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Abstract Many studies have investigated the effects thaKeywords cloud structure; Tripleclouds; exponential-
misrepresentation of sub-grid cloud structure can have orandom overlap.
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 1 parameterization of Clouds
the effects of cloud approximation on model climate. We
apply the “Tripleclouds” scheme for representing horizon-Clouds present the meteorological community with many
tal cloud inhomogeneity and “exponential-random” overlap great challenges, both in terms of their observation anid the
both separately and in combination, in place of a tradifionarepresentation in weather and climate models. Much uncer-
plane-parallel representation with maximum-random overtainty stems from the complex structure of the cloud and the
lap, to the clouds within the radiation scheme. The resyltin cloud—radiation feedback processes that control theiuevo
changes to both the radiation budget and other meteorologion (Stephens, 2005; Randall et al, 2007). However, mod-
cal variables, averaged over the twenty years, are comparegliing clouds with sufficient resolution to capture all oétte
The combined global effect of the parameterizations on topmteractions is far beyond the capability of modern super-
of-atmosphere short-wave and long-wave radiation budg&omputers. This is particularly true for climate modelgith
is less than 1 W m?, but changes of up to 10 W are  gridboxes are typically 100 km to 200 km in horizontal size.
identified in marine stratocumulus regions. A cooling near  An issue that needs addressing in terms of cloud mod-
the surface over the winter polar regions of up t€3s  g|ling is the representation of cloud structure, as changes
also identified when horizontal cloud inhomogeneity is rep+q many properties of clouds can have significant effects
resented, and a warming of similar magnitude is found whegp, the interaction of the cloud with radiation (for exam-
exponential-randomoverlap is implemented. Correspandinpje, Slingo, 1990). Over the course of a long climate sim-
changes of the same sign are also found in zonally averagegition, if these properties are inadequately represettted
temperature, with maximum changes in the upper tropicajytcome of the simulation could be drastically affected. It
troposphere of up t0.6°C. Changes in zonally averaged s well-recognised that the traditional use of plane-paral
cloud fraction in this location were of opposite sign and up(horizontally homogeneous) clouds introduces biases into
to 0.02. The individual effects on tropospheric temperaturey model radiation budget. For example, Shonk and Hogan
of improving the two components of cloud structure are 0f2008) found top-of-atmosphere cloud radiative forcing to
similar magnitudes to about 2% of the warming created bye about 8% too high in magnitude in both the short-wave
a quadrupling of carbon dioxide. and long-wave when using plane-parallel clouds. Several
studies have dealt with this issue by proposing methods
J. K. P. Shonk R. J. Hogan of accounting for horizontal cloud inhomogeneity (for ex-
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of a gridbox layer with a two-point distribution, the two val
ues peing equally _Weighted. This process has the eff_egt ( Plane-parallel, Tripleclouds,
dividing the cloud into two equal regions — one containing exponential-random exponential-random
optically thicker cloud, the other containing opticallyrth
ner cloud. For mixed-phase clouds, the ice and liquid parti
cles are assumed to be homogeneously mixed. Both the it total ’ Jertical
and liquid water contents in the optically thinner regioa ar shift shift
reduced from their respective mean values by the same fra
tion, and conversely in the optically thicker region. Thas r Plane-parallel, Tripleclouds,
sults in two regions of different optical depths but the same maximum-random maximum-random
ice-to-liquid ratio.
Furthermore, it has been more recently noted that the tre ho”‘z"ma' Shr‘
ditional maximum-random cloud overlap scheme of Geleyn
and Hollingsworth (1979) could also be a source of bias ifig- 1 _Th_e cloud representations used_in this investiggtion, heit t
_ abbreviations. Each panel shows the alignment of a pairoofdyl lay-
the radiation budget (Barker et al, 1999). In response, a N€%Ws with cloud fractions of 8 and 04 in the upper and lower lay-
scheme for representing vertical cloud alignment, reteiwe  ers respectively for each of the representations. (Theegbamallel,
as “exponential-random” overlap, was introduced by Hogarexponential-random configuration is shown here for corepless; it
and lllingworth (2000). They defined an “overlap parame-is not used in the experimen_t.) C_hanges in an output fi:eldgtmdue
ter’, which allows the combined cloud cover of a pair of _to a_change of cloud approximation are referred to as “staftsl are
indicated by the arrows.
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 ation scheme of the Met Office climate model during a se-
ers within a block of vertically continuous cloud. The glbba ries of climate simulations. We quantify the effects of dou
distribution of the corresponding vertical decorrelaseale  structure on the radiative budget of the model, and investi-
was investigated by Barker (2008), and a latitude-dependegate the effects the parameterizations have on other meteo-
parameterization of it was created by Shonk et al (2010)ological and dynamical quantities. A fuller descriptioh o
describing overlap between pairs of adjacent layers. the method used in this investigation appears in the follow-
Shonk and Hogan (2010) applied Tripleclouds andng section. In section 3, we evaluate the changes in output
exponential-random overlap, both separately and in combfrom the climate model runs and propose possible mecha-
nation, to a sample of scenes from a year of re-analysis datasms for these changes.
from the European Centre for Medium-Range Weather Fore-
casts (ECMWEF). They investigated the impacts of the two
parameterizations on the global radiation budget in tedims o
top-of-atmosphere cloud radiative forcing (CRF; the cleang 2 Experimental Setup
in net downward radiative flux that is due to the presence
of clouds). They found the inclusion of horizontal inhomo- The climate model used in this study is an atmosphere-only
geneity by Tripleclouds to reduce the magnitude of top-ofversion of the Met Office Unified Model. We use the Met Of-
atmosphere net CRF by¥8 W m~2 and the improvement fice Global Atmosphere Configuration 1.0, with a few mod-
of vertical overlap representation by exponential-random jfications: both the Brown and Francis (1995) ice particle
enhance it by B8 W m 2. These correspond to percent- densities and the effects of orographic slopes on radiation
age changes of 18% and 57% with respect to the CRF are included. We also use the modifications to the solver that
calculated for plane-parallel clouds aligned with maximum deal with anomalous horizontal photon transport between
random overlap. The combined effect of the two comporegions, described by Shonk and Hogan (2008). Our grid
nents was a decrease 028 W m2 (6.9%), but with much  resolution is about.80° in longitude and 25° in latitude
larger effects of more than 10 WThin regions of marine and has 63 vertical levels, most layers being in the tropo-
stratocumulus. sphere. The native radiation code to the Unified Model is
The question then arises as to what effect the same p#he Edwards—Slingo code (Edwards and Slingo, 1996) and
rameterizations will have in a free-running climate modelthe model timestep is set to give eight radiation calcula-
where the changes to the radiation budget are allowed tions per day. Tripleclouds is used to represent horizontal
influence the cloud distribution and atmospheric temperaeloud inhomogeneity and exponential-random overlap im-
ture structure. In this study, we attempt to answer this quegproves representation of vertical cloud structure. These a
tion by performing the same experiments as Shonk andpplied with the same settings as Shonk and Hogan (2010):
Hogan (2010), but using the parameterizations in the radifractional standard deviatiofy, is fixed to 075 globally, and
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decorrelation heighfys (in km) is determined from latitude Table 1 Global mean values of cloud radiative forcing (CRF), and

