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Abstract In this study we examine the role of the Southon India as is common in CMIP3 and CMIP5 models, ex-
Asian peninsula on the summer circulation and precipitaperiments replacing the Indian peninsula with a sea surface
tion distribution in the Asian monsoon region using a:se-suggest a redistribution of precipitation in the northern |
ries of novel atmosphere-only experiments with the Met:Of-dian Ocean and enhanced precipitation in place of India. In
fice Unified Model (MetUM) Global Atmosphere 3/Glohal further experiments, the role of land surface charactesist
Land 3 (GA3/GL3). Sensitivity to the topography, orogka-and orography (primarily the Western Ghats) of peninsular
phy and land surface properties are examined separatelpdia are examined. The Western Ghats are shown to slow

While the model usually features a strong dry bias centrethe flow across the peninsula and add a southerly compo-

A. G. Turner v nent as the flow reaches the Bay of Bengal, as well as pro-

NCAS-Climate, 1 viding orographic enhancement resulting in upstream rain-

Department of Meteorology, University of Reading, . .
1w fall. Analysis of the evolution of turbulent surface fluxewla
Reading RG6 6BB, UK

» the boundary layer in wet-surface experiments shows a re-
Tel.: +44-118-3786019

Fax: +44-118-3788905 2 duction in the diurnal cycle of sensible heating, enhance-
E-mail: a.g.turner@reading.ac.uk » ment of latent heating throughout the day, and increases in
G. M. Martin, R. C. Levine » cumulus-capped boundary layers. More detailed lake exper-

Hadley Centre, Met Office, .
2 iments demonstrate a strong dependence of the strength of

FitzRoy Road,

»s the diurnal cycle on lake heat capacity. So the presence of
Exeter, EX1 3PB, UK

» land at the surface restricts the availability of moistuué b
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2 Turneret al.

amplifies the diurnal cycle. Finally, we perturb the Indo-comprise too much rainfall over the Western Equatorial In-
Gangetic Plains region south of the Himalayas and demordian Ocean (see also Bollasina and Nigam, 2009), and dry
strate that the monsoon rainfall and circulation are venyse biases over India. As in Sperbet al. (2012) (Fig. 2), the
sitive to changes in this region. In all the wet surfacesex-dry biases over India are often over the north-east part of
periments in which mean rainfall is enhanced, deep conrvethe peninsula, a region characterised by the monsoon trough
tion becomes more preferable and there is evidence formoend affected by low pressure systems, known as monsoon
monsoon depressions and northward propagating intrasedepressions when large (Krishnamurthy and Ajayamohan,

sonal variability. s 2010).

Keywords Land-sea contrastMonsoon- Model bias-

Land-atmosphere interactiofSouth Asia 60 The origin of these biases over India is not understood,

& but cold biases in the simulation of winter and spring Ara-

« bian Sea sea-surface temperature (SST) are known to be
1 Introduction

e detrimental to monsoon precipitation (Levine and Turner,
The Asian summer monsoon supplies around 80% of.ar2012; Turneret al,, 2012; Levineet al, 2013; Marathayil
nual rainfall to South Asia and affects the lives of more tharet al, 2013). However dry biases exist in atmosphere-only
a billion people who rely on it for agriculture and indes- integrations irrespective of coupling with the ocean, ¢her
try. Therefore being able to model and forecast the monsooare feedbacks between Indian and WEIO rainfall biases and
and make projections of future climate change are impostarihere are known sensitivities to convective parametéoisat
goals for atmospheric science. While the models fromsthée.g. Bushet al., 2013). The monsoon trough region and
fifth Coupled Model Intercomparison Project (CMIP5) eannorthern plains of India are also particularly interesting
produce a reasonable simulation of the gross features af thieg to the large population density and prevalence of irri-
Asian monsoon, including its cross-equatorial flow, thees.a gated agriculture in the Indo-Gangetic Plains. Despite the
still large rainfall biases in most CMIP3 and CMIP5 modelsproximity to the Himalaya, most of the river flow in the
(Sperberet al, 2012). Coupled GCMs can generally pick Ganga comes from monsoon rainfall rather than glacial melt
up some of the broad features of monsoon rainfall such a@mmerzeekt al, 2010). Northern India was also identified

rainfall maxima just west of the Western Ghat mountains inby Kosteret al.(2004) as one of only a few hotspots of land-

India and in the Bay of Bengal, but the rainfall biases largel atmosphere interaction, that is, a region of strong cogplin
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The role of peninsular India in the South Asian summer monsoo 3

between the land surface and atmosphere on seasonal tiwéh the Himalaya. For further discussion see the review in

scales. s Turner and Annamalai (2012).

