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Abstract. Various studies have shown the importance of1 Introduction
Earth System feedbacks in the climate system and the ne-
cessity of including these in models used for making cli- The term “Earth System processes”, as used in climate mod-
mate change projections. The HadGEM2 family of Met Of- elling, generally refers to the set of equations describing
fice Unified Model configurations combines model compo- physical, chemical and biological processes within and be-
nents which facilitate the representation of many differenttween the atmosphere, ocean, cryosphere, and the terrestrial
processes within the climate system, including atmosphereand marine biosphere. There is no strict definition of which
ocean and sea ice, and Earth System components inclugrrocesses at what level of complexity are required before
ing the terrestrial and oceanic carbon cycle and tropospheri@ climate model becomes an Earth System Model (Collins
chemistry. We examine the climatology of the Asian sum-et al., 2011). However, typically the term “Earth System”
mer monsoon in present-day simulations and in idealised cliis used for those models that at least include terrestrial and
mate change experiments. Members of the HadGEM2 familyocean carbon cycles.
are used, with a common physical framework (one of which The inclusion of Earth System components in a climate
includes tropospheric chemistry and an interactive terresimodel allows both consistent calculation of the impacts of
trial and oceanic carbon cycle), to investigate whether sucltlimate change on atmospheric composition or ecosystems
components affect the way in which the monsoon changesand the incorporation of biogeochemical feedbacks which
We focus particularly on the role of interactive vegetation can be negative (damping the sensitivity of the climate to
in the simulations from these model configurations. Usingexternal forcing, e.g. Charlson et al., 1987), or positive (am-
an atmosphere-only HadGEM2 configuration, we investigateplifying the sensitivity, e.g. Cox et al., 2000; Friedlingstein
how the changes in land cover which result from the interac-et al., 2006). These feedbacks will either affect projections
tion between the dynamic vegetation and the model systemef future climate for a given forcing or, for a given desired
atic rainfall biases affect the Asian summer monsoon, both inclimate outcome (such as limiting warming below 2 K above
the present-day and in future climate projections. We demonpre-industrial values), will affect the calculations of allow-
strate that the response of the dynamic vegetation to biases ible emissions (e.g. Jones et al., 2006).
regional climate, such as lack of rainfall over tropical dust- Earth System models tend to be driven by emissions of
producing regions, can affect both the present-day simulatiorgreenhouse gases (particularly gQather than having con-
and the response to climate change forcing scenarios. centrations specified. Adding Earth System components and
processes increases the complexity of the model system.
Many biogeochemical processes are less understood or con-
strained than their physical counterparts. Hence the model
spread in future projections is considerably larger, and bet-
ter represents the true uncertainty of the future evolution of
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climate. Booth et al. (2012) found that the spread in predicted — atmosphere-only runs for the same period forced with
temperatures due to uncertainty in just the carbon cycle mod-  observed sea surface temperatures (SSTs) and sea ice;
elling was comparable to the spread due to uncertainty in all . ] ]
the physical parameters. - t|mes!|ce experiments where the atmosphere compo-
However, the increased complexity can also resultin larger ~ N€nt is forced with C@ and trace gases for the year
and/or more numerous systematic biases in models. The 2100 based on the RCP8.5 scenario of the Fifth Cou-
growth of systematic errors in General Circulation Models pled Model Intercomparison Project (CMIPS; Taylor
(GCMs) remains one of the central problems in providingac- €t @l., 2012), and with SSTs obtained by applying the
curate projections of climate change for the next 50 to 100yr  difference between ¢.2100 SSTs from the HadGEM2-
(Randall et al., 2007). Although great advances in global ~ ES RCP8.5 scenario run and ¢.1990 SSTs from the
modelling have been made in recent decades (Solomon etal., HadGEM2-ES historical run (using 30yr means) to
2007), there are still large uncertainties in many processes  the present-day monthly-varying observed SSTs from
such as clouds, convection and coupling to the ocean and the 1980-2005.
Iand surface (e.g. Cubasch et al., 2001, Kpster et a!., 2.004)I'he experimental design and forcing datasets are as specified
It is not clear, thereforeT to what extent cllm_ate pTOJectlonsby CMIP5 and are detailed in Taylor et al. (2012).
are improved by the additional complexity of including Earth
System process when the resulting changes in systematic bi_-'