@ (in degrees) via: shifts in CRF generated by improvements in representatiasiond
horizontal and vertical structure, for this study (top rpvesmd for
ZOB =2.174—0.0207p. Shonk and Hogan (2010; middle rows). Percentages with cespe

the CRF calculated for plane-parallel, maximum-randonudsoare
Changes to the cloud representation are only made in the r iven. For comparison, we also include the mean CRFs fromERB
.. . . Ramanathan et al, 1989).
diation code, so any changes to model output will be via ef-

fects on radiation budget. No changes are made to the cloud SWCRF LWCRF  NetCRF
Scheme /' W |'T'|_2 /' W |'T'|_2 /' W m_2
The choice offy andZyz by Shonk and Hogan (2010) This study (Unified Model)

was based on a review of a number of studies that inves-  Globalmean ~ —36.41 2179 -14.62
tigated cloud structure (Shonk et al, 2010). Their value of ~ Horizontal shift (—936%’2) (_Eg'?f‘/@ (_ffso)
fW was determined as the mean fractionql standgrd glevia- Vertical shift _2138 215 _023
tion of water content from some of the studies; their lagtud (6.5%) (9.9%) (1.6%)
dependence afyz was a linear fit of overlap decorrelation Total shift 112 —-0.70 0.40

height scales extracted from other studies. A similar rela- (-31%  (-832%  (-27%

tionship has now been implemented in the ECMWF model Shonk and Hogan, 2010 (ERA-40 data)

