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Abstract. Predicting and adapting to changes in the hydrological cycle is one of the major challenges for the 21st century. To better estimate how it will respond to future changes
in climate forcings, it is crucial to understand how the hydrological cycle has evolved in the past and why. In our
study, we use an atmospheric global climate model with prescribed sea surface temperatures (SSTs) to investigate how,
in the period 1870–2005, changing climate forcings have
affected the global land temperature and precipitation. We
show that between 1870 and 2005, prescribed SSTs (encapsulating other forcings and internal variability) determine the
decadal and interannual variabilities of the global land temperature and precipitation, mostly via their influence in the
tropics (25◦ S–25◦ N). In addition, using simulations with
prescribed SSTs and considering the atmospheric response
alone, we find that between 1930 and 2005 increasing aerosol
emissions have reduced the global land temperature and precipitation by up to 0.4 ◦ C and 30 mm yr−1 , respectively, and
that between about 1950 and 2005 increasing greenhouse
gas concentrations have increased them by up to 0.25 ◦ C
and 10 mm yr−1 , respectively. Finally, we suggest that between about 1950 and 1970, increasing aerosol emissions
had a larger impact on the hydrological cycle than increasing greenhouse gas concentrations.

1

Introduction

Global and regional variations in temperature and precipitation are key parameters affecting our economy and ecosystems. To better predict their changes under future climate
conditions, it is essential to understand their sensitivity to
the relevant climate forcings, and how this sensitivity evolves
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through time. Based on observations, previous studies (e.g.
Allen and Ingram, 2002; Wild et al., 2008; Wild and Liepert,
2010) show the crucial role of the radiation balance in driving the hydrological cycle, and point out the important role
of aerosol and greenhouse gas concentrations. On the one
hand, increasing aerosol concentrations in the atmosphere is
expected to cool the Earth’s surface and reduce precipitation
(e.g. Ramanathan et al., 2001; Liepert et al., 2004; Wild et al.,
2005; Wild and Liepert, 2010). On the other hand, increasing greenhouse gas concentrations in the atmosphere is expected to warm the Earth’s surface and increase precipitation
(e.g. Trenberth, 1990; Boer, 1993; IPCC AR4, 2007; Trenberth, 2011). Recent studies (e.g. Wild et al., 2007 and 2008;
Wild and Liepert, 2010) suggest that between about 1960 and
1980, increasing aerosol concentrations had a larger impact
on the global land temperature and precipitation than increasing greenhouse gas concentrations, whereas the opposite is
true after about 1980.
The atmospheric forcings addressed affect the coupled climate system in intricate ways. Changes in radiative forcings
will instantaneously affect local land and sea-surface temperatures, and these changes may operate on and feed back
to the atmosphere on longer (daily to decadal) time scales.
The oceans are particularly essential in driving the hydrological cycle (e.g. Mitchell, 1983). Sea surface temperatures
(SSTs) are strongly coupled to both global land temperatures
(e.g. Hoerling et al., 2008; Compo and Sardeshmukh, 2009)
and precipitation (e.g. Koster and Suarez, 1995). Many modelling studies have focussed on the climatic response of the
fully coupled system to changing carbon dioxide (CO2 ) and
aerosol concentrations, but only few examine the transient
climatic response to time varying emissions of pollutants. In
our paper, we use an atmospheric general circulation model
(GCM) forced with prescribed SSTs, to quantify the transient response of the hydrological cycle to changing climate
forcings in the period 1870–2005.
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Table 1. Summary of the different simulations. All the simulations cover the period 1870 to 2005 and are forced with time-varying
greenhouse gas concentrations since 1870.
Name of
ensemblemean
CTRL
AEC
SSTC
AESSTC

Number of
experiments

SSTs

Aerosol
emissions

14
4
6
3

Time-varying since 1870
Time-varying since 1870
Climatology averaged over 1871–1900
Climatology averaged over 1871–1900

Time-varying since 1870
Constant to 1870 value
Time-varying since 1870
Constant to 1870 value

The layout of the paper is as follows: Sect. 2 describes the
methodology, Sect. 3 shows the results, and Sects. 4 and 5
discusses and concludes the study, respectively.
2

Methodology

In this section, we first explain the model set up and experiments (Sect. 2.1), we then show the evolution of the main climate forcings since 1870 (Sect. 2.2), and finally we describe
the observational datasets used to validate our simulations
(Sect. 2.3).
2.1

