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Abstract Many studies have investigated the effects that
misrepresentation of sub-grid cloud structure can have on
the radiation budget. In this study, we perform twenty-year
simulations of the current climate using an atmosphere-
only version of the Met Office Unified Model to investigate
the effects of cloud approximation on model climate. We
apply the “Tripleclouds” scheme for representing horizon-
tal cloud inhomogeneity and “exponential-random” overlap,
both separately and in combination, in place of a traditional
plane-parallel representation with maximum-random over-
lap, to the clouds within the radiation scheme. The resulting
changes to both the radiation budget and other meteorologi-
cal variables, averaged over the twenty years, are compared.
The combined global effect of the parameterizations on top-
of-atmosphere short-wave and long-wave radiation budget
is less than 1 W m−2, but changes of up to 10 W m−2 are
identified in marine stratocumulus regions. A cooling near
the surface over the winter polar regions of up to 3◦C is
also identified when horizontal cloud inhomogeneity is rep-
resented, and a warming of similar magnitude is found when
exponential-randomoverlap is implemented. Corresponding
changes of the same sign are also found in zonally averaged
temperature, with maximum changes in the upper tropical
troposphere of up to 0.5◦C. Changes in zonally averaged
cloud fraction in this location were of opposite sign and up
to 0.02. The individual effects on tropospheric temperature
of improving the two components of cloud structure are of
similar magnitudes to about 2% of the warming created by
a quadrupling of carbon dioxide.
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1 Parameterization of Clouds

Clouds present the meteorological community with many
great challenges, both in terms of their observation and their
representation in weather and climate models. Much uncer-
tainty stems from the complex structure of the cloud and the
cloud–radiation feedback processes that control their evolu-
tion (Stephens, 2005; Randall et al, 2007). However, mod-
elling clouds with sufficient resolution to capture all of these
interactions is far beyond the capability of modern super-
computers. This is particularly true for climate models: their
gridboxes are typically 100 km to 200 km in horizontal size.

An issue that needs addressing in terms of cloud mod-
elling is the representation of cloud structure, as changes
to many properties of clouds can have significant effects
on the interaction of the cloud with radiation (for exam-
ple, Slingo, 1990). Over the course of a long climate sim-
ulation, if these properties are inadequately represented, the
outcome of the simulation could be drastically affected. It
is well-recognised that the traditional use of plane-parallel
(horizontally homogeneous) clouds introduces biases into
a model radiation budget. For example, Shonk and Hogan
(2008) found top-of-atmosphere cloud radiative forcing to
be about 8% too high in magnitude in both the short-wave
and long-wave when using plane-parallel clouds. Several
studies have dealt with this issue by proposing methods
of accounting for horizontal cloud inhomogeneity (for ex-
ample, Cahalan et al, 1994; Oreopoulos and Barker, 1999;
Pomroy and Illingworth, 2000; Carlin et al, 2002; Pincus
et al, 2003). One such scheme was introduced by Shonk and
Hogan (2008): referred to as “Tripleclouds”, it replaces the
single value of mean cloud water content in the cloudy part
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of a gridbox layer with a two-point distribution, the two val-
ues being equally weighted. This process has the effect of
dividing the cloud into two equal regions – one containing
optically thicker cloud, the other containing optically thin-
ner cloud. For mixed-phase clouds, the ice and liquid parti-
cles are assumed to be homogeneously mixed. Both the ice
and liquid water contents in the optically thinner region are
reduced from their respective mean values by the same frac-
tion, and conversely in the optically thicker region. This re-
sults in two regions of different optical depths but the same
ice-to-liquid ratio.

Furthermore, it has been more recently noted that the tra-
ditional maximum-random cloud overlap scheme of Geleyn
and Hollingsworth (1979) could also be a source of bias in
the radiation budget (Barker et al, 1999). In response, a new
scheme for representing vertical cloud alignment, referred to
as “exponential-random” overlap, was introduced by Hogan
and Illingworth (2000). They defined an “overlap parame-
ter”, which allows the combined cloud cover of a pair of
gridbox layers to take any value between that of maximum
overlap and of random overlap. They found overlap param-
eter to decay exponentially with separation for pairs of lay-
ers within a block of vertically continuous cloud. The global
distribution of the corresponding vertical decorrelationscale
was investigated by Barker (2008), and a latitude-dependent
parameterization of it was created by Shonk et al (2010),
describing overlap between pairs of adjacent layers.