) adGEM2 family as described by The HadGEM2 De-
ases are taken into account. As noted by Hurrell et al. (2009)Velopment Team (2011). The atmosphere-only configura-
given relatively large systematic errors in models, the addi-

. . . ) tion, HadGEMZ2-A, and the coupled atmosphere-ocean con-
tional feedbacks from more interactive components in Earthfiguration HadGEM2-AO, are forced by prescribed land
System models clearly Increase the uncertau_wty n t_he MaY%over and vegetation types from the International Geophys-
nitude and nature of the climate changes projected in fuw"?cal Biophysical Programme (IGBP; Loveland et al., 2000)
scenario simulations. : . .’ o
. with a prescribed seasonally-varying leaf area index (LAI)

TrleTHadGEzl\éllzlmpdel far_rtnly (fThe :"’IldGE][\./IZ Dte."e'OF" based on Moderate Resolution Imaging Spectroradiometer
men f.am’d.ff )tIT a ;sw:: 0 m:) ?t Ck;)nt 'glﬂ[La lons In'(MODIS) Terra Collection 5 monthly LAI datasets. Histor-
COI’pOI’?] 'ng II feren eVE ST?] Camdpgé"\zlz ]? V\'III a Ic%m- ical land use change information and projected future land
mon physical framework. The Ha amily Includes o changes based on CMIP5 Representative Concentration

e components inciuding the terrestial and beeanic carbor ™2y (RCP) scenarios, provided to CMIPS by the Land-
. . use Harmonization team (Hurtt et al., 2011), were applied b
cycles and atmospheric chemistry. The HadGEM2 Devel- ( ) PP y

Baek et al. (2012) to the IGBP land cover data in order to

opmgnt Team (2011) showed consistency n the_ Iarge-sca_ll rescribe time-varying land cover fields for HadGEM2-AO
physical performance of these model configurations and i nd HadGEM2-A. and these were also used in our timeslice
the overall improvement compared with the previous mOdeIexperiments '

version (Had?'s.'v'l).' Coating the ini land In the HadGEM2-CCS and HadGEM2-ES configurations,
. lrzylou;shsu |ei.|nk\1/es |ga'|ngthe|n uert1c_e to 1an covetr,the Top-down Representation of Interactive Foliage and
inciuding those which examine the uncertainty in present-g, Including Dynamics (TRIFFID) dynamic vegetation

day vegetation distribution (e.g. Feddema et al., 2005; Mc'model (Cox, 2001) is used to simulate the land cover chan
. . ) , ges
Carthy et al., 2012) and those which apply idealised changeﬁom the pre-industrial control period through the present-

(e.g. Bonan et al., 1992, Osborne et al., 2004; Swann ?Hay and into the future following the CMIP5 RCP scenar-

al, 2912)’ have demon;trated S|gn|f|.cant Impacts on trOp'"os, and land use changes from Hurtt et al. (2011) are ap-
cal climate from vegetation changes in both the tropics andro

the mid-latitudes. In thi ine the infl lied as disturbances (see Jones et al., 2011 for more de-
€ mid-iatitudes. n this paper, we examine the intiuence 0tails). The HadGEM2-CCS configuration includes terres-
changes in land cover resulting from the interactive terres-,

. : X trial and oceanic carbon cycle components and a vertically-
t.”al carbon cycle in the HadGEM2 Earth S.ystem. Conflgura'extended atmosphere up to 85 km (compared with 40 km for
tion (HadGEM2-ES) on the present-day simulation and fu-

i acti f the South Asi the other configurations). HadGEM2-ES includes a tropo-
ure projections ot the south Asian summer monsoon. spheric chemistry component in addition to the terrestrial and

oceanic carbon cycle components (see The HadGEM2 De-
2 Model integrations velopment Team, 2011 for more details).