Model set up and experimental design

We perform climate simulations using the fifth generation
of the atmospheric GCM, ECHAM (Roeckner et al., 2003).
The basic prognostic variables, vorticity, divergence, temperature and surface pressure are represented by spherical
harmonics with triangular truncation, in our case at wave
number 42 (T42), which implies a horizontal grid spacing of approximately 2.8 degree. Non-linear processes and
physical parameterization are solved on a corresponding
Gaussian grid. Tracers are advected using the scheme by Lin
and Rood (1996). In the vertical, 19 hybrid sigma-pressure
levels are used, with the uppermost level at 10 hPa (Roeckner et al., 2003). Since direct and indirect aerosol effects
significantly affect the global temperature and precipitation
(e.g. Ramanathan et al., 2001; Stier et al., 2006), we use
a version of ECHAM5 that is coupled to a fully interactive
aerosol module, the Hamburg Aerosol Model (HAM) (Stier
et al., 2005). This module predicts the evolution of microphysically interacting internally and externally mixed aerosol
populations. The major global aerosol categories, sulphate,
black carbon (BC), particulate organic matter (POM), sea salt
and mineral dust are included (Stier et al., 2005).
Hagemann et al. (2006) investigated the impact of model
resolution on the hydrological cycle with ECHAM5 for the
time period 1978–1999. They found that increasing the vertical resolution is more beneficial than increasing the horizontal resolution due to the improved moisture transport. They
used horizontal resolutions going from T21 to T106, vertical resolutions going from 19 to 31 atmospheric layers, and
forced ECHAM5 with prescribed SSTs and sea-ice dataset
Atmos. Chem. Phys., 11, 9961–9970, 2011

specifically constructed for the AMIP experiments by the
NOAA Climate Analysis Centre (Gates, 1992).
In our study, we use ECHAM5-HAM at resolution T42
for the time period 1870–2005, and conduct a series of experiments driven by prescribed SSTs and accounting for
different atmospheric forcings. The forcings used include
the time varying monthly mean of the total solar irradiance (TSI) (Solanki and Krivova, 2003), time varying annually stratospheric optical depth due to aerosols from explosive volcanoes (Sato et al., 1993), and time varying annual mean of greenhouse gas concentrations taken from observations until 2000 and from the Intergovernmental Panel
on Climate Change (IPCC) A1B scenario for 2001–2005
(CO2 , methane, nitrous oxide, ozone and chlorofluorocarbons). Emissions of sulphur dioxide (SO2 ), BC and POM
are taken from the Japanese National Institute for Environmental Sciences (NIES) (Roeckner et al., 2006; Stier et al.,
2006; Nozawa et al., 2007). They include geographically resolved time varying monthly mean emissions from wildfires,
agricultural burning and domestic fuel-wood consumption,
as well as time varying annual mean emissions from fossil
fuel consumption. To reduce the source of uncertainty coming from atmosphere-ocean coupling, we force our model
with monthly mean observed SSTs and sea-ice concentrations, using gridded data from Rayner et al. (2003). It was
assembled by the Hadley Centre for Climatic Prediction and
Research and consists of monthly observed sea ice and SSTs
from 1870 to present. It covers the global sea surface at
1 degree resolution, and uses a two-stage reduced-space optimal interpolation procedure, followed by superposition of
quality-improved gridded observations onto the reconstructions to restore local detail. SSTs near sea ice are estimated
using statistical relationships between SST and sea ice concentration (Rayner et al., 2003).
We perform twenty-seven transient experiments, listed in
Table 1. All the experiments run from 1870 to present and
use a spin-up time ranging from several months to several
years. The twenty-seven experiments are divided into four
ensembles: Fourteen simulations correspond to the control
runs (referred to as CTRL, “all forcings run”), for which all
the forcings are time varying (e.g. TSI, greenhouse gases,
aerosols and SSTs), four simulations are identical to CTRL
except that aerosol emissions (anthropogenic and natural) are
www.atmos-chem-phys.net/11/9961/2011/
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held constant at their 1870 level (referred to as AEC), six
simulations are identical to CTRL except that SSTs are held
constant at their 1871–1900 climatological values (referred
to as SSTC), and three experiments are identical to CTRL
except that both, SSTs and aerosol emissions (anthropogenic
and natural) are held constant (referred to as AESSTC). Note
that in AESSTC, the only remaining forcings expected to affect the climate at decadal scale are the greenhouse gases and
the TSI. AESSTC can therefore be used to evaluate the impact of these two forcings, knowing that the TSI cannot be a
dominant factor influencing the climate after 1970 (Solanki
and Krivova, 2003).
To suppress the “noise” from individual simulations and
assess their natural variability, we calculate ensemble means
and quantify their uncertainties via the computation of their
standard deviation (assuming a normal distribution). We also
carried out tests with different ensemble sizes (not shown),
and use at least three members ensembles to estimate the ensemble spread. In our sensitivity studies, we do not separate
the explosive volcanic aerosols from other aerosols (e.g. anthropogenic), since no significant difference was found, in
the 11 yr running means, between the global land temperature and precipitation anomalies simulated with, and without explosive volcanic emissions (not shown). This lack of
differentiation may come from the prescribed SSTs. Therefore, “aerosol emissions” in our paper always refer to anthropogenic and natural (including explosive volcanic) aerosols.
2.2