(JJ Morcrette, personal communication). Uncertaintiefgin Globalmean — —49.72 16.94  —32.78
andZyg were also estimated, and the effects of these uncer- Horizontal shift (- 1; Ai% (:ﬁ:gf@ (—1;.613@
tainties on global radiation budget quantified. They found Vertical shift _386 1.98 _1.88
little sensitivity of radiation budget t&yg, with its uncer- (7.8%) (11.7% (5.7%)
tainty varying global mean net CRF by less thah\&/ m2. Total shift 2.29 —0.04 2.25
A more marked sensitivity td,, was found: varyingfy, in (-46% (-02% (-6.9%
the range 5+ 0.18 was found to have impacts on radi- Data from ERBE

ation budget of order 2 W nf. However, the effect of this Global mean —48.05 %098 —17.08
uncertainty on model simulations is beyond the scope of this

study.

We use the same approach to quantify the effects Olf the change caused by the improvement of vertical over-

the two parameterizations as in Shonk and Hogan (2010 ap. The arrows in figure 1 indicate the pairs of experiments

hat are compared to calculate a given shift. The choice of
The control run uses the default plane-parallel cloud P 9

. . he “path” via TCm in preference to the “path” via PPe was
with maximum-random overlap (PPm). A second run re- oo o
. ! . made arbitrarily. It should be noted that, as the applicatio
places plane-parallel clouds with horizontally inhomoge- . . i
: i of exponential-random overlap differs slightly when a two
neous clouds (represented using the Tripleclouds scheme; : S oo
i : . région, plane-parallel consideration is made, the indiald
TCm); a third run then replaces maximum-random over- ~. . : .
] . o horizontal and vertical shifts on the two paths for a given
lap with exponential-random overlap, which improves the . . . -
. . quantity will be different. By definition, though, the total
representation of vertical cloud overlap (TCe). Thesedtlou _, . : .
. . . shifts must be the same irrespective of path.
representations are shown schematically for a pair ofypartl
cloudy layers in figure 1. Twenty-year runs of the Unified
Model are performed for each of the three cloud representay g|opal Effects of Cloud Structure
tions. The runs simulate current climate conditions, ragni
from 1979 to 1998. Greenhouse gases are fixed at constagti Shifts in top-of-atmosphere cloud radiative forcing
values typical of current levels; aerosols are allowed ty va
and the effects of volcanic eruptions in the period are in\We begin by considering the changes in radiation budget.
cluded. We use an atmosphere-only configuration: both th€he twenty-year global mean shifts in top-of-atmosphere
properties of the sea and of sea ice are prescribed by obloud radiative forcing (CRF) are presented in the top rows
served values through this period. of table 1. The global distribution of short-wave and long-
We evaluate the performance of the three runs by comwave CRF in the control (PPm) run is shown in figure 2, and
paring the changes in various output fields that are due tthe horizontal and vertical shifts are shown in figures 3 and
the changes in horizontal and vertical cloud structures€he 4. All of the means are extracted from the radiative fields
fields are extracted as both annual and seasonal means, leatculated by the model during the course of the runs. It is
averaged over the full twenty-year period. As in Shonk andeen that the horizontal shifts act to decrease the magnitud
Hogan (2010), we describe these changes as “shifts”: thef the CRF; the vertical shifts act to increase it (short-evav
horizontal shift is the change in a quantity caused by th€&€RF being negative in sign, long-wave CRF being positive

introduction of horizontal inhomogeneity; the verticalfsh 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, calculdi@tplane-parallel clouds aligned using maximum-randorarkap, and averaged
over all twenty years of the climate run. The boxes markedherplot indicate areas of interest referred to in the textebdl and 2 are areas
where marine stratocumulus prevails; box 3 typically costaleep tropical convection.
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Fig. 4 Global distribution of “vertical shift” in top-of-atmosjgine CRF
(the difference in cloud radiative forcing when verticakbdap is rep-
resented using exponential-random overlap as opposed xionuna-

random overlap; TCe minus TCm). Horizontal structure isesented
using Tripleclouds; (a) short-wave, (b) long-wave and (e} 6RF
shifts are shown. The boxes from figure 2 are included.