Ideas about the formation of the monsoon started'¢en- Although considerable work has been done on the effect

turies ago with Halley in 1686 (see the review in Turnerand®f Himalaya/Tibetan Plateau uplift on the monsoon (Mol-
Annamalai, 2012). At the most basic level a meridional conharet al, 1993; Zhishengt al, 2001), we know less about
trast in surface temperature caused by differential heat cdhe role of peninsular India itself in monsoon formation and
pacity leads to a surface pressure gradient and a meridion@intenance. Bollasina and Nigam (2011b) have described

the surface. This flow advects moisture to the South Asiaf’® monsoon trough that forms south of the Himalaya) prior
subcontinent in the familiar southwesterly direction,eaid  to the monsoon, and shown that the Hindu Kush mountains
by the planetary rotation. Li and Yanai (1996) further addec®re more important than local land surface heating in its de-
the role of the Tibetan Plateau as a source of strong sengdf¢lopment. Further deepening of the low during July is re-
ble heating in spring, leading to the meridional contrast inmotely forced by deep convection in the Bay of Bengal and
temperature extending to a significant depth of the trepo€astern India, perhaps via a Rossby wave mechanism (e.g.
sphere, unlike other monsoon regions. More recently, Boo§houet al, 2001). Bollasina and Nigam (2011a) have fur-
and Kuang (2010) have used GCM experiments to demoriher described interactions between the Thar desert ithnort
strate that the narrow Himalayan range is fundamental to th¢/est India and heavy precipitation in the Bay of Bengal, by
monsoon, acting as a mechanical block to dry midlatitagértificially expanding the desert. They confirm the regional
westerlies interfering with the moist air originating owee= large-scale feedback, finding enhanced precipitationeo th
Indian Ocean. Studies such as those of Chbal. (2001)+ €ast over Indochina when the desert is expanded.

and Chou and Neelin (2003) have expanded on simpledand- In this study we aim to examine the role of the Indian
sea contrast ideas, pointing out that the net flux of engrggubcontinent in the development of the South Asian mon-
into the atmospheric column is positive far north of the monsoon in a GCM in a series of novel experiments in which
soon domain. The northward extent of the monsoon ang loae perturb the land surface and orography of the local re-
cation of the maximum ascent and rainfall can be furthes region. We also examine the importance of the Indo-Gangetic
lated to the position of the maximum sub-cloud moist statidPlains. We will use the Met Office global GCM MetUM

energy (Prive and Plumb, 2007), approximately coincigdingGA3/GL3 and by analysing details of modelled boundary
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4 Turneret al.

layer and convective behaviour hope also to learn somethinghe scheme classifies seven types of boundary layer: sta-
about monsoon precipitation biases in models. 17 ble; stratocumulus (Sc) over a stable layer; well mixed; de-
In Section 2 we describe the methods used, whilestheoupled stratocumulus with no cumulus present; decoupled
seasonal mean results are shown in Section 3. In Sectigtratocumulus lying over cumulus cloud; cumulus capped
4 we show changes to synoptic and intraseasonal variabi(Cu) and shear driven. The distribution of types is discdsse
ity, while discussion of the seasonal and diurnal evolutifon later in Section 5.
surface fluxes and the boundary layer is made in Sectjgn 5. The convection scheme is derived from Gregory and Rown-
We conclude in Section 6.  tree (1990) but with major modifications, representing the
1« average properties of an ensemble of convective plumes.
2 Methods s Convection is triggered from the boundary layer using an
16 Undilute parcel, forming either shallow or deep convection
In this section we describe the GCM used and the design of
17 Mid-level convection can also be triggered from the free tro
the experiments testing the role of peninsular India.
s posphere, when on top of a well-mixed or stable boundary
10 layer. Precipitation from mid-level convection can be quit

