tropics (Polcher and Laval 1994; McGuffie et al. 1995;

Zhang et al. 1996a, b) and some on the global changes

(Zhao et al. 2001; Bounoua et al. 2002; Matthews et al.

2004; Feddema et al. 2005). Pitman et al. (2009) present a

concise model intercomparison of the effects of land cover

change in the context of the ‘Land Use Change—IDenti-

fication of robust impacts’ (LUCID) project. The same

results contributed to LUCID are also analyzed in this

paper.

We focus on the regional differences of climate response

to land cover change, which have received little attention to

date. Regional differences in climate response may have

implications for future climate change projections, as well

as for designing climate change mitigation strategies. In

this perspective, it is the objective of this study to explore

how the climate response to land cover change differs

regionally in a climate model, and to explain this regional

variation. We employ the General Circulation Model

(GCM) called EC-Earth to estimate the climate response to

land cover change on surface temperature, short- and

longwave radiation, cloud cover, and sensible and latent

heat fluxes.

2 Methods

To perform the simulations, the EC-Earth global circula-

tion model is used (Haarsma et al. 2009; Hazeleger et al.

2010; see ecearth.knmi.nl). The model is a derivative of the

Operational Seasonal Forecast System 3 of the Integrated

Forecast System (IFS) of the European Centre for Medium-

Range Weather Forecasts (ECMWF). The atmospheric

model version is very similar to IFS cycle 31r1, with

spectral truncation T95 and 40 vertical levels. The ocean

was represented by prescribed sea surface temperatures

(SST) and sea-ice concentration (SIC), varying monthly

and inter-annually after the Hadley Centre Ice and Sea

Surface Temperature data set (Rayner et al. 2000, 2003).

The global mean SST increased 0.33�C between the pre-

industrial and present-day era, whereas the global mean

SIC decreased -0.6% (from 6.2 to 5.6%) (Fig. 1).

Four experiments were performed, (1) a ‘reference’

(r) experiment, with pre-industrial (1870) land cover and

CO2 concentration; (2) a ‘modified vegetation’ (v) experi-

ment, where land cover was changed to the 1992 distri-

bution (Fig. 2); (3) a ‘modified CO2 concentration’

(c) experiment, where CO2 concentration was changed

to the 1992 level; and (4) a ‘modified vegetation and

CO2 concentration’ (vc) experiment, where both land cover

and CO2 concentration were changed to the present-day

(1992) distribution/level. SST and SIC follow the CO2

concentration.

Each experiment consisted of 5 ensemble members of

10-year duration. The ensemble members started in 1870,

1875, 1880, 1885 and 1890 for the ‘r’ and ‘v’ runs and in

1972, 1977, 1982, 1987 and 1992 for the ‘c’ and ‘vc’

experiments. Hence each experiment covers in total

30 years with overlapping ensemble members. In each

ensemble member, the surface parameters and CO2 con-

centrations were set to their respective values in 1870 or

1972 and the atmosphere was always initialized as on 1

January 1990. The SST and SIC were initialised on the start

date, and updated daily. The SST and SIC thus determine

the difference between the ensemble members.

Fig. 1 Change in a SST and b SIC between the present-day and pre-

industrial experiments
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We compared the temporal variability of soil moisture

content within ensemble members with the variability

between overlapping members to check for potential

spin-up problems. As a reservoir soil moisture content

acts as a form of memory to the atmosphere-land

interaction. We used soil moisture because the memory

makes the test more severe than it would be for atmo-

spheric variables without memory. However, the match

between soil moisture in overlapping members (e.g. the

last 5 years of the member started in 1870 and the first

5 years of the member started in 1875) was generally

good, and the difference smaller than the temporal var-

iability within members. This result suggests that spin-up

problems are not a major cause of concern. The ini-

tialisation in the month January resolves part of the spin-

up problems in many areas where land use change is

large, because evaporation is small and precipitation

dominates soil moisture recharge in the winter and

spring. In the consideration to avoid spin-up problems or

to increase the length of the time series, we therefore

choose to use the complete time series in the analyses.

The concentrations of CH4, N2O, CFC11 and CFC12

were changed in concert with the CO2 concentration

changes.

Time series of the fractional cover of pasture and

crops were obtained from Klein Goldewijk (2001)

and Ramankutty and Foley (1999), respectively (Fig. 2),

and implemented in the land surface scheme of EC-Earth.