Fig. 3 Global distribution of “horizontal shift” in top-of-atmpsere
CREF (the difference in cloud radiative forcing when horiadrinho-
mogeneity is represented using Tripleclouds as opposduktplane-
parallel approximation; TCm minus PPm). Overlap is repreest us-
ing maximum-random; (a) short-wave, (b) long-wave and &)CRF
shifts are shown. The boxes from figure 2 are included.
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(a) Two—-metre temperature horizontal shift (DJF) /°C (a) Two—metre temperature horizontal shift (JJA) /°C
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Fig. 5 Global distribution of shifts in two-metre temperaturegeaged Fig. 6 Global distribution of shifts in two-metre temperaturegeged
over December, January and February of each of the twentg yéa over June, July and August of each of the twenty years of theatd
the climate run: (a) horizontal shift, TCm minus PPm; (bXieat shift, run: (a) horizontal shift, TCm minus PPm; (b) vertical shif€e minus
TCe minus TCm; and (c) total shift, TCe minus PPm. The blaak coTCm; and (c) total shift, TCe minus PPm. The black contoutasss
tour encloses regions where significance is greater than 95% regions where significance is greater than 95%.
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Fig. 7 Schematic showing the radiative processes that drive thentetre temperature changes over the winter poles. Wigeotdo the plane-
parallel, maximum-random case, improving the represiemtatf vertical overlap increases the cloud cover and heheamount of downward
long-wave radiation, causing a local warming; improving thpresentation of horizontal structure decreases the @missivity and hence the

amount of downward long-wave radiation, causing a localingo
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order 2 to 3 W m?, but there are some locations where theis found to be attributable to differences in global clouskdi
shifts are much larger. tribution generated by the Unified Model and the ECMWF’s
We identify three important regions of the Pacific, indi- Integrated Forecast System (IFS; the model from which the
cated by the red boxes in figures 2, 3 and 4: the areas 6fRA-40 dataset was generated). The principal contribstor i
marine stratocumulus off the west coast of the major contithe large difference in boundary-layer cloud occurrertoe: t
nents (boxes 1 and 2) and the areas of deep tropical conve¢ertical profile of global-mean cloud fraction exhibits age
tion prevalent over the islands of the western Pacific (box 3)at around 900 hPa in both models, but with a magnitude of
The largest horizontal shifts in net CRF are found in mariné.17 in the Unified Model compared to2¥ in the ERA-40
stratocumulus. The main effect of introducing cloud inho-dataset. Such a marked change is likely to be due to differ-
mogeneity is to reduce both the short-wave albedo and longnces in the cloud and boundary-layer schemes used in the
wave emissivity of the cloud. Marine stratocumulus covergwo models. To a lesser extent, impacts of the radiation field
large areas of ocean and interacts strongly with short-waven other meteorological fields could be feeding back into the
radiation, generating a large short-wave CRF. It forms-typiradiation field in this study — all meteorological fields from
cally in a shallow layer, implying that cloud top temperatur ERA-40 were prescribed in the study of Shonk and Hogan
is close to the surface temperature, giving a much small€2010).
long-wave CRF. The horizontal shifts in these areas when We also include the global mean CRFs extracted from
expressed as a percentage (not shown) turn out to be of coffour months of data from the Earth Radiation Budget Ex-
parable size (about 20%) for both the short-wave and thperiment (ERBE; Ramanathan et al, 1989). These values are
long-wave. This means that the short-wave effect dominateannual and global means, taken from April, July and Oc-
giving horizontal shifts in net CRF of order 10 WTh  tober 1985, and January 1986; a period within our model
In the areas of tropical convection, the short-wave CRF isuns. Again, we see differences between the observed radia-
also large, as convection takes place over a wide area. Thien budget and the modelled radiation budget. In the short-
difference here is that the long-wave CRF is large too, asvave, we find the ERBE global mean CRF to be similar to
convective clouds tend to be much deeper, and have mut¢he ERA-40 mean value<48.05 W m 2 compared with
colder cloud-top temperatures. Again, the shifts in percen —49.72); in the long-wave, the ERBE CRF is more similar
age terms are about 20% in both the short-wave and londe the mean value from this study (38 W m 2 compared
wave. The absolute horizontal short-wave and long-wavevith 21.79 W m2). It is again likely that these differences
shifts are therefore of comparable size, hence cancel eaehe attributable to differences in cloud occurrence betwee
other out and give a near-zero horizontal shift in net CRF. the models and the observed clouds in ERBE.