The model configurations used are members of the

We make use of the following integrations: ] ) ]
3 Climatology of the South Asian summer monsoon in

— present-day (1980-2005) sections of historical coupled  the HadGEM2 family
model runs, initialised in 1860 after spin-up of a pre-
industrial control (the method of spin-up is described in We first examine the climatology of the South Asian sum-
Collins et al., 2011) and run through the 20th century; mer monsoon in the HadGEM2 family members. Typical
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Fig. 1. Precipitation (mm day?) in June—September (JJAS) difference from observed (Climate Prediction Center — CPC; Merged Analysis
of Precipitation — CMAP/O; Xie and Arkin, 1997). -A: atmosphere-only; -AO: coupled; -CCS: coupled, carbon cycle, stratosphere; -ES:
coupled, carbon cycle, chemistry.

monsoon systematic errors in the previous climate configura- Figure 3 shows the seasonal cycle of rainfall from the four
tion, HadGEM1, were described by Ringer et al. (2006) andconfigurations. The amplitude of the seasonal cycle of Indian
include excessive rainfall over the equatorial Indian Ocearrainfall is underestimated, particularly by HadGEM2-A. The
and the Himalayan foothills and underestimation of rainfall coupled configurations exhibit a delayed onset due to an Ara-
over the Indian peninsula. These biases were reduced in thigian Sea SST bias in spring (Levine and Turner, 2012), but
HadGEMZ2 configuration through the seamless modelling ap-have better peak rainfall. The latter is associated with a neg-
proach (Martin et al., 2010), although their basic pattern stillative feedback between the rainfall and SSTs in the equato-
remains. rial Indian Ocean region, with the reduced rainfall bias and

Figures 1 and 2 show that the different family memberscolder SSTs both promoting increased rainfall over India. As
share similar systematic biases in winds and rainfall. How-suggested by the seasonal mean rainfall biases in Fig. 1, the
ever, the coupled configurations, which include an interac-CCS and ES configurations show reduced rainfall amounts
tive ocean component (HadGEM2-A0O, HadGEM2-CCS andover the Indian peninsula compared with HadGEM2-A0.
HadGEMZ2-ES), differ from the atmosphere-only configura- The ES and CCS configurations, which both include the
tion, HadGEM2-A, particularly in the magnitude and loca- terrestrial carbon cycle, have much more bare soil over In-
tion of the equatorial Indian Ocean rainfall bias. This is due dia and the Sahel than the A or AO configurations, replacing
to a compensating decrease in the SST in this region as grass, shrubs and broadleaf trees (Fig. 4). This is a result of
response to the excessive rainfall (Levine and Turner, 2012)persistent underestimation of rainfall over these regions dur-

The coupled configurations show reduced anomalous coning the pre-industrial control and historical runs, and illus-
vergence into this bias region compared with HadGEM2-A, trates the feedbacks that can occur between model system-
and there is an associated increase in convergence along tlatic biases. Other differences in vegetation include a change
western Indian peninsula, reducing the anticyclonic bias ovefrom trees and grasses to shrubs in northeastern Eurasia, in-
this region. In spite of this, however, only HadGEM2-AO creased fractions of needleleaf trees at the expense of grass
shows a reduced rainfall bias over the Indian peninsula comand bare soil over the Tibetan region, and a replacement of
pared with HadGEM2-A, while the CCS and ES configura- grasses with bare soil over Australia. These differences are
tions show similar or even larger biases. discussed further in Collins et al. (2011).

www.earth-syst-dynam.net/3/245/2012/ Earth Syst. Dynam., 3, 24551, 2012



248 G. M. Martin and R. C. Levine: The South Asian summer monsoon in the HadGEM2 family
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Fig. 2. As Fig. 1 but for horizontal wind at 850 hPa compared with ERA40 reanalyses (Uppala et al., 2005).

HodCEM2 Family 1980-2005 4 Sensitivity experiments
Indian rainfall 65—-90E, 5—30N
gL HodGEM2-A i In order to shed light on the role of the vegetation distribution

I HadGEM2-A0
ad ’—CCS

in the differences in monsoon rainfall between these con-
figurations, additional experiments have been run with the
atmosphere-only configuration, HadGEM2-A. Each is based
on the standard Atmospheric Model Intercomparison Project
(AMIP) setup as described in Taylor et al. (2012) and details
of the baseline HadGEM2-A configuration are given in The

HadGEM2 Development Team (2011). The details of each
sensitivity experiment, along with the results, are described
in the following sub-sections.