2.1 The MetUM GA3/GL3 model
o Substantial if the appropriate boundary layer is low enough

The Met Office Unified Model (MetUM) is used with its For a detailed description of the convection scheme changes
Global Atmosphere 3/Global Land 3 configuration (GA3/GLSInce the original version, see Bustal. (2013).
Walterset al, 2011), integrated at a resolution aBTZ5 xu73 The land surface scheme, JULES (Joint UK Land En-
1.25° in longitude and latitude respectively (known as N96vironment Simulator, Bestt al, 2011; Clarket al, 2011),
resolution). There are 85 levels in the vertical, featurdag represents a series of 9 land surface types at the sub-grid
well resolved stratosphere. MetUM GA3/GL3 is curreatly scale. These surface types are specified as a fractional fixed
classed as a development version of the Met Office Unifiegiroportion of each N96 grid box, being one of: broadleaf
Model, meaning it undergoes regular updates in which-newrees; needleleaf trees; C3 crops/grasses; C4 cropsgrass
model physics are evaluated. e shrubs; urban; inland lake; bare soil; and land-ice. Propor
The model boundary layer scheme, included to paramettiaas of the first eight classes in a grid box must sum to 1
turbulent motions, is as described in Loetkal. (2000) withe:  or alternatively a grid square can be exclusively covered by

modifications as in Lock (2001) and Brovet al. (2008)s. land ice. The lake scheme, which we shall employ in some
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The role of peninsular India in the South Asian summer monsoo 5

experiments, consists of a freely evaporating surfacemano bare

dominapt clqss

combined with an effective heat capacity that represents a 40N

lake
user-defined depth of water.
30N urban
shrub
20N -

c4

The dominant land surface types over India in MetUM 10N — c3

needle

GA3/GL3 are shown in Fig. 1, being mainly C3 grasses,

with some broadleaf trees on the west coast and in east- 60E 70E 80E 90E  100E 5aq

central India where they make up to 40% of the surface. We
Fig. 1 Dominant class of land use proportions in each grid box of

do not show the percentage coverage ofeachclass Separatgbﬁth Asia in MetUM GA3/GL3. Classes used are broadleafsfree

for brevity, but these regions also feature between 20% anikedleleaf trees; C3 crops/grasses; C4 crops/grassebsshrban; in-
30% shrubs. Bare soil forms up to 20% of the land use acroslgnd lake; and bare soil. Land-ice is excluded here.
the country. In the Indo-Gangetic Plains region (partidya In the vertical, the land surface scheme consists of four
the foothills of the Himalaya) C3 grasses form up to &@%soil layers of thicknesses 10cm, 25cm, 65cm and 2m, to-
of the surface, reflecting the intensive agriculture th&he,, talling 3m.

original land use classes in MetUM GA3/GL3 were com-

. ) au__The monsoon in MetUM GA3/GL3 GA3
plied from an IGBP dataset (Global Soil Data Task, 2000).

Analysis of a more recent NRSC/AwiFS characterisation ofHere we use the Global Precipitation Climatology Project
the Indian land surface at a higher resolution and featfingGPCP) monthly 5° data (Adleret al, 2003), a merger of

24 classes (personal communication, A. Mitra of NCMRWFgauge readings and combined infrared/microwave satellite
(India), February 2013), there is particular incidencedtj; rainfall estimates to compare with the monsoon precipitati
gated cropland in the northern plains. We remind the readen MetUM GA3/GL3. Lower tropospheric winds at 850hPa
that the purpose of this study is not to present the resultgre used to measure the mean monsoon flow, in compari-
of more realistic land use settings for India, but to examineon with those in the ERA-Interim Reanalysis (Deteal.,
more fundamentally the role of the peninsula in the SQuttpp11). Both data sets are curtailed to the 1983—2002 pe-
Asian summer monsoon. We run the land surface modeiod to match the model integrations. In Figure 2 we show

with fixed (i.e., non-dynamic) vegetation. » the simulation of the summer monsoon climate in MetUM
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jet and its recurvature around the monsoon trough in north-
ern India, are well captured. There is a slight tendency for
the flow to diverge somewhat to the north and south as it
reaches the west coast of India, as if it were attempting to go
around the Western Ghats mountains on the coast. The main
bias in the flow is a too weak Somali jet as it crosses the
Arabian Sea, together with anomalous northwesterly flow
along the Himalayan foothills (the north side of the mon-

soon trough), indicating a weakened trough.