Shonk and Hogan (2010) applied Tripleclouds and
exponential-random overlap, both separately and in combi-
nation, to a sample of scenes from a year of re-analysis data
from the European Centre for Medium-Range Weather Fore-
casts (ECMWF). They investigated the impacts of the two
parameterizations on the global radiation budget in terms of
top-of-atmosphere cloud radiative forcing (CRF; the change
in net downward radiative flux that is due to the presence
of clouds). They found the inclusion of horizontal inhomo-
geneity by Tripleclouds to reduce the magnitude of top-of-
atmosphere net CRF by 4.13 W m−2 and the improvement
of vertical overlap representation by exponential-randomto
enhance it by 1.88 W m−2. These correspond to percent-
age changes of 12.6% and 5.7% with respect to the CRF
calculated for plane-parallel clouds aligned with maximum-
random overlap. The combined effect of the two compo-
nents was a decrease of 2.25 W m−2 (6.9%), but with much
larger effects of more than 10 W m−2 in regions of marine
stratocumulus.

The question then arises as to what effect the same pa-
rameterizations will have in a free-running climate model,
where the changes to the radiation budget are allowed to
influence the cloud distribution and atmospheric tempera-
ture structure. In this study, we attempt to answer this ques-
tion by performing the same experiments as Shonk and
Hogan (2010), but using the parameterizations in the radi-
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Fig. 1 The cloud representations used in this investigation, and their
abbreviations. Each panel shows the alignment of a pair of cloudy lay-
ers with cloud fractions of 0.6 and 0.4 in the upper and lower lay-
ers respectively for each of the representations. (The plane-parallel,
exponential-random configuration is shown here for completeness; it
is not used in the experiment.) Changes in an output field thatare due
to a change of cloud approximation are referred to as “shifts” and are
indicated by the arrows.

ation scheme of the Met Office climate model during a se-
ries of climate simulations. We quantify the effects of cloud
structure on the radiative budget of the model, and investi-
gate the effects the parameterizations have on other meteo-
rological and dynamical quantities. A fuller description of
the method used in this investigation appears in the follow-
ing section. In section 3, we evaluate the changes in output
from the climate model runs and propose possible mecha-
nisms for these changes.

2 Experimental Setup

The climate model used in this study is an atmosphere-only
version of the Met Office Unified Model. We use the Met Of-
fice Global Atmosphere Configuration 1.0, with a few mod-
ifications: both the Brown and Francis (1995) ice particle
densities and the effects of orographic slopes on radiation
are included. We also use the modifications to the solver that
deal with anomalous horizontal photon transport between
regions, described by Shonk and Hogan (2008). Our grid
resolution is about 1.80◦ in longitude and 1.25◦ in latitude
and has 63 vertical levels, most layers being in the tropo-
sphere. The native radiation code to the Unified Model is
the Edwards–Slingo code (Edwards and Slingo, 1996) and
the model timestep is set to give eight radiation calcula-
tions per day. Tripleclouds is used to represent horizontal
cloud inhomogeneity and exponential-random overlap im-
proves representation of vertical cloud structure. These are
applied with the same settings as Shonk and Hogan (2010):
fractional standard deviationfw is fixed to 0.75 globally, and
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decorrelation heightZ0β (in km) is determined from latitude
φ (in degrees) via:

Z0β = 2.174−0.0207φ .

Changes to the cloud representation are only made in the ra-
diation code, so any changes to model output will be via ef-
fects on radiation budget. No changes are made to the cloud
scheme.

The choice offw andZ0β by Shonk and Hogan (2010)
was based on a review of a number of studies that inves-
tigated cloud structure (Shonk et al, 2010). Their value of
fw was determined as the mean fractional standard devia-
tion of water content from some of the studies; their latitude
dependence ofZ0β was a linear fit of overlap decorrelation
height scales extracted from other studies. A similar rela-
tionship has now been implemented in the ECMWF model
(JJ Morcrette, personal communication). Uncertainties infw
andZ0β were also estimated, and the effects of these uncer-
tainties on global radiation budget quantified. They found
little sensitivity of radiation budget toZ0β , with its uncer-
tainty varying global mean net CRF by less than 0.5 W m−2.
A more marked sensitivity tofw was found: varyingfw in
the range 0.75± 0.18 was found to have impacts on radi-
ation budget of order 2 W m−2. However, the effect of this
uncertainty on model simulations is beyond the scope of this
study.