20 different plant functional types are discerned, that are

distributed into high and low vegetation types (Van den

Hurk et al. 2000). Each grid cell is attributed only one

dominant high vegetation type and one low vegetation

type, with assigned fractions for each. The vegetation

type determines vegetation characteristics such as leaf

area index, surface roughness, minimum stomatal resis-

tance and root depth. In the original setup, EC-Earth uses

a satellite derived monthly background albedo map.

However, in this study we want albedo to vary with

prescribed (changes in) land use. Therefore we derived a

look-up table for monthly and zonal mean albedo for

each vegetation type as the limit to which the back-

ground albedo approaches when the vegetation fraction

approaches 100%. Using this look-up table, we were able

to prescribe albedo maps compatible with the time

varying vegetation fractions and with the original EC-

Earth background albedo map. In this setup, albedo is

seasonally varying, but not interactive as in dynamic

vegetation models. Table 1 indicates the typical EC-Earth

albedo of ‘high’ and ‘low’ surface types and their rela-

tive distribution over the Earth in 1870 and 1992

according to Ramankutty and Foley (1999) and Klein

Goldewijk (2001). Using this approach, land cover

change caused a 1.4% increase in surface albedo over

this period. The model output data are presented as

temporal means on a 1� by 1� grid.

The Figs. 3, 4, 5, 6, 7, and 8 show the change of a

number variables with the change in albedo in bins. The

significance of the slope of the linear regression line

through the raw data points has been tested using Student’s

t-test, and a, the probability of exceedence, and r2 are

shown in the figures, both for the NH mid latitudes and the

tropics.

Fig. 2 Change in a the fraction of high vegetation (present-day—pre-

industrial) and b the resulting change in surface albedo. The change in

the fraction of low vegetation (grasses, crops) is exactly opposite to

the change in forest cover

Table 1 Land cover distribution and albedo in 1870 (the ‘pre-

industrial’ year in our simulations) and 1992 (the ‘present-day’ year

in our simulations), and the corresponding weighted surface albedo

Surface type Albedo Surface fraction A.D.

1870 1992

Ocean 0.07 0.72 0.72

Low vegetation 0.20 0.10 0.12

High vegetation 0.13 0.12 0.10

Bare ground 0.25 0.03 0.03

Ice 0.50 0.03 0.03

Surface albedo 0.1087 0.1102
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3 Results

3.1 Temperature response

Land cover change and the associated albedo change

cause a change in the radiation balance of the Earth, with

a consequent change in temperature. Figure 3 shows that

the temperature changes increase with the albedo changes.

The temperature changes with albedo are larger in the

Northern Hemispheric (NH) mid-latitudes (45–60�N) than

in the tropics (30�S–30�N). The grid cell average albedo

changes in other climate zones are very small, which is

why these zones are omitted in Fig. 3. The temperature

responses are very similar in the simulations at historic

(v-r) and present-day CO2 concentration and SST/SIC
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Fig. 3 The change in surface temperature as a function of change in

albedo computed from the difference between the EC-Earth simula-

tions at historic CO2 concentration (v-r, solid lines) and at present-day

CO2 concentration (vc-c, dotted lines). The lines and markers
represent the mean change in temperature for all gridpoints in the

respective climate zone and class of albedo change, and the errorbars
indicate the standard deviation over those gridpoints. The a values

represent the probability of exceedence, indicating that the temper-

ature trends for the NH mid latitudes and tropics are both tested

significantly different from 0 with the Student t-test
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Fig. 4 The change in net shortwave radiation as a function of change

in albedo computed from the difference between the EC-Earth

simulations at historic (v-r, solid lines) and at present-day CO2

concentration, SST and SIC (vc-c, dotted lines). The thin lines without

markers represent the direct shortwave radiative effect of albedo

change: incoming SW radiation 9 (1 - Dalbedo), thus including the

effect of clouds in the reference simulation (solid: NH mid-latitudes,

dashed: tropics). The deviation from the straight line (red arrow)

indicates the impact of feedbacks. The figure applies to the surface,

but is very similar for the TOA. The caption of Fig. 3 explains the

errorbars
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Fig. 5 The change in a total, b high and c low cloud cover fraction as

a function of change in albedo computed from the difference between

the EC-Earth simulations at historic CO2 concentration (v-r, solid
lines) and at present-day CO2 concentration (vc-c, dotted lines). The

caption of Fig. 3 explains the errorbars
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(vc-c), which is a strong indication that different feedback

mechanisms are acting in the mid-latitudes than in the

tropics.