The precipitation field demonstrates the rainfall maxima
upstream of the Western Ghats, in the central/east Bay of

Bengal upstream of the Arakan Range mountains in Burma,

Fig. 2 Summer (JJAS) monsoon climate in the (a) MetUM GA3/@L3 and also along the Himalayan foothills. The major biases in

control integration showing daily mean precipitation and lower,{f0 the model are dryness over the South Asian monsoon re-

pospheric (850hPa) winds; (b) GPCP precipitation and ERArimM

241

winds and (c) differences between MetUM GA3/GL3 precipaagnd

242

winds versus GPCP and ERA-Interim respectively. When ¢aiicigy

the differences, MetUM GA3/GL3 precipitation was downgrdda+s

the 25° resolution of GPCP, while ERA-Interim winds were doyyp-

graded to the same grid as MetUM GA3/GL3. Units are mm day

245

and ms! respectively. Unit vectors are 10misand 2ms? for the cli-
246
matologies and difference respectively.

247

GA3/GL3 in thecontrol integration (see Section 2.2), ave

gion, particularly in central India, a region often affette
by monsoon depressions as they track westwards from the
Bay of Bengal. There is also excessive rainfall in the west-
ern equatorial Indian Ocean (WEIO). Despite the large size
of these rainfall biases, both are widespread in the CMIP3
and CMIP5 models (Sperbet al, 2012) and indeed part

of the motivation here is to explore the sensitivity of these

Y& biases to perturbations made to the South Asian peninsula.

aged from 1983-2002, in comparison with GPCP and ERATe |argest wind biases mentioned above are consistent with

Interim observations for the same period.

250

reduced diabatic heating from the monsoon rainfall and are

The main features of the monsoon flow, includingstheagain prevalentin CMIP3 and CMIP5 models (Spedieil.,

large-scale cross equatorial flow associated with the Sema2012).
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The role of peninsular India in the South Asian summer monsoo 7

While the model used here is in atmosphere-only conTable 1 Summary of experiments perturbing the Indian land surface

figuration, the errors shown in Fig. 2 are not due to the lack’ MEUM GAS/GL3, each for 1983-2002 using AMIP forcing. The

perturbation regions are as shown in Fig. 3. Referencesetdatind
of coupling with the ocean. Levine and Turner (2012) have
surface and orography apply to the region of perturbatidyg. drake

shown in a version of this model that introducing couplingdepthS are 5m unless otherwise stated

with the ocean further limits South Asian monsoon precip-  ame region of surface orography
itation, due to the development of cold biases in the Ara- perturbation conditions
. . - . . . control - standard |
bian Sea, which limit moisture advection. Such cold biases
no_pen peninsula (removed) sea |
are also prevalent in the CMIP3 models (Marathayial.,
lake_pen peninsula lake |
2013). bare_pen peninsula bare soil |
orog-no_pen  peninsula (removed) sea O
2.2 Experimental design no_orog peninsula standard O
lake IGP Indo-Gangetic Plains lake O
A series of experiments are performed using the MetUM |5, sa South Asia lake 0
GA3/GL3 model used in atmosphere-only configurationwith ~ no-SA South Asia (removed) sea O
. . . lake_pen50 eninsula lake (50cm |
AMIP (Atmospheric Model Intercomparison Project) SST P peninsu ( )
lake_pen5 peninsula lake (5cm) |

forcing. All integrations are run from September 1981 to
December 2002; the first 16 months are discarded as a.cau- Where appropriate, statistical testing on the difference
tious spin-up period to the altered initial conditions)Mieas between sample means is performed using a student’s t-test.
20 years of output data for analysis (1983—-2002). All exper-
. Main experiments - role of the peninsula

iments used are listed in Table 1 with the main ones being

described below; more details are given later in the mainn the first experiment, we test the role of the Indian penin-
text. 2s3  SuUla itself by removing the topography from the model. This

Figure 3 shows the original model land-sea mask atdN9évolves changing all land points in peninsular India to,sea

resolution (1875 x 1.25°) along with masks in the variosts thus altering the land-sea mask and land fraction config-
experiments to follow. We are in no way intending to depicturations of the model. The peninsula is removed south of
state boundaries in this figure, nor do we imply that what:we22.5°N such that an approximately zonal line can be drawn

describe as South Asia represents all countries withimsthatcross from the northern coast of the Arabian Sea to that of

political region. 0 the Bay of Bengal. This is known as the_penexperiment.
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30N +

SA

10N
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0

Fig. 3 Land-sea masks at the model N96 resolutio®7{5 x 1.25°) in (a) control, (b) no_pen (c) no_.SAexperiments; and (d) depiction of the

peninsula and Indo-Gangetic Plains. We are in no way intentdi depict state boundaries.