Evolution of the main climate forcings since 1870

Figure 1a–c shows the global annual mean emissions of SO2 ,
BC and OC (from NIES), Fig. 1d shows the stratospheric
aerosol optical depth due to explosive volcanoes (Sato et al.,
1993), and Fig. 1e shows the global seasonal SST anomalies
relative to the 1870–2000 mean (Rayner et al., 2003).
Aerosol emissions from fossil fuel (Fig. 1a–c, red curves)
increase slightly from 1870 to 1910, stabilize until 1930, increase strongly until 1990 and then stabilize. On the other
hand, aerosol emissions from biofuel (black curves) and
wildfires (green curves), together with the greenhouse gas
concentrations (not shown), increase slightly from 1870 to
the 1950s and strongly after this date. Emissions of SO2 from
fossil fuel (Fig. 1a, red curve) and BC and OC from wildfires
(Fig. 1b–c, green curve) exhibit the strongest increase since
1870. In addition, large volcanoes are very active between
1870 and 1920 as well as between 1960 and 2000, but almost
absent between 1920 and 1960 (Fig. 1d). Finally, global SST
anomalies are relatively stable from 1870 to 1910, increase
until 1940, stabilize until 1970 and then increase (Fig. 1e).
2.3

Observational data for temperature and
precipitation

To make full use of our results, we validate our simulations
against observed temperature and precipitation datasets covwww.atmos-chem-phys.net/11/9961/2011/

Fig. 1. Global annual time series of anthropogenic aerosol emissions (a–c) and stratospheric optical depth due to explosive volcanoes (d), and global seasonal time series of SST anomalies shown
as 11 yr running means (e). The SST anomalies are in ◦ C and correspond to the SST global mean value for each year, minus the global
mean of the reference period 1870–2000.