Lo

Rainfall (mm/day)

O’ I I I I I I | | | |
jan feb mar apr may jun jul aug sep oct nov dec

] ] ) ) 4.1 Using land cover from the ES configuration
Fig. 3. Seasonal cycle of rainfall over the Indian region (6580

5-30°N) in the HadGEM2 model family, compared with CMAP/O. In this experiment, the monthly mean land cover information

from years 1980-2005 of the HadGEM2-ES historical run
Over India, the increased bare soil is associated WithiS used in HadGEM2-A in place of the standard land cover
: Otdistribution as described in Sect. 2. Therefore, the variations

shown) as evaporation and transpiration from vegetation idn land cover W(i;[hbtirr_le gégﬁ;ms tp))eric;]d in _HadGEMZ—ES
reduced. This may contribute to the larger Indian rainfall are experienced by Ha -A, but there Is no interactive
bias in ES and CCS. However, the latent heat flux is af.ferrestrial carbon cycle and no feedbacks on the land cover.

fected by the land cover type (which affects evaporation),we refer to this experiment as "HadGEM2-AE".

the wind speed (which is related to the monsoon circulation Comparison of the seasonal mean precipitation from

as a whole, which itself is related to the surface tempera—.HadGEMz'A and HadGEM2-AE shows a marked decrease

ture distribution and differs markedly between the coupledIn rainfaII. over thg '”_d‘af‘ region in the sensitivity e>_<peri-
and atmosphere-only configurations) and the soil moisture,ment’ while precipitation increases over the South China .Se.a
and the latter is also related to the precipitation. Thus, underf’md the western Pacific (Fig. 5). These changes are simi-

standing the processes by which the precipitation is affecte r in pattern to those seen between HadGEMZ-ES and -AO
is not straightforward. Fig. 5d) but they are considerably larger in the atmosphere-

only experiments. In addition, the HadGEM2-AE experiment
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Difference in Fractions of Plant Functional Types in JJAS
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Fig. 4. Differences in present-day (1980-2005) land cover type between HadGEM2-ES and HadGEM2-A0O.
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Fig. 5. Precipitation in JJAS (mm da)l) in (a) HadGEM2-A and(b) the HadGEM2-AE experiment, and differende$ HadGEM2-AE
minus HadGEM2-A andd) HadGEM2-ES minus HadGEM2-AO.
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This affects the clear-sky radiative fluxes at the surface, par-
ticularly by increasing outgoing shortwave radiation at the
top of the atmosphere and reducing the downward short-
wave radiation at the surface (Fig. 7a and c). The outgoing
longwave radiation at the top of the atmosphere is also re-
duced (Fig. 7b). These changes are largest over the Arabian
Sea, India and the Bay of Bengal, although they are also ap-
parent over West Africa and northern Australia.
[ The radiative effects of the dust act to cool the daytime
=7 — ' < maximum temperatures and warm the nighttime minimum

90N [0

\
\¥H
&

45N

180 90w 0 90E temperatures. Since most of the convection over land is dur-
' — . - — - ing the day (in the model) the impact on total rainfall may be
total dust deposition (kg m-2 s—1) significant. In order to test this hypothesis, we run an addi-

tional pair of experiments where the direct radiative effects
of the dust are switched off. We find that there is indeed a
substantial direct radiative impact on the monsoon rainfall of
the additional dust generated as a response to the change in
the vegetation distribution (Fig. 8a, b and d). With the orig-
inal AMIP land cover distribution, the sensitivity is smaller
because there is much less dust (Fig. 8c). The low level mon-
soon circulation (Fig. 9) is reduced in association with the

Iy

=S

= C o

e - =z change in radiative heating and precipitation.
P10} N— L L L . . . .
180 Q0w o 90r The impact of increased dust loading on the Asian mon-
| L soon in our simulations is consistent with the “dimming”

le—11 0 le—11 le=7
total column total dust mass (kgm-—2)