30 S S S T T S S SO S

Orography s also removed and values for other fields depen-

dent on the land surface such as vegetation are blanked out. 2] I

Next to be resolved is the forcing at the lower boundary, in a I

SST (°C)

the sea points where the peninsula used to be. Atmosphere- 1 |

only integrations of GCMs derived CMIP-class models (Meehl *1 |

25 — T T T T T T T
2P 90 P 0?0 e
day

et al, 2007; Tayloret al,, 2012) are typically forced with
AMIP sea surface temperatures (SSTs) made available b|¥ _ _ _ _
ig. 4 Daily seasonal cycle of prescribed SSTs in tloepen experi-
the Program for Climate Model Diagnostics and IntercoMnent, area-averaged over grid points beneath the penirlanth sur-
parison (PCMDI). Since many models operating at the samf&ce south of 25°N and meaned over 1983-2002. Units &e

resolution have different ways of representing coastlities

) ] ] a0 overthe 1983-2002 experimental period. The twin peaks are
AMIP forcing SST dataset is made available covering all

) s rather similar to those in the Arabian Sea (Ju and Slingo,
points on the globe, even beneath the land. The SSTs be-

_ ) ) s 1995), representing late spring warming, cooling due tngjr
neath the land regions are based on interpolation between

_ _ ) s1i3 - monsoon winds and then, as these winds weaken, some final
adjacent seas. Clearly such interpolations over the large |

) ) ) s Wwarming prior to the onset of winter as the Sun moves south
masses such as Eurasia or Africa would be meaningless, but

. . ) a5 Of the equator.
interpolating underneath India between the Bay of Bengal

and Arabian Sea we feel will offer SSTs that would besrea- To further determine the role of the peninsula on the

50nab|y ‘representative’ should the peninsu|a not, |n j227¢: maintenance and onset of the monsoonin MetUM GA3/G L3,
ist. Figure 4 shows the daily seasonal cycle of SSTs applieye perform experiments in which the Indian land surface

beneath the removed points of the Indian peninsula averag&@nditions are perturbed. We start from two experiments,

20 |lakepenandbarepenrespectively, in which the peninsula
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The role of peninsular India in the South Asian summer monsoo 9

(south of 225°N) is replaced by 100% inland lake or 108% Role of the Indo-Gangetic Plains

bare soil respectively, representing extremes of the possi

ble land surface tiles available in the JULES land suF‘f%cé:urther variations omo_penare performed to test the role

model. Inlake_penwe are effectively offering an unlimit&d of the Indo-Gangetic Plains. lna.5A we remove the land

supply of moisture at the surface, rather like treepenex:* points approximating all of South Asia (SA hereafter), all

periments. The temperature of the inland lake tile is 3610n:[hewayto the Himalayan foothills. This was achieved by ex-

trolled by radiation and turbulent heat fluxes at the suﬁécetend'ng the sea region in tine_penexperiment northwards

acting on a heat capacity set by assuming an effectiveﬁ*epﬁjiwh that all regions of orography less than 750m height

of d = 5m. In bare penwe are obviously limiting the suf- were converted to sea points, thus encompassing the Indus

ply of moisture to the atmosphere through evapotranphi’éﬁtioand Ganges basins. Note that we are explicitly not intending

from the surface. Both will have an impact on surface roi?fghgo address the issue of the role of the movement of the In-

ness 7 dian tectonic plate and resultant Himalayan/Tibetan Blate

s Uplift on the monsoon.

Role of orography

In orog_no_penwe exploit a quirk of the model functionality

in which it is possible to maintain orography over regions of

sea. Theorog_no_penexperiment is set up in the same wa . . _ -
g-nop P P 350 yThe relative role of heat capacity and moisture availabilit

asno_pen except the orography over the peninsula is still

present. This mainly constitutes the Western Ghats, thg,napur final experiments adjust the effective lake depth to test
row range of mountains on the west coast of India responthe relative role of heat capacity and moisture availapilit
sible for much orographic rainfall and part of the regignalwhile we have set the surface heat capacity inlke_pen
rainfall distribution over the peninsula (Turner and Anja-experiment to give an effective depth of 5m, we reduce this
malai, 2012). We prescribe the same SSTs awipenand,, heat capacity by 10 and 100 to give effective depths of
do not allow for lapse rate with height. fro.orogwe mainz, 50cm and 5cm idake pen50and lake pen5respectively.
tain the Indian peninsula but simply remove the orogrgphyrhis will allow us to gauge the effect of heat capacity on

by flattening the Western Ghats, to test the role of the mgunthe diurnal cycle of surface fluxes and boundary layer evo-

tains separately. s lution.