The effect of modifying vertical cloud overlap is to A comparison of the horizontal and vertical shifts in
change cloud cover, hence larger vertical shifts occur hershort-wave and long-wave CRF show some large differences
clouds are tall and partially cover a gridbox. In marine-stra (most notably that the horizontal short-wave shift of Shonk
tocumulus, neither short-wave nor long-wave verticaltshif and Hogan, 2010, is nearly twice the size of that of this
are evident, as these clouds form in shallow layers and covetudy). However, it is seen in table 1 that, when expressed
vast areas, typically giving cloud covers close to one. Imas percentages of the PPm CRFs, the shifts in each experi-
contrast, deep tropical convective clouds span many layeraent are more similar. This suggests that the horizontal and
and have cloud fractions much less than one. Hence a sma#rtical shifts in CRF are relative to the size of the CRF in
change in overlap assumption can have a much larger e& given model. The large differences in the net CRF shifts
fect on cloud cover. These changes give rise to the sizeabde due to the partial cancellation between the short-wave
shifts in both short-wave and long-wave CRF in these locaand long-wave CRFs, implying that small changes in short-
tions. However, as they are of similar size, the verticditshi wave and long-wave CRFs can give rise to a much larger net
in net CRF turns out to be near zero. difference. The size of the shifts in net CRF are therefore

Table 1 compares the global mean CRF from our twentyVvery sensitive to the accuracy of the cloud distributiorhie t
year runs of the Unified Model with those from the ERA-40 model.
scenes evaluated by Shonk and Hogan (2010), along with The radiative behaviour of twenty general circulation
the horizontal, vertical and total shifts. While the sighth@ = models (GCMs) was compared by Bender et al (2006). They
values presented in the table are all the same, there are socaculated monthly means of short-wave albedo from each
large differences in magnitudes. The global mean net CRBf the GCMs over months from February 1985 to May 1989
in the ERA-40 data, for example, is seen to be more thafagain, a period within our climate runs). The short-wave
twice the magnitude of that in our Unified Model resultsalbedo that we calculate from our results from the Unified
(—32.78 W m 2 in contrast to—14.62 W m 2). If we par-  Model is 0295, which compares well with the albedos re-
tition the CRF into short-wave and long-wave, it is revealedported by Bender et al (2006) for the HadGEM12@6)
that most of the difference originates in the short-wave, anand HadCM3 (®95) configurations. The value from the
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Table 2 Global mean shifts in two-metre temperature for this study,3.2 Shifts in two-metre temperature
averaged over land points only (left columns) and over laouhtp

poleward of 45 in the winter hemisphere (right columns). Table 2 shows the global-mean shifts in two-metre tempera-

All land points Winter land points- 45° ture, averaged over land grid points only (both over all land
DJFtemp  JJAtemp DJFtemp  JJAtemp  surfaces, and land surfaces poleward of #bthe winter
[°c I*c I*c I*c hemisphere only). The distributions of global shifts inther
Horizontal -0.207  -0.062 -0.423  -0.111 ern winter (December, January and February) and northern
Vertical 0.185 0.075 0.347 0.144 summer (June, July and August) are shown in figures 5 and
Total —-0.022 0.013 -0.076 0.033 . : .

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 temperatuse shif
over the ocean are near zero. For this reason, ocean points

(a) DJF are excluded from zonal and global means. The seasonal av-

15 ‘ erages are calculated over all twenty years, but only for the
o 1 {, . appropriate months. As shifts in temperature are not dyrect
° M N caused by the changes in cloud approximation, we perform
£ 05f || 1 a significance test to discover whether the shifts are greate
o 1 - Y ! in size than the natural variability. Areas of statisticig-s
2 of \ o ) —E‘ﬁ\" S g o . o . .
2 % d \ nificance are identified by comparing the temperature shifts
T -05 with the natural variability of the temperature on a point-
=3 by-point basis. Significance was determined if the differ-
£ -1t - 1 ence between the shift and the 20-year mean temperature
15 ‘ ‘ ‘ ‘ ‘ exceeded a threshold that was related to the standard devia-
~90 -60 -30 0 30 60 90 tion of the temperature at that point over the 20 years. The
black contour in figures 5 and 6 enclose regions where the
(b) JIA shifts are statistically significant at 95%.
15 : : The most striking feature on these plots is the temper-
horizontal ature change seen over land surfaces at high latitudes. The
o 1 ;}\, \ - - - vertical || most notable shifts are in the winter hemisphere, with the in
& 05 \ total | troduction of cloud inhomogeneity leading to local coofing
G {' of up to 3C and the improvement of cloud overlap caus-
g ot %{}%&EJ ‘?p.l& 1 ing warmings of similar magnitude. We see that the areas
© of largest shift are indeed within the significance contours
g 05 | A simple mechanism for these temperature chan i -
o p p ges is pre
e 4! _ | sented in figure 7. In the winter poles, there is little solar
insolation, so heating and cooling is mostly driven by long-
-1.5! : ‘ : ‘ ‘ wave interactions. An increase in cloud cover brought about
-90 -60 -30 0 30 60 90 . .
latitude by a change to the cloud overlap assumption, as shown in