effect discussed by Ramanathan et al. (2005) and Lau and
Kim (2006). While the influence of aerosols on the Asian
monsoon simulation is not the focus of this paper, the sig-
nificant impact of the changes in dust warrants further study,
perhaps with more realistic dust loading. The role of aerosols
in moderating the Asian summer monsoon rainfall and circu-
lation has been the subject of many recent studies, and it is
still unclear whether aerosols could strengthen or weaken the
monsoon (Nigam and Bollasina, 2010; Kuhimann and Quass,
2010, and references therein). Our results suggest that the er-
rors in the land cover distribution which arise through the
interaction between the dynamic vegetation and existing sys-
te=5 le=6 0 le=6 le=5 le—4 tematic biases in monsoon rainfall could add to this uncer-
Fig. 6. Change in annual climatology of dust emission, depo- tain_ty viq feedbgc_:k_s on the dust loading of the a_tmosphere.
sition and total column dust mass between HadGEM2-AE and'While this sensitivity may be exaggerated in this particu-
HadGEM2-A simulations (with and without land cover from lar model configuration through its specific combination of
HadGEM2-ES). Note the non-linear scale. physical parametrisations, it highlights how studies of im-
portant feedbacks can be complicated by such combinations
of systematic error.
shows a large increase in dust, which is generated as a re-
suIt. of the additiona] fraction_ of ba}re soi.I in key tropica! 4.2 Impacts of changes in land cover with no dust
regions such.ag Ingha, Saudl' Arabia, Africa and Australia radiative feedback
(Fig. 6). A similar increase in total column dust occurs
between HadGEM2-ES and HadGEM2-A@not shown).

90N

180 90W 0 90E 180

We have demonstrated that the errors in the land cover distri-
INote that different dust tuning parameters are applied in buthn, which .a”se through the mteract!on _betwe_en the dy-
HadGEM2-A compared with those used in the coupled HadGEMZna_'m'C vegetation and e.X'Stmg S_ySIemat'C biases in monsoon
configurations, resulting in different (larger) total amounts of dust fainfall, can have a noticeable impact on the seasonal mean
emission, deposition and total dust mass; however, the relativéNONSo0ON precipitation in South Asia. While the impacts on
changes between the HadGEM2-AE and HadGEM2-A experimentglust aerosol warrant further investigation in a separate study,
and the ES and AO historical runs are comparable. for the remainder of this paper we seek to isolate more clearly
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Fig. 7. Clear-sky radiative flux differences (WTﬁ) in JJA between HadGEM2-AE and HadGEM2-A ruifg) surface incoming SW;
(b) outgoing LW at TOA;(c) outgoing SW at TOA.
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Fig. 8. Changes in JJAS precipitation betweg@) HadGEM2-A and -AE experimentgh) as(a) but without the direct radiative effect of
dust,(c) HadGEM2-A with-without direct radiative effect of dugtl) as(c) but for HadGEM2-AE.
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b) Winds at 850 hpoém/s in JUAS
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with — without dust rad effect
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Fig. 9. As Fig. 8 but for horizontal wind at 850 hPa.

the impacts of the changes in the vegetation distribution by(Fig. 4). In contrast, increases in needleleaf tree fractions at
removing the direct radiative effects of dust. the expense of grass and bare soil over the Tibetan region
McCarthy et al. (2012) examined the impact on the are associated with reduced snow cover and warmer temper-
HadCM3 model (Pope et al., 2000; Gordon et al., 2000) ofatures (larger sensible heat fluxes; Fig. 10c). This pattern of
applying vegetation cover from different land cover datasetssnow cover anomalies is consistent with that described by
and from an earlier version of the TRIFFID dynamic global Turner and Slingo (2011) for the HadCM3 model and for
vegetation model (Cox, 2001) than that which is used inother model studies referenced in that paper.
HadGEM2-ES and -CCS. They found a dynamical response Xavier et al. (2007) showed that the monsoon onset and
of the South Asian summer monsoon resulting from changeamplitude are related to the change in sign from negative to
in mid-latitude temperatures and snow albedo feedbackspositive of the tropospheric temperature gradient between the
consistent with previous studies (e.g. Douville and Royer,Indian Ocean and the Asian land mass. Previous studies such
1996; Turner and Slingo, 2011). It is interesting, therefore, toas that of Turner and Slingo (2011) have indicated that the
examine our own sensitivity experiments with this more re- cooling associated with increased Eurasian snow cover, such
cent model configuration in order to determine whether sim-as that found in our experiments (and in those of McCarthy
ilar responses are present. et al., 2012 in response to the change in land cover), can
We focus on differences between the simulations in the bo-be associated with weakening of the Tibetan anticyclone and
real spring and summer seasons, since these are most relevamtaker upper level easterly winds over the monsoon region,
to the changes in the South Asian summer monsoon. In a simas a result of the reduction in the tropospheric meridional
ilar manner to McCarthy et al. (2012), we find the largest im- temperature gradient. However, Turner and Slingo (2011)
pacts of the change in the land cover distribution occur in bo-noted that this response could be reversed if the opposing
real spring (compare Figs. 10 and 11). There is a reduced serwhanges over the Himalayas and Tibetan Plateau were dom-
sible heat flux over northeastern Eurasia (Fig. 10c) and coolinant. Figures 10 and 11 suggest that the cooling/warming
ing in the near-surface temperatures of more than 5K acrosi these two regions are of similar magnitude and may can-
a wide region (not shown). This is driven by large increasescel. We find that the dynamical response is to broaden and
in outgoing shortwave radiation (Fig. 10b), which outweigh weaken the upper-level subtropical jet slightly, but that the
reductions in outgoing longwave radiation (Fig. 10a). Thesechanges are indeed relatively small (Fig. 12). This is consis-
changes are related to increased snow cover over this regiaient with the small changes in low level monsoon winds and
in boreal spring (not shown) which, as discussed by Mc-precipitation shown in Sect. 4.1.
Carthy et al. (2012), is associated with the change in vegeta-
tion type from trees (particularly needleleaf trees) to shrubs
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Difference: with—without ES PFTs
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4.3 Future experiments