3.2 Shortwave radiation response

The change in net shortwave radiation at the surface with a

unit change of albedo depends on the global radiation, and

is therefore strongly correlated with latitude. Figure 4

shows that the expected change in surface net radiation due

to the albedo change (thin lines) is larger in the tropics than

in the mid-latitudes due to the larger amounts of global

radiation. In contrast to the expected change in net radia-

tion, the actual change in net radiation is smaller in the

tropics than in the mid-latitudes. Apparently there is a

strong damping feedback mechanism acting in the tropics.

In the mid-latitudes, the change in net radiation resembles

the radiative forcing, suggesting the absence of (net)

feedbacks.

3.3 Cloud feedback

The damping feedback in the tropics is explained by a

regional decrease in total cloud cover (Fig. 5a): at the top

of the atmosphere (TOA) the reduced cloud cover results in

a lower Earth albedo, counteracting the increasing albedo

at the surface. At the surface the same reduced cloud cover

increases the incoming and net shortwave radiation, thus

counteracting the effect of the albedo increase. Figure 5a

shows that the cloud cover indeed decreased in the tropics

by about 1% in the ‘v-r’ and ‘vc-c’ simulations, whereas it

increased slightly in the NH mid-latitudes.

In the tropics, the decrease in total cloud fraction is

primarily caused by the reduction in high clouds (higher

than 6–7 km, Fig. 5b), whereas the fraction of low clouds

(lower than about 2 km, Fig. 5c) does not change much. In

the mid-latitudes, the slight increase in total cloud fraction

is the net effect of a shift from high clouds to low clouds

(Fig. 5b, c). Ignoring possible effects of cloud overlap, the
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Fig. 6 The change in surface sensible a and latent b heat flux as a

function of the change in computed as the difference between the EC-

Earth simulations at historic CO2 concentration (v-r, solid lines) and

at present-day CO2 concentration (vc-c, dotted lines). The caption of

Fig. 3 explains the errorbars
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Fig. 7 The change in low cloud fraction as a function of the change

in latent heat flux between the EC-Earth simulations at historic CO2

concentration (v-r, solid lines) and at present-day CO2 concentration

(vc-c, dotted lines). a indicates the exceedence probability of the slope

of the linear regression line on the raw data. The caption of Fig. 3

explains the errorbars
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Fig. 8 The change in net longwave radiation as a function of the

change in albedo computed as the difference between the EC-Earth

simulations at historic CO2 concentration (v-r, solid lines) and at

present-day CO2 concentration (vc-c, dotted lines). The caption of

Fig. 3 explains the errorbars
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effects of the general decrease in total cloud cover explain

the relatively small compensation of surface shortwave

radiation in response to surface albedo changes.

3.4 Surface heat fluxes

Figure 6 shows that the sensible heat flux (H) is reduced

both in the tropics and in the mid-latitudes by a maximum

of about 10 W m-2, which is in the same order as the

reduction in net shortwave radiation. There is a slight

decrease in latent heat flux (LE) in the tropics

(1–3 W m-2) at historic CO2 concentrations. This has

mixed effects on the lifting condensation level (LCL) and

cloud cover: the LCL decreases with the smaller H, but

increases with smaller LE; the smaller H may cause the

boundary layer to be shallower, so that convection may not

be able to reach the LCL. As a consequence, the changes in

low cloud cover are small particularly in the tropics.

However, the changes in evaporation are smaller at present

day than at preindustrial CO2-concentrations, implying that

this feedback is not very robust.

Apparently there is not a strong relation between the

change in albedo and the change in latent heat flux, which

would make it hard to explain why the cloud fraction

changes in the tropics, and not in the NH mid-latitudes.

However, Fig. 7 shows that the latent heat flux is stronger

correlated to low cloud cover in the tropics than in the NH

mid-latitudes. This implies that a drop in albedo causes

quite variable responses on LE (Fig. 6b), but the resulting

change in LE nevertheless explains to a certain degree the

change in low cloud fraction, in the tropics. The variable

response of LE to albedo may be expected, because LE

does not only depend on albedo, but also in available

energy, vapour pressure deficit and soil moisture. It may

also be expected that the response of low clouds to LE is

stronger in the tropics than in the mid-latitudes, because in

the tropics clouds are more often caused by local convec-

tion and in the mid-latitudes clouds are more often caused

by synoptic weather systems.