We use the same approach to quantify the effects of
the two parameterizations as in Shonk and Hogan (2010).
The control run uses the default plane-parallel clouds
with maximum-random overlap (PPm). A second run re-
places plane-parallel clouds with horizontally inhomoge-
neous clouds (represented using the Tripleclouds scheme;
TCm); a third run then replaces maximum-random over-
lap with exponential-random overlap, which improves the
representation of vertical cloud overlap (TCe). These cloud
representations are shown schematically for a pair of partly
cloudy layers in figure 1. Twenty-year runs of the Unified
Model are performed for each of the three cloud representa-
tions. The runs simulate current climate conditions, running
from 1979 to 1998. Greenhouse gases are fixed at constant
values typical of current levels; aerosols are allowed to vary
and the effects of volcanic eruptions in the period are in-
cluded. We use an atmosphere-only configuration: both the
properties of the sea and of sea ice are prescribed by ob-
served values through this period.

We evaluate the performance of the three runs by com-
paring the changes in various output fields that are due to
the changes in horizontal and vertical cloud structure. These
fields are extracted as both annual and seasonal means, but
averaged over the full twenty-year period. As in Shonk and
Hogan (2010), we describe these changes as “shifts”: the
horizontal shift is the change in a quantity caused by the
introduction of horizontal inhomogeneity; the vertical shift

Table 1 Global mean values of cloud radiative forcing (CRF), and
shifts in CRF generated by improvements in representation of cloud
horizontal and vertical structure, for this study (top rows) and for
Shonk and Hogan (2010; middle rows). Percentages with respect to
the CRF calculated for plane-parallel, maximum-random clouds are
given. For comparison, we also include the mean CRFs from ERBE
(Ramanathan et al, 1989).

SW CRF LW CRF Net CRF
/ W m−2 / W m−2 / W m−2

This study (Unified Model)
Global mean −36.41 21.79 −14.62
Horizontal shift 3.50 −2.85 0.65

(−9.6%) (−13.1%) (−4.4%)
Vertical shift −2.38 2.15 −0.23

(6.5%) (9.9%) (1.6%)
Total shift 1.12 −0.70 0.40

(−3.1%) (−3.2%) (−2.7%)

Shonk and Hogan, 2010 (ERA-40 data)
Global mean −49.72 16.94 −32.78
Horizontal shift 6.15 −2.02 4.13

(−12.4%) (−11.9%) (−12.6%)
Vertical shift −3.86 1.98 −1.88

(7.8%) (11.7%) (5.7%)
Total shift 2.29 −0.04 2.25

(−4.6%) (−0.2%) (−6.9%)

Data from ERBE
Global mean −48.05 30.98 −17.08

is the change caused by the improvement of vertical over-
lap. The arrows in figure 1 indicate the pairs of experiments
that are compared to calculate a given shift. The choice of
the “path” via TCm in preference to the “path” via PPe was
made arbitrarily. It should be noted that, as the application
of exponential-random overlap differs slightly when a two
region, plane-parallel consideration is made, the individual
horizontal and vertical shifts on the two paths for a given
quantity will be different. By definition, though, the total
shifts must be the same irrespective of path.

3 Global Effects of Cloud Structure

3.1 Shifts in top-of-atmosphere cloud radiative forcing

We begin by considering the changes in radiation budget.
The twenty-year global mean shifts in top-of-atmosphere
cloud radiative forcing (CRF) are presented in the top rows
of table 1. The global distribution of short-wave and long-
wave CRF in the control (PPm) run is shown in figure 2, and
the horizontal and vertical shifts are shown in figures 3 and
4. All of the means are extracted from the radiative fields
calculated by the model during the course of the runs. It is
seen that the horizontal shifts act to decrease the magnitude
of the CRF; the vertical shifts act to increase it (short-wave
CRF being negative in sign, long-wave CRF being positive
in sign, as seen in figure 2). The global mean shifts are of
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Fig. 2 Global distribution of top-of-atmosphere CRF, calculatedfor plane-parallel clouds aligned using maximum-random overlap, and averaged
over all twenty years of the climate run. The boxes marked on the plot indicate areas of interest referred to in the text: boxes 1 and 2 are areas
where marine stratocumulus prevails; box 3 typically contains deep tropical convection.
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(a) SW CRF horizontal shift / W m−2
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(b) LW CRF horizontal shift / W m−2
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(c) Net CRF horizontal shift / W m−2
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Fig. 3 Global distribution of “horizontal shift” in top-of-atmosphere
CRF (the difference in cloud radiative forcing when horizontal inho-
mogeneity is represented using Tripleclouds as opposed to the plane-
parallel approximation; TCm minus PPm). Overlap is represented us-
ing maximum-random; (a) short-wave, (b) long-wave and (c) net CRF
shifts are shown. The boxes from figure 2 are included.
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(a) SW CRF vertical shift / W m−2
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(b) LW CRF vertical shift / W m−2
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Fig. 4 Global distribution of “vertical shift” in top-of-atmosphere CRF
(the difference in cloud radiative forcing when vertical overlap is rep-
resented using exponential-random overlap as opposed to maximum-
random overlap; TCe minus TCm). Horizontal structure is represented
using Tripleclouds; (a) short-wave, (b) long-wave and (c) net CRF
shifts are shown. The boxes from figure 2 are included.
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(b) Two−metre temperature vertical shift (DJF) / °C
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(c) Total two−metre temperature shift (DJF) / °C
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Fig. 5 Global distribution of shifts in two-metre temperature, averaged
over December, January and February of each of the twenty years of
the climate run: (a) horizontal shift, TCm minus PPm; (b) vertical shift,
TCe minus TCm; and (c) total shift, TCe minus PPm. The black con-
tour encloses regions where significance is greater than 95%.
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(b) Two−metre temperature vertical shift (JJA) / °C