Difference: with—without ES PFTs
(b) Qutgoing SW at TOA (W/m2) JJA

90N

45N T,

45S

90s . . L
180 90W 0 90E 180

90N

45NF

45S

90s
180 90owW 0 90E 18C

-1 =05 -025 0 0.25 0.5 1

biases, such as regional rainfall, may affect the simulation of
present-day climate. It follows that the response to climate

The results discussed above, along with previous studies suctange may also be affected. This is potentially an area for
as those of McCarthy et al. (2012), suggest that the inter£ONCern, given the increasing number of Earth System mod-
action between dynamic vegetation and model systemati€ls that include dynamic vegetation schemes.
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Fig. 13. Change in JJAS mean precipitation (mm da&y between future timeslice and present-day HadGEM2-A experiments, with and
without land cover from HadGEM2-ES.

In order to investigate the role of the different vegetation and -AO RCP8.5 experiments as well as in idealised climate
distributions in the climate change response, with and with-change experiments where 4xgiS applied as a step change
out the feedbacks on the dust loading, we carry out futurg(not shown) It is also consistent with the findings in CMIP3
timeslice experiments as described in Sect. 2. Four 26-yof enhanced moisture availability dominating any weakening
runs are carried out, with and without the land cover from of the monsoon flow that arises through a weakening of the
HadGEM2-ES, and with/without the direct effects of min- tropospheric meridional temperature gradient (Meehl et al.,
eral dust included. Each is compared with its present-day2007).
counterpart. The future-present differences are similar in the experi-

Increases in monsoon rainfall are seen in the future timesments with and without the ES land cover. However, there
lice experiments over the area spanning the Arabian Sea, Ins an indication of larger increases in rainfall over the Indian
dia and the Bay of Bengal (Fig. 13a and b). The low-level region when the ES land cover is used in the timeslice exper-
flow over the Arabian Sea is directed more towards the nortliments, and this appears to be associated with an additional
of India, while the westerly flow across the southern Ara-increase (or reduced decrease) in convergence over the In-
bian Sea is weakened somewhat (Fig. 13c and d). This iglian peninsula. These differences are illustrated better by the
consistent with the changes seen in the full HadGEM2-ES‘double-difference” plots in Fig. 14a and c.

Earth Syst. Dynam., 3, 245261, 2012 www.earth-syst-dynam.net/3/245/2012/



G. M. Martin and R. C. Levine: The South Asian summer monsoon in the HadGEM?2 family 255

(a) HG2—A Future minus Present (b) Fut — Pres With — without ES PFTs
With — without ES PFTs No dust radiative effect

J

30N

15N
< )58

L N
155} (/} ‘ | Ajd/¥7“f<

60E 90E 120E
L N L N
-2 -1 -05 0 05 1 2 3 -2 -1 -05 0 05 1 2 3
(c) HG2—A Future minus Present (d) Fut — Pres With — without ES PFTs

With — without ES PFTs

No dust radiative effect

—

Fig. 14. Difference in the projected future-present changes in seasonal mean rainfall and horizontal wind at 850 hPa between runs with and
without land cover taken from HadGEM-ES RCP8.5 experiméajsand(c) with, and(b) and(d) without direct radiative effects of dust.
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Fig. 15.Changes in land cover between c. 2100 and present-day as simulated by HadGEM2-ES in the CMIP5 RCP8.5 scenario and applied
in HadGEM2-AE present and future timeslice experiments.