ering the globe since 1870. Because historic observational
data are scarce over the oceans, we limit our analysis to the
land.
We first look at temperature. At least four datasets cover
the global land temperature since 1880 (Hansen et al., 2001;
Lugina et al., 2005; Smith and Reynolds, 2005; Brohan et al.,
2006), one of them even starts in 1850 (Brohan et al., 2006).
Since the global land annual means of these four datasets are
in good agreement since 1880 (IPCC AR4, 2007), we validate our simulated temperatures against one single dataset,
“CRUTEM3”, starting in 1850 (Brohan et al., 2006). It has
been assembled by the Climate Research Unit of the University of East Anglia (CRU) and consists of monthly observed two meters air temperatures from 1850 to present. It
is based on 4349 stations and covers the global land surface
at 5 degree resolution. It uses an interpolation method such
that each grid box value is the mean of all available station
anomaly values excluding the station outliers in excess of
five standard deviations. Missing values are not spatially infilled and most gaps are found in the tropics and the Southern
Atmos. Chem. Phys., 11, 9961–9970, 2011
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(particularly Antarctica), as well as during the 19th century
and the two world wars (Brohan et al., 2006). When comparing observed against simulated temperatures, we change the
grid of the simulated temperatures each year according to the
data coverage.
We validate our simulated precipitation against two observational datasets. The first one, “CRU TS 2.1” (Mitchell
and Jones, 2005), has been assembled by the CRU, and consists of monthly observed precipitation going from 1901 to
2002. It covers the global land surface at 0.5 degree resolution and includes oceanic islands but excludes Antarctica. The interpolation is done directly from station observations and uses the angular distance-weighting method. Because this dataset has not been corrected for gauge biases,
it may undercatch solid precipitation in colder areas (New
et al., 2000). Note that for the two datasets assembled by
the CRU, namely “CRUTEM3” and “CRU TS 2.1”, the station data values are first transformed into anomalies relative
to a standard normal period prior to interpolation (New et
al., 2001). The second precipitation dataset, “GHCN” (Peterson and Vose, 1997), has been assembled by the National
Oceanic and Atmospheric Administration (NOAA) and consists of monthly observed precipitation calculated from the
“GHCN V2” dataset going from 1900 to 2009. It comprises
stations with varying temporal coverage going from 5500 in
1900 to 16 500 in 1966, and covers the global land surface at
5 degree resolution (New et al., 2001).
Although no quantified uncertainties are given with these
precipitation datasets, most uncertainties, due to poor spatial
coverage, are located in the high latitudes, arid regions and
parts of the tropics (New et al., 2001). Additional uncertainties can come from errors and biases in the gauge measurements as well as inhomogeneity arising from several sources
(New et al., 2000 and 2001). Finally, since both precipitation datasets (“CRU” and “GHCN”) have been spatially infilled by interpolation (Mitchell and Jones, 2005; New et al.,
2001), there is no need to change the grid of the simulated
precipitation according to the data coverage as it was done
for temperature.

3

Results

This section first evaluates the capacity of ECHAM5-HAM
to reproduce the observations (Sect. 3.1). It then describes
the results from the sensitivity experiments (Sect. 3.2). All
the time series are shown as 11 yr running mean anomalies,
with a reference period varying according to the analysis. We
first calculate the anomalies, then the global means, and finally the running means.
3.1

Fig. 2. Simulated (CTRL, solid) and observed (CRUTEM3, dashed)
annual and seasonal global land temperature anomalies (◦ C), relative to the 1960–1990 mean, shown as 11 yr running means. Gray
shaded area corresponds to the ±1 sigma spread of the ensemble
CTRL.

Fig. 2, relative to the 1960–1990 mean. Note that whereas
observed temperatures correspond to the two meters temperatures, simulated temperatures refer to the surface “skin”
temperatures. Qualitatively, simulated and observed anomalies are in good agreement since 1870, particularly in the
June-July-August (JJA) and September-October-November
(SON) averages (Fig. 2). In line with the IPCC AR4 (2007),
global land annual anomalies show two warming periods of
about 0.5 ◦ C each, one from 1910 to 1940, and a second one
after about 1980. According to Fig. 2, this is the case in all
seasons.
Two warm biases occur in the global land annual averages: One in the late nineteenth century (0.2 ◦ C on average)
and a second one in the 1940s and 1950s (0.1 ◦ C on average). Both are particularly pronounced in the DecemberJanuary-February (DJF) and March-April-May (MAM) averages. Figure 3 shows that the warm bias in the late nineteenth century is mostly located in Siberia. Interior of continents such as Siberia are more likely to have biases in our
experiments since they are the least constrained by SSTs. On
the other hand, the warm bias in the 1940s and 1950s falls
into a period with a general underestimation of SSTs due to
changes in observational practice (Thompson et al., 2008).
The cold biases contained in the driving SSTs should thus
trigger cold biases in the simulated land temperatures, which
is opposite to our results (Fig. 2). This means that the simulated warm bias in the 1940s and 1950s might actually be
somewhat larger than indicated in Fig. 2.

Global scale assessment of the model

Observed (dashed curves) and simulated (CTRL, solid
curves) global land temperature anomalies are shown in
Atmos. Chem. Phys., 11, 9961–9970, 2011
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Fig. 3. Maps of seasonal land temperature biases (◦ C) averaged over the time period 1890–1900 (a–d). The maps correspond to the
difference between the temperature anomalies from the CTRL ensemble mean and from observations (CRUTEM3), remapped on a T42 grid.
The annual temperature maps (◦ C) are shown as observed (e) and simulated (f) anomalies, averaged over the time period 1890–1900. Here,
the reference period 1960–1990 has been used.