369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

10 Turneret al.

3 Results

3.1 Removal of the peninsula and the role of orography

Here we describe the results of experiments in which the

peninsula of India is removed, and its effect on the subse-

guent summer monsoon. The main impact of removal of the

peninsula on the precipitation and flow of the South Asian

RN A A

rain (mm/day)

monsoon is shown in Figure 5. In comparison toc¢batrol

u T T T T T T T
30E 40E 50E 60E 70E 80E 90E 100E 110E 120E

integration, the monsoon climatemd_penin Figure 5a sug- 16128 6 43 2 10123468121

rain anomaly (mm/day)

gests rather more rainfall over central and eastern India Mg 5 Summer (JJAS) monsoon climate in the (@.pen integra-

less divergence of the flow around the region of the Westtion showing daily mean precipitation and lower troposph¢850hPa)

. . . . inds; and (b) diff bet X dcontrol. Wind field i
ern Ghats. In Figure 5b, this result is confirmed and theré " &1 (b) differences between.penandcontrol Wind field is

shown by gray vectors; wind differences significant at th&36vel

is a clear cyclonic/anticyclonic anomaly from north to dout
using a student’s t-test are shown in black. Only preciiitadiffer-

over the peninsula. In addition, there is a large and Slgnlﬂénces significant at the 95% level are shown. Units are mmdagd

cant increase in monsoon rainfall in the southwest Bay ofns * respectively.

Bengal. The extension of the northeasterly flow anomaly

from the south of India and Sri Lanka into the Bay of B gradient exists over a much larger meridional scale: fraen th

gal results in substantially reduced rainfall over Burmef®an relatively cold southern Indian Ocean high pressure region

Bangladesh, as less moisture is being advected there. #t fif® the intense heating over the Tibetan Plateau (Liand Yanai

glance therefore, the presence of the Indian peninsutd a;.]r—g%)' An atmospheric GCM has also been used to show the

pears to weaken the monsoon over India w0 importance of the Himalaya in restricting the advection of

dry air into the monsoon domain (Boos and Kuang, 2010).
It should be noted that removing the Indian penin4§f)ula y ( ¢ )

. a1 Both the Himalaya and Tibetan Plateau are unperturbed in
and getting what appears to be a stronger monsoon is not in

. . . ) w2, OUr no_penexperiment, in contrast to the experimental de-
itself surprising. The idea of a simple land-sea contrast be

. _ . ... .. a3 Signin other studies.
tween the peninsula and surrounding seas in initiating and

maintaining the Asian monsoon s an obvious over-simplifica In removing the peninsula, clearly we have perturbed

As shown in Turner and Annamalai (2012), the temperaturseveral aspects of the topography, primarily including the
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orography (the Western Ghats) and in providing an unlim- s ——————-
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from the Arabian Sea and southern Indian Ocean. Next we
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explore further the role of the orography, with experiments

where the orography is removea(orog).

rain (mm/day)

Orography

u T T = T T T T =
30E 40E 50E 60E 70E 80E 90E 100E 110E 120E

-16-12 -8 6 -4 -3 -2 -1 0 1 2 3 4 6 8 1216
rain anomaly (mm/day)

Given the strong apparent influence of the Western Ghats as

part of the orography of the Indian peninsula on the mongig. 6 Summer (JJAS) monsoon climate in the &) orog integra-

soon in Figure 5, here we examine the role of orograph;‘}on showing daily mean precipitation and lower troposph¢50hPa)