As a result of the changed surface temperatures and

cloud fractions, the net longwave radiation also changes,

with distinct differences between the NH mid-latitudes and

the tropics (Fig. 8). The changes in longwave radiation are

as expected from the change in cloud cover, and oppose the

effect of cloud cover on shortwave radiation.

3.5 Zonal mean climate response

As a result of the different feedbacks, the climate response

DT is not homogenously distributed over the globe

(Fig. 9a). Here the climate response is scaled with Dalbedo,

to account for the varying degree of land cover change. A

strong latitudinal gradient is observed, where climate

response DT/Dalbedo is nearly zero in the tropics and

increasing to a (negative) maximum in the mid-latitudes.

This is also clearly visible in the zonal mean climate

response (Fig. 9b).

The values presented in Fig. 9a represent the average

local climate response over the land area where the albedo

change is larger than ±0.002 (this lower limit in albedo

change is required to obtain a stable ratio). The local

approach gives an underestimation of the climate response,

because advection and feedback propagation may cause

temperature changes in neighbouring gridpoints. Figure 9b

also shows the non-local zonal mean climate response

computed as the ratio of the zonal average temperature

change and the zonal average albedo change for all grid-

points over land, thus including non-local temperature

changes. This non-local climate response is indeed some-

what larger (more negative, Fig. 9b).

Fig. 9 a Spatial distribution of climate response to land cover

change, scaled with the albedo change. Albedo change and temper-

ature response are computed on a monthly basis and displayed as

annual mean. Areas where the albedo change is less than 0.002 are

masked out b zonal average climate response: the blue line represents

the zonal average of the numbers displayed in (a), and the red line
represents the ratio of the zonal average DT and the zonal average D
albedo for all gridpoints over land, thus including non-local

temperature changes, over latitudinal bands of 20� to reduce cross-

zonal temperature advection
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4 Discussion

It is known that the climate response to a given radiative

forcing may depend on the characteristics in terms of

nature, latitude, and altitude of the forcing (cf. Hansen

et al. 1997; Harvey 2000; Boer and Yu 2003a, b). How-

ever, to our knowledge the distinct meridional gradient in

climate response to land cover change has not been

reported earlier. The meridional gradient in climate

response to land cover change has implications for

explaining observed temperature changes in regions

affected by land cover change. It also impacts the effi-

ciency of aforestation programs aimed at mitigating cli-

mate warming by sequestering carbon dioxide from the

atmosphere. Our model results suggest that aforestation is

accompanied in the NH mid-latitudes with climate warm-

ing, whereas it is nearly temperature neutral in the tropics

(apart from the effect of the mitigated greenhouse gas

effect). Bonan (2008) also discusses the meridional dif-

ferences of climate impact of forests, and argues that the

most important biophysical impacts of tropical and boreal

forests are evaporative cooling and warming by snow

masking, respectively. The negative radiative forcing of

deforestation would thus be accompanied by warming

feedbacks in the tropics and cooling feedbacks in the

northern latitudes. This is consistent with our results,

although we do not find substantial changes in LE in the

tropics, or amplified changes in albedo in the boreal zone.

The term ‘polar amplification’ is often used in global

warming studies to emphasize that global warming due to

the enhanced greenhouse gas effect is amplified towards

the poles as a result of the snow-albedo feedback. In the

case presented here it is more appropriate to use the term

‘tropical damping’, because there is no evidence of the

presence of amplifying feedbacks in the NH mid-latitudinal

shortwave radiation, whereas there is evidence of damping

feedbacks in the tropics (Figs. 4, 5).

The evidence of the damping feedback in the tropics is

most convincingly seen in Fig. 4, showing that the actual

decrease in net shortwave radiation with albedo increase is

much smaller than expected. This can only be explained by

an increase in incoming shortwave radiation, which must

be related to a reduction in cloud fraction. The large

standard deviations in the DLE (Fig. 6b) show that there is

quite some variation, suggesting that the general trend of

decreased cloud cover reflects the net balance of the

varying influences of Bowen ratio, convection strength and

boundary layer height. However, there is a stronger relation

between the change in LE and the low cloud fraction

(Fig. 7).