_ - the left panel of figure 7, will therefore result in more ra-
Fig. 8 Zonally averaged shifts in two-metre temperature, takesr ov diation being emitted to the surface, causing a local warm-
land points only, as a function of latitude. Averages ovértaénty ’

years from (a) December, January and February and (b) Jugerd 1N (& positive temperature shift). The introduction ofudo
August are shown, with error bars indicating the standaxdation at ~ inhomogeneity, as shown in the right panel, will act to re-
each latitude. duce the plane-parallel biases not only in short-wave alped
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 ogoli
ERA-40 data is also within the range of albedos they found(a negative temperature shift). Examination of the shifts i
at 0311. Our horizontal and vertical shifts in short-wave CRF at the surface (not shown) supports this.
albedo turn out to be-0.009 and 0006 respectively. The Dynamical feedbacks may also have enhanced the sur-
standard deviation in mean monthly mean albedos across tfi@ce cooling over land at high latitudes. Specifically, en-
models compared by Bender et al (2006).80Y. This im-  hanced radiative cooling of the air near the surface leads to
plies that our horizontal and vertical shifts are of compéa strengthening of the winter continental anticyclones ki t
size to the spread between their model albedos. mechanism proposed by Wexler (1937). This is confirmed
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0 = : confined to the surface and the top of the atmosphere: we see
- p p
7\"/'. that the temperature shifts noted at the polar surfacea@xte
Qe p p
1007 BRI :;‘*" | into the lower troposphere, with the horizontal and vettica
2001 . i , i shifts cooling and warming the area respectively by of order
Y ' 1°C. In some locations, however, these shifts are not signif-
3001 \ X 1 icant, although natural atmospheric temperature varigbil
© ‘,‘ \ above the surface can be large over the winter poles.
& 400¢ \ ' 1 Introducing horizontal inhomogeneity is also seen to
—~ 1 . ape .
o ool ey 1 ] have a large and significant effect on temperatures in the
§ 0y | upper tropical troposphere, with a cooling of ove3 lo-
g 6001 \‘ Vo 1 cated over the equator at 200 hPa. The improved representa-
v tion of vertical overlap causes a smaller, but still sigmifit;
700 A B . warming, with the result that the combined effect of the two
\ \ horizontal g
800l LR vertical ] parameterizations is a small residual cooling. The tempera
\“ A -=- 5%}3'4)( co ture shifts are plotted as globally averaged profiles, inrégu
900r 3 \ 3% 4xcé i 11. The horizontal and vertical shifts (black lines) botbwh
1000 : ,~'/" ‘ 2 increased temperature shifts both at the upper troposphere

B3 -02 -01 0 01 0.2 0.3  and near the surface.

temperature shift / °C Figure 11 also contains temperature change profiles cal-
Fig. 11 Profiles of shifts in temperature, averaged over the twentyculated using the HadGEM2 configuration of the Unified
years and all gridpoints (both land and sea). The solid greyih-  Model (Martin et al, 2011) as part of the CMIP5 project.

dicates a profile of 2% of the temperature shift caused by drqua A instantaneous quadrupling of carbon dioxide concentra-
pling of carbon dioxide applied to the HadGEM2 configuratidrihe