The global land precipitation anomalies relative to the
1901–2000 mean are shown in Fig. 4. Despite a wet bias
in the 1930s and a dry bias in the 1970s, both located in
China and in Northern South America (not shown), simulated (solid curves) and observed (dashed curves) global land
precipitation anomalies are in reasonable agreement since
1901 (Fig. 4): Both exhibit an increase during the first half
of the 20th century, a decline until the early 1990s and then
recover (New et al., 2001; IPCC AR4, 2007). However, the
magnitude and timing of the associated decadal variations is
not well captured. Note that the centennial trends are relatively small compared to decadal variations.
Figure 5b–c shows the simulated (solid curves) and observed (“CRU”, dashed curves) land precipitation anomalies
relative to the 1901–2000 mean with yearly resolution. In the
tropics, interannual and decadal variations are surprisingly
well reproduced (Fig. 5c), while on a global scale there are
considerable discrepancies (Fig. 5b). In addition, Fig. 5b–c
www.atmos-chem-phys.net/11/9961/2011/

shows that observed and simulated land precipitation anomalies decrease after large tropical volcanic eruptions (blue vertical lines) as well as during El Nino events (green vertical
lines), and increase during La Nina events (magenta vertical
lines). These atmospheric responses, more pronounced in the
tropics (Fig. 5c), are in line with previous studies (Gu et al.,
2007; Trenberth and Dai, 2007), and suggest, in agreement
with Hagemann et al. (2006), that ECHAM5-HAM produces
a realistic response of land precipitation to changes in external forcings and SSTs.
3.2

Global scale sensitivity of the model to external
forcing

Figures 6 and 7 show the global land temperature and precipitation anomalies, respectively, relative to the 1870–1880
mean. Both figures show the ensemble means simulated in
CTRL (black curve), SSTC (blue curve), AEC (red curve)
and AESSTC (green curve), (see Table 1 and Sect. 2.1).
Atmos. Chem. Phys., 11, 9961–9970, 2011
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Fig. 6. Simulated annual and seasonal global land temperature
anomalies (◦ C), relative to the 1870–1880 mean, shown as 11 yr
running means. Shaded areas correspond to the ±1 sigma spread of
each ensemble.

Fig. 4. Simulated (CTRL, solid) and observed (CRU, black dashed;
GHCN, blue dashed) annual and seasonal global land precipitation
anomalies (mm season−1 and mm yr−1 , respectively), relative to
the 1901–2000 mean, shown as 11 yr running means. Gray shaded
area corresponds to the ±1 sigma spread of the ensemble CTRL.

Fig. 5. Annual NINO 3.4 index anomalies calculated from observed
SSTs (Rayner et al., 2003) (a). Simulated (CTRL, solid curves)
and observed (CRU, dashed curves) global (a) and tropical ((b)
25 ◦ S–25 ◦ N) land precipitation anomalies, plotted with yearly resolution. Here, the reference period 1901–2000 has been used. El
Nino (green lines), La Nina (magenta lines) and large tropical volcanic eruptions (blue lines) years.

According to Figs. 6 and 7, the different ensemble means,
corresponding to different forcings, significantly depart from
each other. Since at least qualitatively, annual and seasonal
global land temperature and precipitation anomalies are similar to each other, we focus our discussion on annual means
only.

Atmos. Chem. Phys., 11, 9961–9970, 2011

1

Fig.
7. Simulated annual and seasonal global land precipitation
Figure 7. Simulated annual and seasonal global land precipitation anomalies (mm/season and
anomalies
(mm season−1 and mm yr−1 , respectively), relative to
mm/year, respectively), relative to the 1870-1880 mean, shown as 11-years running means.
the
1870–1880
mean, shown as 11 yr running means. Shaded areas
4
Shaded areas correspond to the +/- 1 sigma spread of each ensemble.
correspond to the ±1 sigma spread of each ensemble.
2
3