0 60 120 180 −120 −60 0
−90

−45

0

45

90

−3

−2

−1

0

1

2

3

longitude

la
tit

ud
e

(c) Total two−metre temperature shift (JJA) / °C
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Fig. 6 Global distribution of shifts in two-metre temperature, averaged
over June, July and August of each of the twenty years of the climate
run: (a) horizontal shift, TCm minus PPm; (b) vertical shift, TCe minus
TCm; and (c) total shift, TCe minus PPm. The black contour encloses
regions where significance is greater than 95%.
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downwelling LW flux
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Fig. 7 Schematic showing the radiative processes that drive the two-metre temperature changes over the winter poles. With respect to the plane-
parallel, maximum-random case, improving the representation of vertical overlap increases the cloud cover and hence the amount of downward
long-wave radiation, causing a local warming; improving the representation of horizontal structure decreases the cloud emissivity and hence the
amount of downward long-wave radiation, causing a local cooling.
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order 2 to 3 W m−2, but there are some locations where the
shifts are much larger.

We identify three important regions of the Pacific, indi-
cated by the red boxes in figures 2, 3 and 4: the areas of
marine stratocumulus off the west coast of the major conti-
nents (boxes 1 and 2) and the areas of deep tropical convec-
tion prevalent over the islands of the western Pacific (box 3).
The largest horizontal shifts in net CRF are found in marine
stratocumulus. The main effect of introducing cloud inho-
mogeneity is to reduce both the short-wave albedo and long-
wave emissivity of the cloud. Marine stratocumulus covers
large areas of ocean and interacts strongly with short-wave
radiation, generating a large short-wave CRF. It forms typi-
cally in a shallow layer, implying that cloud top temperature
is close to the surface temperature, giving a much smaller
long-wave CRF. The horizontal shifts in these areas when
expressed as a percentage (not shown) turn out to be of com-
parable size (about 20%) for both the short-wave and the
long-wave. This means that the short-wave effect dominates,
giving horizontal shifts in net CRF of order 10 W m−2.
In the areas of tropical convection, the short-wave CRF is
also large, as convection takes place over a wide area. The
difference here is that the long-wave CRF is large too, as
convective clouds tend to be much deeper, and have much
colder cloud-top temperatures. Again, the shifts in percent-
age terms are about 20% in both the short-wave and long-
wave. The absolute horizontal short-wave and long-wave
shifts are therefore of comparable size, hence cancel each
other out and give a near-zero horizontal shift in net CRF.

The effect of modifying vertical cloud overlap is to
change cloud cover, hence larger vertical shifts occur where
clouds are tall and partially cover a gridbox. In marine stra-
tocumulus, neither short-wave nor long-wave vertical shifts
are evident, as these clouds form in shallow layers and cover
vast areas, typically giving cloud covers close to one. In
contrast, deep tropical convective clouds span many layers
and have cloud fractions much less than one. Hence a small
change in overlap assumption can have a much larger ef-
fect on cloud cover. These changes give rise to the sizeable
shifts in both short-wave and long-wave CRF in these loca-
tions. However, as they are of similar size, the vertical shift
in net CRF turns out to be near zero.