In the HadGEM2-ES RCP8.5 simulation, the vegetationthe fraction of shrub (Fig. 15). However, the extent of bare
responds to the increased future rainfall by reducing thesoil in dust-emitting regions is still excessive compared with
bare soil extent and replacing this mainly with grasses, parHadGEM2-AO for the same time period, and there is little
ticularly over Asia. There is some increase in tree coverchange in the dust load between future-present (not shown).
over northeastern Eurasia but there is also an increase in
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Over the Indian peninsula, without the dust radiative effectfuture-present when the ES vegetation distribution is used.
there is a slightly larger increase in rainfall over and aboveAs mentioned above, the role of the dust changes on the
that seen between future-present when the ES land cover disnonsoon simulation in this region warrants separate study.
tribution is used (Fig. 14b and d), although over the IndianWe therefore investigate the impact of the different vegeta-
region as a whole the effect is mixed. The impact of the dusttion distributions on the future-present differences with the
is rather larger over the South China Sea and western Pacifidirect radiative effects of the dust removed.
where the double-difference plots (Fig. 14a and b) suggest The global changes between future-present show the over-
that it is the dust radiative effect that drives the apparentlyall warming of the northern hemisphere and equatorial re-
smaller increase in rainfall in this eastern region betweengion (Fig. 16a, d, e and h) accompanied by reduced outgoing
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future-present differences (with no dust radiative effects). Note different scales.

shortwave radiation (Fig. 16b and f) as the northern hemi-have shown that this contributes to an increased dry bias in
sphere sea ice melts and the snow cover decreases. Thiee seasonal mean Indian rainfall, and that this dominates any
meridional tropospheric temperature gradient between thether response to the vegetation distribution.
Indian Ocean and the Asian land mass decreases in spring In the absence of radiative effects of changes in dust, a
and summer (Fig. 16d and h) and the Tibetan anticyclonaesponse to changes in the vegetation distribution over Eura-
weakens (Fig. 17a). This is counteracted somewhat, howsia can be discerned. In a similar manner to previous work,
ever, by the inclusion of the land cover distribution from we find that changes in tree cover over northeast Eurasia
HadGEM2-ES (Fig. 17b), which is associated with a largerare associated with changes in snow cover, which gener-
warming over the northeastern Eurasian landmass in springate a dynamical response in the South Asian summer mon-
which becomes widespread in summer (Fig. 18). This is resoon through their effects on the development of the merid-
lated to a larger reduction in Eurasian snow cover betweerional temperature gradient. Having demonstrated the sensi-
future-present with the ES land cover (not shown), which istivity of the Asian summer monsoon to land cover changes
associated with a larger decrease in outgoing shortwave radin this model configuration in the present-day, we have sub-
ation and warmer surface temperatures (larger surface senssequently shown that such changes also increase the climate
ble heat fluxes; Fig. 18). We find that these differences in thechange response of the monsoon, although we find that this is
future-present changes are mainly due to the differences bdargely attributable to changes in the present-day simulation.
tween the present-day simulations with and without the ES Our study suggests that, at least on the timescales exam-
land cover, as there is more snow cover in the present-dajned here, the inclusion of interactive vegetation in this model
HadGEM2-AE than HadGEM2-A (Sect. 4.2). plays a role both in the simulation of the present-day clima-
tology of the Asian summer monsoon and in determining the
projection of future monsoon rainfall. We would emphasise
5 Summary and conclusions that many of our results may be specific to our model: it is
possible that the signal over land may be different if there
In this study we have investigated the impact of using dy-was not a general underestimation of rainfall over the Indian
namic vegetation in a climate model on the South Asianland in this model. However, the effect of this systematic bias
summer monsoon climatology and its response to climateon the monsoon rainfall through the large increase in atmo-
change. We have used the HadGEM2 model family, whichspheric dust loading serves to illustrate how feedbacks be-
includes members with and without dynamic vegetation andween model biases can offset the benefits of including ad-
other Earth System processes, but has a common physicditional processes in a climate model. This is an important
framework. This allows us to isolate the role of such pro-issue for model developers as climate models become in-
cesses in regional climate changes. creasingly complex. Thus, it is desirable that other modelling
The members of the HadGEM2 model family share com-centres investigate these responses in other models where the
mon systematic biases in monsoon rainfall and circulation. Inbiases may be different. This also highlights the importance
particular, despite a realistic monsoon circulation, there is aof the development of robust metrics for evaluation of the
persistent dry bias in rainfall over the Indian peninsula. Whenadditional processes represented in Earth System models.
interactive vegetation is included, the persistent dry bias is In addition to the influence of additional processes such
associated with an increase in the bare soil fraction in thisas interactive vegetation on the mean climatology of the
region as well as other regions such as the Sahel and Saudisian summer monsoon, perhaps an even more interesting
Arabia. This generates a large increase in the atmospheriaspect is the potential impact on monsoon variability and
dust loading, which affects the radiation balance in the re-how this may change in future. Models struggle to reproduce
gion. Experiments where this radiative feedback is removed
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Fig. 18.As Fig. 16 but showing the impact of the ES land cover on the future-present differences (with no dust radiative effects).