Unified Model, based on results from CMIP5. The dashed grey li tions is applied, an_d the model run Ov_er a pe”o‘?' of mpre
indicates a profile of-3% of the same shift. 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-
by an increase of around 2 hPa in the DJF surface pre@-ture_ change profile, averaged over all points globally and
sure in these regions when horizontal cloud inhomogeneit € final 15 years of thg run, but scaled down by a fgctor of
is introduced, as well as the associated increase in uppe Ql(th(.arefore r.ep.resentlng 2% c_)f the tempergture Sh,'fy' gre
troposphere convergence and lower-troposphere diveexagencSOIId .I|ne). This Img has t,’ee”, included to give an idea C?f
Higher pressure can then inhibit the incursion of low pres-the size of the ver'ucgl shift with respect to a standard Cl'_'
sure systems, which would otherwise bring warmer air intdhate response experlment._We also show alllne repre;entlng
the continental interior. —3% of the temperature shift to compare with the horizon-
As a global mean, we see non-negligible shifts of ordeFaI shift (dashed line). While the _shapes of the lines are not
0.05°C to 02°C over land (up to nearly.8°C over land perfect matches, we see that shifts are of comparable order
north of 4% in northern winter). Again, as for the CRFs in of magnitude.
the previous subsection, we see that there is cancellagion b
tween the horizontal and vertical shifts, with a small rasid
cooling for both seasons. Furthermore, the pattern of the ta3.4 Shifts in cloud fraction
tal shifts in two-metre temperature in figures 5 and 6 shows
neither a strong cooling or warming in the winter poles, but alemperature is not the only field that is affected by our im-
residual of the two that varies in sign. This could be a furthe provements to the cloud structure representation. Figre 1
effect of the similarity in signs of the horizontal and veali ~ shows the shifts in zonally averaged cloud fraction, using e
shifts in CRF. actly the same averaging as described for figure 9. Here, we
see significant increases in cloud fraction in the uppeiitrop
cal troposphere when cloud inhomogeneity is included, and
3.3 Shifts in tropospheric temperature reductions in cloud fraction in the same location when verti
cal overlap representation is improved. The largest cheinge
We now turn our attention to the rest of the troposphere. Figin cloud fraction tend to be in the same locations as the
ure 9 shows the mean shifts in zonally averaged temperatur@rgest temperature shifts. The simplest mechanism fer thi
averaged over the full twenty years (all seasons). Contouiis that cooling the air at constant specific humidity willdea
of significance at 95% have been included in the figure. It i4o a higher probability of condensation. The increase ip-tro
seen that changes to the state of the atmosphere are not jicstl upper tropospheric cirrus in figure 10a could also be
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(a) Temperature horizontal shift /°C

(a) Cloud fraction horizontal shift
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Fig. 9 Global distribution of shifts in zonally averaged temparat
averaged over the twenty years of the climate run: (a) hot&hift,
TCm minus PPm; (b) vertical shift, TCe minus TCm; and (c)Itsht,
TCe minus PPm are shown. The black line is a contour of sigmifie
at 95%.

Fig. 10 Global distribution of shifts in zonally averaged clouddian,
averaged the twenty years of the climate run: (a) horizasttéd, TCm
minus PPm; (b) vertical shift, TCe minus TCm; and (c) totaftshCe
minus PPm are shown. The black line is a contour of signifieatc
95%.

caused by an increase in convective activity associatdd witdry air into the boundary layer and a reduction in cloud
a destabilization of the atmospheric profile. amount. However, unlike the cloud changes in the tropical

In the polar regions we see an increase in near-surfacgPPer troposphere and the polar surface layer, the change to
cloud when inhomogeneity is accounted for. This cloud exPoundary-layer clouds appears not to be associated with a
ists in the bottom few layers of the atmosphere, so coul¢Pcal change in temperature in figure 9a.
be a model version of radiative fog. The cooling of the sur-  The chain of causality considered so far is that a change
face by the processes described previously has been showncloud treatment in the radiation scheme (which does not
to cool the lower part of the atmosphere, so it is possiblaffect cloud fraction) induces a change to the temperature
that more cloud will form in these lowest few layers. Figurefield both of the atmosphere and the surface. This in turn
10a also reveals a decrease in boundary-layer cloud occuaffects the cloud fraction. Thus we have the possibility of
rence (between 800 and 900 hPa) when cloud inhomogeneloud radiative feedbackm that the changed clouds can
ity is accounted for, although the signal is only marginallythen further modify the temperature field. These might be
significant. A possible hypothesis for this behaviour ig thaexpected to be somewhat similar to those that act under
horizontally inhomogeneous clouds are less emissive in thearbon-dioxide-induced climate change (Stephens, 2005),
long-wave, leading to weaker radiative cooling at cloudalthough differences may arise on account of the fact that
top, a weaker cloud-top inversion, greater entrainment othe original forcing is now not a carbon dioxide increase
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but a change to the way the clouds themselves interact wittloud radiative forcings (CRF) in the control climate of the
radiation. As an example, the increase in tropical upper trotwo models. Specifically, the global-mean short-wave CRF
pospheric cloud fraction in figure 10a is a response to a rds 37% larger in the ECMWEF than the Unified Model (see
duction in cloud emissivity and albedo associated with thelable 1), while in the net is a factor of two larger. Despite
introduction of cloud horizontal inhomogeneity. This ther the differences between the two models, both provide mean
fore constitutes a negative feedback. As with all feedbackshort-wave albedos that lie in the range of values set out by
it is not large enough to fully counter the original forcing. 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 modelg the
compared. Moreover, the difference of 28V m~2 between

the global-mean net CRFs in the two models is less than the

The need for cloud representation in climate models to bg 5 _ _ . .
o Lo . : 2 W m “range found in 19 atmospheric general circulation
as realistic as possible is unquestionable. In this study, w