Table 1 compares the global mean CRF from our twenty-
year runs of the Unified Model with those from the ERA-40
scenes evaluated by Shonk and Hogan (2010), along with
the horizontal, vertical and total shifts. While the signs of the
values presented in the table are all the same, there are some
large differences in magnitudes. The global mean net CRF
in the ERA-40 data, for example, is seen to be more than
twice the magnitude of that in our Unified Model results
(−32.78 W m−2 in contrast to−14.62 W m−2). If we par-
tition the CRF into short-wave and long-wave, it is revealed
that most of the difference originates in the short-wave, and

is found to be attributable to differences in global cloud dis-
tribution generated by the Unified Model and the ECMWF’s
Integrated Forecast System (IFS; the model from which the
ERA-40 dataset was generated). The principal contributor is
the large difference in boundary-layer cloud occurrence: the
vertical profile of global-mean cloud fraction exhibits a peak
at around 900 hPa in both models, but with a magnitude of
0.17 in the Unified Model compared to 0.27 in the ERA-40
dataset. Such a marked change is likely to be due to differ-
ences in the cloud and boundary-layer schemes used in the
two models. To a lesser extent, impacts of the radiation field
on other meteorological fields could be feeding back into the
radiation field in this study – all meteorological fields from
ERA-40 were prescribed in the study of Shonk and Hogan
(2010).

We also include the global mean CRFs extracted from
four months of data from the Earth Radiation Budget Ex-
periment (ERBE; Ramanathan et al, 1989). These values are
annual and global means, taken from April, July and Oc-
tober 1985, and January 1986; a period within our model
runs. Again, we see differences between the observed radia-
tion budget and the modelled radiation budget. In the short-
wave, we find the ERBE global mean CRF to be similar to
the ERA-40 mean value (−48.05 W m−2 compared with
−49.72); in the long-wave, the ERBE CRF is more similar
to the mean value from this study (30.98 W m−2 compared
with 21.79 W m−2). It is again likely that these differences
are attributable to differences in cloud occurrence between
the models and the observed clouds in ERBE.

A comparison of the horizontal and vertical shifts in
short-wave and long-wave CRF show some large differences
(most notably that the horizontal short-wave shift of Shonk
and Hogan, 2010, is nearly twice the size of that of this
study). However, it is seen in table 1 that, when expressed
as percentages of the PPm CRFs, the shifts in each experi-
ment are more similar. This suggests that the horizontal and
vertical shifts in CRF are relative to the size of the CRF in
a given model. The large differences in the net CRF shifts
are due to the partial cancellation between the short-wave
and long-wave CRFs, implying that small changes in short-
wave and long-wave CRFs can give rise to a much larger net
difference. The size of the shifts in net CRF are therefore
very sensitive to the accuracy of the cloud distribution in the
model.

The radiative behaviour of twenty general circulation
models (GCMs) was compared by Bender et al (2006). They
calculated monthly means of short-wave albedo from each
of the GCMs over months from February 1985 to May 1989
(again, a period within our climate runs). The short-wave
albedo that we calculate from our results from the Unified
Model is 0.295, which compares well with the albedos re-
ported by Bender et al (2006) for the HadGEM1 (0.296)
and HadCM3 (0.295) configurations. The value from the
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Table 2 Global mean shifts in two-metre temperature for this study,
averaged over land points only (left columns) and over land points
poleward of 45◦ in the winter hemisphere (right columns).

All land points Winter land points> 45◦

DJF temp JJA temp DJF temp JJA temp
/ ◦C / ◦C / ◦C / ◦C

Horizontal −0.207 −0.062 −0.423 −0.111
Vertical 0.185 0.075 0.347 0.144
Total −0.022 0.013 −0.076 0.033
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Fig. 8 Zonally averaged shifts in two-metre temperature, taken over
land points only, as a function of latitude. Averages over all twenty
years from (a) December, January and February and (b) June, July and
August are shown, with error bars indicating the standard deviation at
each latitude.

ERA-40 data is also within the range of albedos they found,
at 0.311. Our horizontal and vertical shifts in short-wave
albedo turn out to be−0.009 and 0.006 respectively. The
standard deviation in mean monthly mean albedos across the
models compared by Bender et al (2006) is 0.007. This im-
plies that our horizontal and vertical shifts are of comparable
size to the spread between their model albedos.