According to Fig. 6, the global land temperature anomalies simulated in CTRL (black curve) show a clear decadal
variability since 1870, which is suppressed in the anomalies
simulated with climatological SSTs (SSTC and AESSTC):
Not present in the SSTC and AESSTC simulations are 25in
particular, the two temperature increases from 1910 to 1940
and 1980 to 2000. Instead, the anomalies simulated in SSTC
www.atmos-chem-phys.net/11/9961/2011/
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(blue curve) are constant until 1950, decrease by about 0.2 ◦ C
from 1950 to 1990 and then recover, whereas the anomalies simulated in AESSTC (green curve) are constant until
about 1950 and increase by about 0.25 ◦ C from 1950 to 2000.
In addition, although the anomalies simulated in AEC (red
curve) show a similar decadal variability than the ones simulated in CTRL (black curve), they exhibit a larger trend after
about 1930 (up to 0.4 ◦ C warmer in 2000).
According to Fig. 7, the global land precipitation anomalies simulated in CTRL (black curve) also show a clear
decadal variability since 1870, which is suppressed in the
anomalies simulated with climatological SSTs (SSTC and
AESSTC): Not present in the SSTC and AESSTC simulations are in particular, the two precipitation maxima in
the late 1930s and late 1950s. Instead, the anomalies simulated in SSTC (blue curve) are constant until 1930, decrease by about 20 mm yr−1 between 1930 and 1970 and
then stabilize, whereas the anomalies simulated in AESSTC
(green curve) are constant until about 1930 and increase
by about 10 mm yr−1 from 1930 to 2000. In addition, although the anomalies simulated in AEC (red curve) show
a similar decadal variability than the ones simulated in
CTRL (black curve), the former exhibit almost no trend after
1930, whereas after this date, the latter decrease by about
10 mm yr−1 . This implies that the global land precipitation centennial trend (1900–2000) is negative with transient
aerosol emissions (CTRL and SSTC) but positive with constant aerosol emissions (AEC and AESSTC).

4

Discussion

In the following section, we investigate the physical processes behind these sensitivities, focussing on the hydrological cycle. Section 4.1 explains where, at global scale, the
water falling on land comes from. Sections 4.2 and 4.3 discuss the sensitivity of this water cycle to SSTs and external
forcings, respectively. All the time series are shown as 11 yr
running means.
4.1

Origin of water in the global land precipitation

The global land precipitation has two sources: The land evaporation and the advection of moisture from the oceans. According to Fig. 8a (black curve), the global land surfaces
evaporate about 500 mm of water per year. Because the
global land precipitation amounts to about 760 mm yr−1 (not
shown), we conclude, in agreement with previous studies
(e.g. Wild et al., 2008), that at least 35 % (260 mm yr−1 )
of the global land precipitation must come from the oceans
(Fig. 8b, black curve). According to Van der Ent et al. 2010
however, the water recycling on land is about 57 %. Therefore, out of the 65 % global land precipitation, only 57 % falls
back on land. This implies that about 40 % of the global
land precipitation actually comes from land evaporation and
www.atmos-chem-phys.net/11/9961/2011/
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1

Fig.
8. Simulated annual global land absolute values of evapo2
Figure 8. Simulated annual global land absolute values of evaporation (left hand side axis,
ration (left hand side axis, mm yr−1 ) and2 latent heat flux (right
3
mm/year) and latent heat flux (right hand side axis, W/m ) (a), precipitation minus
hand side axis, W m−2 ) (a), precipitation minus 2evaporation (P-E,
4
evaporation
(P-E, mm/year) (b), net surface radiation all sky (W/m ) −2
absorbed solar
−1 ) (b),
mm yr
net surface radiation all sky (W m(c) and
) (c)
and ab2) (d), as well as anomalies
−2
5
radiation
all
sky
(W/m
of
convective
(e)
and
large
sorbed solar radiation all sky (W m ) (d), as well as scale
anomalies
precipitation (f)(e)
(mm/year;
ref: 1870-1880).
the time series are(f)
shown
as 11-years
of6 convective
and large
scale All
precipitation
(mm
yr−1 ;running
ref:
7
means. Shaded areas correspond to the +/- 1 sigma spread of each ensemble.
1870–1880).
All the time series are shown as 11 yr running means.
Shaded areas correspond to the ±1 sigma spread of each ensemble.