L ) ) . winds; and (b) differences betwera_.orogandcontrol. The wind field
explicitly. Figure 6 shows the impact of removing the orog-

is shown by gray vectors; wind differences significant atd6& level
raphy of the peninsula (but maintaining the land surface
phy P ( 9 Lsing a student’s t-test are shown in black. Only preciitatliffer-

on the monsoon climate. Rather similar to the anomalougnces significant at the 95% level are shown. Units are mm dayd
flow pattern shown in Figure 5b, Figure 6b illustrates thatms * respectively.
without the Western Ghats present, flow speed is increased

at around 18N (roughly the centre of the west coast) by

around 2ms?. This leads to an cyclonic/anticylonic anomalylow-level flow. The Western Ghats add a southerly compo-
in the meridional direction. The anticyclonic anomaly te#h nent to the flow, which would otherwise be zonal across the

south leads to anomalous north-easterly flow across the.Ba@ay of Bengal (Fig. 5a). This is consistent with the argu-

of Bengal, opposing the mean monsoon flow and reducingnents of Slingeet al.(2005), who removed the East African

rainfall along the Burmese coast. As expected, there isalsdighlands in the HadAM3 GCM to show that they intro-

reduced orographic precipitation just off the west coast otluced a meridional component to the flow in the Arabian

India; in consequence the rain shadow region over southeaSta, Bay of Bengal and South China Sea. It appears the

India and Sri Lanka becomes wetter. 4390
Part of the signal illustrated in Fig. 6b can clearly be.ex-of Bengal, with a consequent vital role in precipitation-dis

plained by the influence of the Western Ghats perturbing th&ibution on the west coast of the Indochina peninsula.

Western Ghats are instrumental in aiding this flow in the Bay
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b inus control
In summary therefore, the presence of the Western Ghats ~ «~ . (8) bare_pen minus contro

seems to slow the monsoon flow and increase upstream rain-

fall.

We also tested the role of parameterized sub-gridscale

30E 40E 50E 60E 70E 80E 90E 100E 110E 120E
(b) lake_pen minus control

orography in a separate experiment (not shown), where mea- o~

:.? : 4
30N v N
sures of the gradients and standard deviations within tide gr e o -~ 2‘;\}“ N O
square were set to zero, while the mean orographic height = = ~=77" ? é r ?; S 4
= - . N I N SN
o4 N A ANV R 3
was maintained. This was found to have no significantim- | - R EEE N W'é
30E 40E 50E 60E 70E 80E 90E 100E 110E 120E
pact on the circulation or rainfall. Results of th@g_no_pen ﬁ%

rain anomaly (mm/day)

experiment (not shown), in which the Western Ghats are re-. _ .

Fig. 7 Summer (JJAS) monsoon differences from toatrol integra-
tained over a sea surface, are similar to thodak# penbut  tion in (a) bare.penand (b)lake_penintegrations showing daily mean
larger in magnitude (see Fig. 7b in the following SeCtion).precipitation and lower tropospheric (850hPa) winds. TheMield is

o ) ) shown by gray vectors; wind differences significant at théx96vel
This is probably as a result of changes in the diurnal cycle

using a student’s t-test are shown in black. Only preciiitadiffer-

see later). We next investigate what role the land surface i .
( ) 9 ences significant at the 95% level are shown. Units are mmdayd

plays in the monsoon. ms™! respectively.

3.2 Perturbing Indian land surface conditions
«s roughness length, then we may expect sensible heat from

Here we describe experiments where the land surfacestygbe surface to increase and latent heat to decrease (see late
over the Indian peninsulais perturbedbiare penandlake pen for more detail), both of which would act to restrict mon-
where the land surface type is set to 100% bare soil or irlangoon rainfall. Since rainfall over central India is rathew|
lake respectively. w2 in the control however, it is unlikely to be reduced further.
Figure 7 shows the impact of 100% bare soil or inlandUsing the HadGEM2 model in atmosphere-only configura-
lake in the peninsula on monsoon rainfall. There is little4m tion, Martin and Levine (2012) showed that bare soil over
pact of thebare penexperiment (Fig. 7a) on the monsoonzasindia generates dust that tends to reduce rainfall through
witnessed by the absence of signal in precipitation oves Inits radiative effects. Although increased dust loadindss a
dia. Since the introduction of bare soil reduces the capacitseen in our experiments, the impacts on rainfall are mini-

of the land surface to hold soil moisture but greatly redacesnal because there is already very little rainfall in thisioeg
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The role of peninsular India in the South Asian summer monsoo 13

in the control. Unlike precipitation, the flow is shown tosin- As stated in Section 2.1, the dominant initial land use
crease, implying increased convergence over the peninsulaass in MetUM GA3/GL3 is C3 grasses and thus the trans-
This is likely driven by the reduced surface roughnessiantbrmation to inland lake both decreases roughness length
increased surface heating. Thus the implication is thak thand provides an essentially unlimited supply of moisture
roughness of the normally-vegetated surface deceletades tat the surface. Both these factors, as we shall see later, in-
flow across the peninsula. su crease the flux of latent heat from the surface leading to