3.2 Shifts in two-metre temperature

Table 2 shows the global-mean shifts in two-metre tempera-
ture, averaged over land grid points only (both over all land
surfaces, and land surfaces poleward of 45◦ in the winter
hemisphere only). The distributions of global shifts in north-
ern winter (December, January and February) and northern
summer (June, July and August) are shown in figures 5 and
6 respectively, and zonal averages (again, over land points
only) are shown in figure 8. As there is no influence of the at-
mosphere on sea-surface temperature, the temperature shifts
over the ocean are near zero. For this reason, ocean points
are excluded from zonal and global means. The seasonal av-
erages are calculated over all twenty years, but only for the
appropriate months. As shifts in temperature are not directly
caused by the changes in cloud approximation, we perform
a significance test to discover whether the shifts are greater
in size than the natural variability. Areas of statistical sig-
nificance are identified by comparing the temperature shifts
with the natural variability of the temperature on a point-
by-point basis. Significance was determined if the differ-
ence between the shift and the 20-year mean temperature
exceeded a threshold that was related to the standard devia-
tion of the temperature at that point over the 20 years. The
black contour in figures 5 and 6 enclose regions where the
shifts are statistically significant at 95%.

The most striking feature on these plots is the temper-
ature change seen over land surfaces at high latitudes. The
most notable shifts are in the winter hemisphere, with the in-
troduction of cloud inhomogeneity leading to local coolings
of up to 3◦C and the improvement of cloud overlap caus-
ing warmings of similar magnitude. We see that the areas
of largest shift are indeed within the significance contours.
A simple mechanism for these temperature changes is pre-
sented in figure 7. In the winter poles, there is little solar
insolation, so heating and cooling is mostly driven by long-
wave interactions. An increase in cloud cover brought about
by a change to the cloud overlap assumption, as shown in
the left panel of figure 7, will therefore result in more ra-
diation being emitted to the surface, causing a local warm-
ing (a positive temperature shift). The introduction of cloud
inhomogeneity, as shown in the right panel, will act to re-
duce the plane-parallel biases not only in short-wave albedo,
but also long-wave emissivity. This results in an inhomoge-
neous cloud of the same cloud cover and mean optical depth
emitting less radiation to the surface causing a local cooling
(a negative temperature shift). Examination of the shifts in
CRF at the surface (not shown) supports this.

Dynamical feedbacks may also have enhanced the sur-
face cooling over land at high latitudes. Specifically, en-
hanced radiative cooling of the air near the surface leads toa
strengthening of the winter continental anticyclones via the
mechanism proposed by Wexler (1937). This is confirmed
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Fig. 11 Profiles of shifts in temperature, averaged over the twenty
years and all gridpoints (both land and sea). The solid grey line in-
dicates a profile of 2% of the temperature shift caused by a quadru-
pling of carbon dioxide applied to the HadGEM2 configurationof the
Unified Model, based on results from CMIP5. The dashed grey line
indicates a profile of−3% of the same shift.

by an increase of around 2 hPa in the DJF surface pres-
sure in these regions when horizontal cloud inhomogeneity
is introduced, as well as the associated increase in upper-
troposphere convergence and lower-troposphere divergence.
Higher pressure can then inhibit the incursion of low pres-
sure systems, which would otherwise bring warmer air into
the continental interior.

As a global mean, we see non-negligible shifts of order
0.05◦C to 0.2◦C over land (up to nearly 0.3◦C over land
north of 45◦ in northern winter). Again, as for the CRFs in
the previous subsection, we see that there is cancellation be-
tween the horizontal and vertical shifts, with a small residual
cooling for both seasons. Furthermore, the pattern of the to-
tal shifts in two-metre temperature in figures 5 and 6 shows
neither a strong cooling or warming in the winter poles, but a
residual of the two that varies in sign. This could be a further
effect of the similarity in signs of the horizontal and vertical
shifts in CRF.

3.3 Shifts in tropospheric temperature

We now turn our attention to the rest of the troposphere. Fig-
ure 9 shows the mean shifts in zonally averaged temperature,
averaged over the full twenty years (all seasons). Contours
of significance at 95% have been included in the figure. It is
seen that changes to the state of the atmosphere are not just

confined to the surface and the top of the atmosphere: we see
that the temperature shifts noted at the polar surfaces extend
into the lower troposphere, with the horizontal and vertical
shifts cooling and warming the area respectively by of order
1◦C. In some locations, however, these shifts are not signif-
icant, although natural atmospheric temperature variability
above the surface can be large over the winter poles.