) : . models by Potter and Cess (2004).

performed twenty-year-long current climate simulatioas u

ing improved representations of horizontal cloud inhomo- Unfortunately, our ability in Shonk and Hogan (2010)
genei.ty a.nd vertical cloud overlap, both separaterI and i'?;md in the present paper to quantify the net effect of cloud
f:ombma'uon. The changgs to the glopd representation Wetgy .t re globally is dependent on the nature of the short-
implemented solely within the radiation code. The control, ...« ang long-wave cloud—radiation interactions in the
run used the standard pIane—pgraIIeI C'OU‘?'S with maXir,nummodel used. Therefore, the large degree of cancellation
random overlap; a second run introduced inhomogeneity Ugs nq petween horizontal and vertical shifts in this study
ing the “Tripleclouds” scheme; a third run combined this 5y \vel| be less strong in other climate models. Nonethe-
with “exponential-random” overlap. This approach allowed g e reiterate the point made by Shonk and Hogan (2010)
us to investigate the effects of the two parameterization§,, the fact there is some degree of cancellation indicates

both separately and in combination. that it is important to address the representation of harizo

Changlpg Fhe cloud represer]tatlon W't_h'r? the rad|at|0n[a| inhomogeneity and vertical overlap simultaneously; ad
code had S|gn|f|c§1r1t effects, notjust on radiation budget, b dressing one but not the other is likely to lead to a worsening
also other quantities. In terms of top-of-atmosphere cIoug)f the way clouds interact with radiation

radiative forcing (CRF), we found that the change caused by

introduction of inhomogeneity (the “horizontal shift”) wa A latitude-dependent parametrisation in a climate model
of opposite sign to the change caused by the improvement ¢fas the potential to lead to artificial results that are con-
vertical overlap (the “vertical shift”). While the globatean  strained by latitude. In theory, exponential-random aer
net CRF shifts were small (less than 1 W fiin magnitude), could be improved by connecting the decorrelation height
shifts of up to 10 W m? were found in locations where o cloud type instead of latitude so that any changes to
marine stratocumulus is dominant. We also found marked|oud distribution also affect the nature of the cloud oaprl
changes in two-metre temperature over land near the winn a given location. Alternatively, a global value of decor-
ter poles, with a cooling of up to°€ imposed by the in- relation height could be applied, such as the 2 km pro-
troduction of horizontal cloud structure and a warming ofposed by Barker (2008). It was shown by Shonk and Hogan
similar magnitude generated by improving vertical overlap(2010) that, while the radiation budget is very different
These temperature shifts were found to occur not Only at thﬂ/hen maximum-random Over|ap is rep|aced by exponentia|-
surface, but also up into the troposphere. The largest vafandom overlap, it is fairly insensitive to the exact choice
ues of temperature shift were found in the upper tropicabf decorrelation height. Nevertheless, a latitude-depand
troposphere, and these were also found to affect the cloughrametrisation based on that of Shonk et al (2010) has re-

distribution. Averaged globally, the magnitudes of the-ver cently been implemented in the ECMWF model (3JJ Mor-
tical and horizontal shifts were similar to about 2% of thecrette, personal communication).

temperature shifts caused by a quadrupling of atmospheric
carbon dioxide. A further aspect of this work that could be refined in fu-

In comparison to the shifts in radiation budget identifiedture is our use of an atmosphere-only model with prescribed
in ERA-40 reanalysis data by Shonk and Hogan (2010), it isea-surface temperatures. A better estimate of the felttff
seen that the magnitudes of the horizontal and verticatsshif of cloud structure on climate would require a similar inves-
are far more similar in this study, leading to a much smalletigation with a fully coupled model that allowed both the
net shift. While some of this could, in principle, be due toocean and the sea ice to vary in response to the changes to
the fact that clouds in this study are allowed to change anthe atmosphere. This would allow us to more fully investi-
therefore feedback on the radiation, we attribute mostef thgate the effects of cloud structure on atmospheric state ove
difference with Shonk and Hogan (2010) to very differentthe course of a climate simulation.

4 Conclusions
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