Two potential explanations for the difference between

‘polar amplification due to the enhanced greenhouse gas

effect’ and ‘tropical damping due to land cover change’ are

(1) that the majority of land cover change does not extend

far enough to the North for the snow-albedo feedback to

have a pronounced effect in areas affected by land cover

change, and (2) that the climate response to land cover

change has a pronounced diurnal cycle, in concert with

global radiation, and therefore has a great potential to

affect convective cloud development (Fig. 5). The green-

house gas effect in contrast has no pronounced diurnal

cycle. The latitudinal gradient of global radiation does not

explain the observed meridional gradient in climate

response, because the larger amount of global radiation

towards the tropics would be expected to increase the

radiative forcing and climate response, which is opposite to

our model results.

The specific LUCID experimental setup (Pitman et al.

2009) with fixed SST and SIC suppresses temperature

changes over the ocean in response to vegetation change.

The fixed SST and SIC in practice turn the oceans into

potentially unlimited sources or sinks of heat and moisture.

This is illustrated by the changes in net oceanic sur-

face sensible and latent heat fluxes in response to land

cover change: DH = ?0.017 W m-2 and DLE = ?0.033

W m-2. The oceanic heat release is a response to the

cooling of the atmosphere, demonstrating that LCC

induced cooling has non-local effects on the energy bal-

ance, although the ocean temperature does not respond in

this experimental setup. However, further studies with

coupled ocean models are foreseen. Pitman et al. (2009)

show that in the LUCID model intercomparison, EC-Earth

is among the three models with the strongest temperature

changes. Like EC-Earth, every participating model has the

most pronounced temperature changes in the NH mid-

latitudes.

Pitman et al. (2009) emphasize that the choices in the

surface/vegetation model formulation with respect to short-

term variation in surface conductance of water vapour and

heat, and particularly to seasonal variation in surface

roughness, leaf area index and phenology, as well as the

parameterization of different (agricultural) vegetation types

has important implications for the model’s climate sensi-

tivity to land cover change. In this respect, EC-Earth, with

seasonally fixed roughness and leaf area index and uniform

soil types across the globe (van den Hurk et al. 2000)

currently takes a middle position considering complexity

among the 4 models without dynamic vegetation partici-

pating in LUCID. However, the response of latent heat flux

(LE) to land cover change appears quite contrasting

between the models: some models simulate decreasing LE

after deforestation in all climate zones (IPSL, CCAM,

SPEEDY), one model simulates increasing LE (CCSM)

and other models simulate mixed and/or meridionally

varying responses (ARPEGE, ECHAM5, EC-Earth). Pit-

man et al. (2009) argue that there is no agreed upon best
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practice or large-scale calibration protocol, and as a result

the climate response to land cover change depends on the

model formulation.

In South America a contrasting climate response pattern

appears as a function of continentality, with cooling near

the coast and warming further inland (Fig. 8a). This shows

that different feedbacks mechanisms are active. In conti-

nental conditions these are often related to cloud cover

(convective or stratiform) and water vapour recycling, and

in maritime conditions often related to sea breezes (van der

Molen et al. 2006).

5 Conclusions

Simulations with the EC-Earth climate model indicate a

strong meridional gradient in climate response to land

cover change: the climate response is nearly zero in the

tropics and increases towards the NH mid-latitudes. Clas-

sical theory is that climate warming amplifies towards the

poles, because of the snow-albedo feedback. However, in

our simulations, the change in net radiation resembles the

radiative forcing in the NH mid-latitudes, whereas it is

much smaller in the tropics. This indicates that (net)

damping feedbacks are present in the tropics, but not in the

NH mid-latitudes. We show that in our model a decrease in

cloud cover after deforestation is responsible for this

‘tropical damping’.

Distinguishing meridional differences in climate

response to land cover change is important for attribution

of climate change, and may have implications for the

effectiveness of aforestation programs to mitigate climate

change due to increasing CO2 concentrations. Simulations

of the impact of land cover change on climate by different

climate models often provide contrasting results, as a

consequence of defensible differences in model formula-

tions. The climate response is a useful parameter for cli-

mate model intercomparisons, and we aim to contribute to

such intercomparisons with this publication.
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