Introducing horizontal inhomogeneity is also seen to
have a large and significant effect on temperatures in the
upper tropical troposphere, with a cooling of over 0.5◦C lo-
cated over the equator at 200 hPa. The improved representa-
tion of vertical overlap causes a smaller, but still significant,
warming, with the result that the combined effect of the two
parameterizations is a small residual cooling. The tempera-
ture shifts are plotted as globally averaged profiles, in figure
11. The horizontal and vertical shifts (black lines) both show
increased temperature shifts both at the upper troposphere
and near the surface.

Figure 11 also contains temperature change profiles cal-
culated using the HadGEM2 configuration of the Unified
Model (Martin et al, 2011) as part of the CMIP5 project.
An instantaneous quadrupling of carbon dioxide concentra-
tions is applied, and the model run over a period of more
than 100 years. This uses the same grid as our simulations,
with the only difference being the presence of a coupling be-
tween the atmosphere and ocean. The plot shows the temper-
ature change profile, averaged over all points globally and
the final 15 years of the run, but scaled down by a factor of
50 (therefore representing 2% of the temperature shift; grey
solid line). This line has been included to give an idea of
the size of the vertical shift with respect to a standard cli-
mate response experiment. We also show a line representing
−3% of the temperature shift to compare with the horizon-
tal shift (dashed line). While the shapes of the lines are not
perfect matches, we see that shifts are of comparable order
of magnitude.

3.4 Shifts in cloud fraction

Temperature is not the only field that is affected by our im-
provements to the cloud structure representation. Figure 10
shows the shifts in zonally averaged cloud fraction, using ex-
actly the same averaging as described for figure 9. Here, we
see significant increases in cloud fraction in the upper tropi-
cal troposphere when cloud inhomogeneity is included, and
reductions in cloud fraction in the same location when verti-
cal overlap representation is improved. The largest changes
in cloud fraction tend to be in the same locations as the
largest temperature shifts. The simplest mechanism for this
is that cooling the air at constant specific humidity will lead
to a higher probability of condensation. The increase in trop-
ical upper tropospheric cirrus in figure 10a could also be
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Fig. 9 Global distribution of shifts in zonally averaged temperature,
averaged over the twenty years of the climate run: (a) horizontal shift,
TCm minus PPm; (b) vertical shift, TCe minus TCm; and (c) total shift,
TCe minus PPm are shown. The black line is a contour of significance
at 95%.
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Fig. 10 Global distribution of shifts in zonally averaged cloud fraction,
averaged the twenty years of the climate run: (a) horizontalshift, TCm
minus PPm; (b) vertical shift, TCe minus TCm; and (c) total shift, TCe
minus PPm are shown. The black line is a contour of significance at
95%.

caused by an increase in convective activity associated with
a destabilization of the atmospheric profile.

In the polar regions we see an increase in near-surface
cloud when inhomogeneity is accounted for. This cloud ex-
ists in the bottom few layers of the atmosphere, so could
be a model version of radiative fog. The cooling of the sur-
face by the processes described previously has been shown
to cool the lower part of the atmosphere, so it is possible
that more cloud will form in these lowest few layers. Figure
10a also reveals a decrease in boundary-layer cloud occur-
rence (between 800 and 900 hPa) when cloud inhomogene-
ity is accounted for, although the signal is only marginally
significant. A possible hypothesis for this behaviour is that
horizontally inhomogeneous clouds are less emissive in the
long-wave, leading to weaker radiative cooling at cloud
top, a weaker cloud-top inversion, greater entrainment of

dry air into the boundary layer and a reduction in cloud
amount. However, unlike the cloud changes in the tropical
upper troposphere and the polar surface layer, the change to
boundary-layer clouds appears not to be associated with a
local change in temperature in figure 9a.

The chain of causality considered so far is that a change
in cloud treatment in the radiation scheme (which does not
affect cloud fraction) induces a change to the temperature
field both of the atmosphere and the surface. This in turn
affects the cloud fraction. Thus we have the possibility of
cloud radiative feedbacksin that the changed clouds can
then further modify the temperature field. These might be
expected to be somewhat similar to those that act under
carbon-dioxide-induced climate change (Stephens, 2005),
although differences may arise on account of the fact that
the original forcing is now not a carbon dioxide increase
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but a change to the way the clouds themselves interact with
radiation. As an example, the increase in tropical upper tro-
pospheric cloud fraction in figure 10a is a response to a re-
duction in cloud emissivity and albedo associated with the
introduction of cloud horizontal inhomogeneity. This there-
fore constitutes a negative feedback. As with all feedbacks,
it is not large enough to fully counter the original forcing.