thus, 60 % is advected from the oceans. Nevertheless, our
results show that in the 11 yr running mean time series,
the global land precipitation trend (−0.92 mm decade−1 )
and variability are more highly correlated with the trend
26
(−0.77 mm decade−1 ) and variability of the global land
2
evaporation (r = 0.81), than with the ones of global oceanic
evaporation (trend: −0.15 mm decade−1 , r 2 = 0.36).
Over the oceans, our modelling framework implies that the
evaporation directly depends on the prescribed SSTs. Over
land however, evaporation depends on the energy balance
(governed by the net surface radiation) and on the air moisture holding capacity (governed by the Clausius-Clapeyron
relation) (e.g. Penman, 1950; Hartmann, 1994). Note that
changes in land evapotranspiration will in addition depend
upon changes in the availability of water (soil moisture). According to our 11 yr running mean time series, about 76 % of
the global land evaporation (Fig 8a, black curve) is directly
explained by the global land net surface radiation (Fig. 8c,
black curve, r 2 = 0.76). This implies that changes in air
moisture holding capacity and/or soil moisture, both being
also under the influence of the net surface radiation, explain
the remaining 24 %.
4.2

Role of SSTs

Our results show that since 1870, SSTs determine the
decadal and interannual variabilities of the global land
temperature and precipitation (Sect. 3.2): Compared with
fully transient simulations, simulations with climatological
Atmos. Chem. Phys., 11, 9961–9970, 2011
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Fig. 9. Maps of annual land precipitation (mm yr−1 ) differences between the anomalies from the CTRL and the SSTC ensemble means,
averaged over
1 the time period 1960–1970 (a), and between the anomalies from the CTRL and the AEC ensemble means, averaged over the
time period 1980–2000 (b). Here, the reference period 1870–1880 has been used.

2

Figure 9. Maps of annual land precipitation (mm/year) differences between the anomalies

SSTs show3 hardly
any
in these
variables
landover
precipitation.
Consistent
with the
from
thedecadal
CTRLvariability
and the SSTC
ensemble
means,global
averaged
the time period
1950-1960
(a), above argu(Figs. 6 and 7).
mentation, Fig. 9a shows that SSTs affect mostly the tropical
4
and between the anomalies from the CTRL and precipitation,
the AEC ensemble
means,
averaged
the related with
especially
in the
regionsover
strongly
On the one hand, the high correlation coefficient between
ENSO 1870-1880
(South-Easthas
Asia,
India
and South America). In addi5
time
period
Here,
the reference
period
been
used.
the 11 yr running
mean
time 1990-2000
series of the(b).
global
annual
SSTs
tion,
further
analyses
(not
shown)
show that the decadal and
and land temperatures simulated in CTRL (r 2 = 0.85), ininterannual
variabilities
of
the
global
land precipitation are
dicates, in line with previous studies (e.g. Hoerling et al.,
◦ S–25◦ N).
dominated
by
the
tropics
(25
2008; Compo and Sardeshmukh, 2009; Findell et al., 2009),
that the two variables are strongly coupled: Warmer SSTs in4.3 Role of aerosols and greenhouse gases
crease land temperatures primarily via moistening and warming of the air over land, which then increase the downward
Because in our simulations (prescribed SSTs) the ocean canlongwave radiation at the surface (Compo and Sardeshmukh,
not respond to the changing external forcings applied in the
2009).
sensitivity experiments, the sensitivities discussed in the folOn the other hand, while we see that the decadal variation
of the global land precipitation is determined by the SSTs
(Fig. 7), the relation is not trivial: The red curve (AEC) from
Fig. 7 shows that SSTs increase the global land precipitation
before 1960, decrease it between 1960 and 1990 and increase
it after 1990. However, Fig. 1e shows that global SSTs increase from 1910 to 1940, stabilize from 1940 to 1980 and
increase after 1980. In line with previous studies (e.g. Gu
et al., 2007; Trenberth and Dai, 2007), Fig. 5a–b suggests
that El Nino and La Nina events affect the global land precipitation, a negative (positive) El Nino Southern Oscillation
(ENSO) index being associated with high (low) global land
precipitation. The NINO 3.4 index shown in Fig. 5a is reconstructed from observed SSTs (Rayner et al., 2003) and
defined as the average (5◦ S–5◦ N; 170–120◦ W) of Pacific
SST anomalies (e.g. Trenberth, 1997). Since the ENSO index is negative between 1940 and 1960 and increases after
1960 (Fig. 5a), it provides some evidence that after 1960, the
increasing frequency of El Nino events may have reduced
the global land precipitation via their associated changes in
atmospheric circulation. Note that changes in air moisture
holding capacity may also influence the impact of SSTs on
Atmos. Chem. Phys., 11, 9961–9970, 2011