present-day monsoon variability on a range of timescales Several previous studies have highlighted the influence of
from synoptic-scale to interannual, and there is considerabléand cover (including both idealised changes and uncertainty
uncertainty in how this may change under global warmingin the present-day representation) on the tropical climate
(Turner and Annamalai, 2012). The impact of dynamic vege-(e.g. Feddema et al., 2005; Swann et al., 2012; McCarthy
tation in this model on the present-day simulation and futureet al., 2012) and its variability, including modes such as El
projections for Asian monsoon variability will be the subject Nino—Southern Oscillation (ENSO) which may affect the
of future work. In addition, the impacts (or lack thereof) of Asian monsoon indirectly (e.g. Hu et al., 2004). The role of
using dynamic vegetation in this model on other monsoonother land surface processes and land usage such as irrigation
regions such as West Africa and East Asia will be examinedin determining soil moisture, surface temperature and vege-
tation cover is also being investigated in observations and
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models (e.g. Douglas et al., 2008; Lee et al., 2009). A num- and evaluation of an Earth-System model — HadGEM2, Geosci.
ber of models within the CMIP5 ensemble include dynamic Model Dev., 4, 1051-1075doi:10.5194/gmd-4-1051-2011
vegetation, in a similar manner to HAdGEM2-ES. Our study 2011.

suggests that the response of the dynamic vegetation to boX, P.. M. Description of the “TRIFFID” Dynamic
ases in regional climate, such as lack of rainfall over tropical ©lobal Vegetation Model, Hadley Centre Technical
dust-producing regions and changes in tree cover over north- '\0t€ No. 24, available from: http:/www.metoffice.gov.

- . . uk/learning/library/publications/science/climate-science/
ern Eurasia, can affect both the present-day simulation and hadley-centre-technical-notelast access: 20 July 2012,

the response to climate change forcing scenarios. Therefore, \,+ office Hadley Centre, Exeter, UK, 2001.
while the inclusion of dynamic vegetation that can respondcoy p. M., Betts, R. A., Jones, C. D., spall, S. A., and Totterdell,

to, and feed back on, changes in greenhouse gases may bej. j.: Acceleration of global warming due to carbon-cycle feed-
important for constraining climate change projections, their backs in a coupled climate model, Nature, 408, 184—187, 2000.
inclusion further necessitates the reduction of basic modetCubasch, U., Meehl, G. A., Boer, G. J., Stouffer, R. J., Dix, M.,
systematic biases in order to avoid feedbacks which may in- Noda, A., Senior, C. A, Raper, S., and Yap, K. S.: Projections of
crease, rather than reduce, the uncertainty in tropical climate future climate change, in: Climate Change 2001: The Scientific
change. Basis, edited by: Houghton, J. T., Ding, VY., Griggs, D. J., Noguer,
M., van der Linden, P. J., Dai, X., Maskell, K., and Johnson, C.
A., Cambridge University Press, 525-582, 2001.
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