4 Conclusions

The need for cloud representation in climate models to be
as realistic as possible is unquestionable. In this study, we
performed twenty-year-long current climate simulations us-
ing improved representations of horizontal cloud inhomo-
geneity and vertical cloud overlap, both separately and in
combination. The changes to the cloud representation were
implemented solely within the radiation code. The control
run used the standard plane-parallel clouds with maximum-
random overlap; a second run introduced inhomogeneity us-
ing the “Tripleclouds” scheme; a third run combined this
with “exponential-random” overlap. This approach allowed
us to investigate the effects of the two parameterizations
both separately and in combination.

Changing the cloud representation within the radiation
code had significant effects, not just on radiation budget, but
also other quantities. In terms of top-of-atmosphere cloud
radiative forcing (CRF), we found that the change caused by
introduction of inhomogeneity (the “horizontal shift”) was
of opposite sign to the change caused by the improvement of
vertical overlap (the “vertical shift”). While the global-mean
net CRF shifts were small (less than 1 W m−2 in magnitude),
shifts of up to 10 W m−2 were found in locations where
marine stratocumulus is dominant. We also found marked
changes in two-metre temperature over land near the win-
ter poles, with a cooling of up to 3◦C imposed by the in-
troduction of horizontal cloud structure and a warming of
similar magnitude generated by improving vertical overlap.
These temperature shifts were found to occur not only at the
surface, but also up into the troposphere. The largest val-
ues of temperature shift were found in the upper tropical
troposphere, and these were also found to affect the cloud
distribution. Averaged globally, the magnitudes of the ver-
tical and horizontal shifts were similar to about 2% of the
temperature shifts caused by a quadrupling of atmospheric
carbon dioxide.

In comparison to the shifts in radiation budget identified
in ERA-40 reanalysis data by Shonk and Hogan (2010), it is
seen that the magnitudes of the horizontal and vertical shifts
are far more similar in this study, leading to a much smaller
net shift. While some of this could, in principle, be due to
the fact that clouds in this study are allowed to change and
therefore feedback on the radiation, we attribute most of the
difference with Shonk and Hogan (2010) to very different

cloud radiative forcings (CRF) in the control climate of the
two models. Specifically, the global-mean short-wave CRF
is 37% larger in the ECMWF than the Unified Model (see
Table 1), while in the net is a factor of two larger. Despite
the differences between the two models, both provide mean
short-wave albedos that lie in the range of values set out by
Bender et al (2006). In fact, the size of the shifts in albedo
due to the addition of cloud structure are comparable to the
size of the uncertainty in albedo across all of the models they
compared. Moreover, the difference of 18.2 W m−2 between
the global-mean net CRFs in the two models is less than the
32 W m−2 range found in 19 atmospheric general circulation
models by Potter and Cess (2004).

Unfortunately, our ability in Shonk and Hogan (2010)
and in the present paper to quantify the net effect of cloud
structure globally is dependent on the nature of the short-
wave and long-wave cloud–radiation interactions in the
model used. Therefore, the large degree of cancellation
found between horizontal and vertical shifts in this study
may well be less strong in other climate models. Nonethe-
less, we reiterate the point made by Shonk and Hogan (2010)
that the fact there is some degree of cancellation indicates
that it is important to address the representation of horizon-
tal inhomogeneity and vertical overlap simultaneously; ad-
dressing one but not the other is likely to lead to a worsening
of the way clouds interact with radiation.

A latitude-dependent parametrisation in a climate model
has the potential to lead to artificial results that are con-
strained by latitude. In theory, exponential-random overlap
could be improved by connecting the decorrelation height
to cloud type instead of latitude so that any changes to
cloud distribution also affect the nature of the cloud overlap
in a given location. Alternatively, a global value of decor-
relation height could be applied, such as the 2 km pro-
posed by Barker (2008). It was shown by Shonk and Hogan
(2010) that, while the radiation budget is very different
when maximum-random overlap is replaced by exponential-
random overlap, it is fairly insensitive to the exact choice
of decorrelation height. Nevertheless, a latitude-dependent
parametrisation based on that of Shonk et al (2010) has re-
cently been implemented in the ECMWF model (JJ Mor-
crette, personal communication).

A further aspect of this work that could be refined in fu-
ture is our use of an atmosphere-only model with prescribed
sea-surface temperatures. A better estimate of the full effects
of cloud structure on climate would require a similar inves-
tigation with a fully coupled model that allowed both the
ocean and the sea ice to vary in response to the changes to
the atmosphere. This would allow us to more fully investi-
gate the effects of cloud structure on atmospheric state over
the course of a climate simulation.
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