lowing section refer to atmospheric processes only.
We first compare the ensemble means from CTRL (black
curves) and AEC (red curves), which differ from each other
only by their aerosol emissions. According to Fig. 8d, at
global land scale, increasing aerosol emissions decrease the
solar radiation absorbed at the surface, after about 1930, by
up to 6.2 W m−2 . In turn, this decreases the net surface radiation by up to 5.4 W m−2 (Fig. 8c), the latent heat flux by up
to 2 W m−2 (equivalent to about 23 mm yr−1 in evaporation,
Fig. 8a), and the P-E by up to 10 mm yr−1 (Fig. 8b). The
reduced land evaporation combined with the reduced advection of moisture from the oceans thus decreases the global
land precipitation, after about 1930, by up to 30 mm yr−1
(Fig. 7). About two third of this global land precipitation decrease is in the form of convection (Fig. 8e–f), mostly located
in Northern South America and in China (Fig. 9b). In addition, especially absorbing aerosols higher up in the troposphere can reduce the convection via their impact on stability
(Koch and Del Genio, 2010). Finally, indirect27aerosol effects
are also expected to decrease the global land precipitation
(Ramanathan et al., 2001). However, even though the associated processes are taken into account in our simulations, our
www.atmos-chem-phys.net/11/9961/2011/
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experimental set up does not allow to quantify their impacts
separately from the other aerosols impacts.
We now look at the AESSTC ensemble mean (green
curves), which corresponds to the simulations where greenhouse gases and TSI constitute the only transient forcings.
According to Fig. 8c, at global land scale, increasing the
greenhouse gas concentrations increases the net surface radiation, after about 1950, by up to 1 W m−2 , which increases the latent heat flux by up to 0.4 W m−2 (equivalent
to about 5 mm yr−1 of evaporation) (Fig. 8a) and the P-E
by up 5 mm yr−1 (Fig. 8b). The enhanced land evaporation
combined with the enhanced advection of moisture from the
oceans thus increase the global land precipitation, after about
1950, by up to 10 mm yr−1 (Fig. 7). About two third of this
global land precipitation increase is in the form of convection
(Fig. 8e–f).
The combined atmosphere-only effect of aerosols and
greenhouse gases is apparent in the SSTC ensemble mean
(blue curves). Our results suggest, in agreement with previous studies (e.g. Wild et al., 2007; Wild and Liepert, 2010),
that the aerosol effects dominate between about 1950 and
1970, as both, global land temperature and precipitation decrease during this time period (Figs. 6 and 7, blue curves).
After about 1970 however, the greenhouse gases start to
dominate, as there is no further decrease in either temperature or precipitation.
Finally, our results show that since 1870, increasing
aerosols emissions decreases the global oceanic net surface radiation by up to 3 W m−2 (not shown). In the real
world, this is expected to cool the SSTs, which is in turn
expected to decrease the global land temperature and precipitation. Because this process cannot be simulated in our
modelling framework (prescribed SSTs), we suggest that the
atmosphere-only sensitivities discussed in this section are
rather minimum estimates, and could be larger if the full system (including the ocean feedback) was taken into account.
This also applies to the greenhouse gas concentrations response.

5

Conclusions

Our study shows that ECHAM5-HAM, forced with prescribed SSTs and transient greenhouse gas and aerosol emissions, is able to very satisfactorily reproduce the observed
tropical land temperature and precipitation variations since
the early 20th century, while it has substantial biases in terms
of extratropical precipitation variations. Sensitivity studies
show that in our framework, SSTs (encapsulating other forcings and internal variability) determine the decadal and interannual variabilities of the global land temperature and precipitation since 1870, which is mostly due to the large impact of SSTs in the tropics (25◦ S–25◦ N). In addition, we
find that between about 1930 and 2005, the atmosphere-only
response to increasing aerosol emissions is a reduction in
www.atmos-chem-phys.net/11/9961/2011/
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global land temperature and precipitation by up to 0.4 ◦ C
and 30 mm yr−1 , respectively. Similarly, between about 1950
and 2005, the atmosphere-only response to increasing greenhouse gas concentrations is an increase in global land temperature and precipitation by up to 0.25 ◦ C and 10 mm yr−1 ,
respectively. Finally, in agreement with previous studies (e.g.
Wild et al., 2007 and 2008; Wild and Liepert, 2010), we
suggest that between about 1950 and 1970, aerosols have
“masked” the greenhouse gas impact on the hydrological
cycle.
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