Figure 7b demonstrates tHake penhas a much mot an increase in moisture in the boundary layer. To put an-

dramatic impact on the monsoon climate, with the stroﬁléescftherway’ the normal surface of India thus serves to inereas

. . . N . .5 roughness length and decrease the availability of moisture
increase yet in the rainfall. Significant increases in giecCi

tation of up to 6mm dayl are noticed over the peninsﬁ]fa, While we will look into more detail of the mechanisms in-

with maxima over the west coast and in the north-eastB(l%ug\{Olved in Section 5, first we further explore the importance

. . . 17, Of the Indo-Gangetic Plains region (which coincides with th
gesting that monsoon depressions may be playing a rof& (sée

monsoon trough) in experiments where low-lying regions of

51

later). Increases of up to 8mm dayare also found ovét

the southwest Bay of Bengal. There are also statistf(l:gallyS outh Asia north of 2°N (lake.IGP) and the whole of the

significant changes to the monsoon flow, which over ffigia>0uth Asian subcontineriake SA are covered in lake.
may relate to the decreased roughness length as in Fig. 7a.

s2 The role of the Indo-Gangetic Plains
The southwesterly anomalies at the south of the west coast
of India act to turn the mean flow northwards slightly andTo elucidate the impact of unlimited moisture availability
are likely a response to the increased rainfall. The ineas at the Indian land surface further, we describe here the re-
strength of the monsoon trough is reflected in the increaseslilts of experiments where surface conditions are changed
strength of south-easterlies there. There is also somes evin the Indo-Gangetic Plains (IGP) region. Tlake IGP and
dence for anomalous flow away from the Burmese cgastake SAexperiments, in which either the Indo-Gangetic Plains
explaining the reduced orographic rainfall there. Overthenly or the whole of South Asia up to the Himalayan foothills
western equatorial Indian Ocean there are significant reduare covered in 100% lake respectivelynotSAwhere South
tions in rainfall of up to 4mm day*, helping reduce the bias Asia is removed completely, are compared with ¢batrol.

(Fig. 2). There is a considerably larger region of rainfah«dl Regions used are as in Fig. 3. The Indo-Gangetic Plains

crease below the 95% significance level (not shown). s are particularly interesting owing to their proximity toeth
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. (a) lake_IGP minus control
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Fig. 8 Summer (JJAS) monsoon differences from toatrol integratzﬁl
tion in (a) lakelIGP, (b) lake.SAand (c)no_SAintegrations showirsgp
daily mean precipitation and lower tropospheric (850hPapa The

553

wind field is shown by gray vectors; wind differences sigumificat the
554

95% level using a student’s t-test are shown in black. Orggipitation

differences significant at the 95% level are shown. Unitsvareda e

and ms! respectively. 556

557

558

We first look at the Indo-Gangetic Plains in isolation
(lake IGP) in Fig. 8a. There is a clear shift of precipita-
tion from the Himalaya to the foothills region and the Indo-
Gangetic Plains. Since the response of the flow is mainly
recirculating within the region and not advecting addiéibn
moisture from either the Arabian Sea or Bay of Bengal to
this region, the increase must comprise increased locpteva
oration. This is consistent with results of Tuinenbetgal.
(2012) who noted that 60% of summer surface moisture in
the Ganges region was recycled into the atmosphere. The
increase in precipitation of 12mm day or more under-
lines the sensitivity of the monsoon to land surface con-
figuration changes here (see the land-atmosphere coupling
hotspot in Kosteet al, 2004). We will see later the sepa-
rate impacts of heat capacity and water availability in the
lake experiments. Although our examination is idealised,
this may have implications for the expansion of irrigation
practices for agriculture (Niyoget al, 2010) including the
use of tube wells and other forms of groundwater extraction
making available hitherto untapped water to the atmosphere

Saeeckt al. (2009) also showed using the REMO regional

monsoon trough, the widespread use of irrigation for agrimodelthat allowing evaporation to increase to the maximum

culture and its characterisation as a global hotspot of-fand?Ctential evapotranspiration rate in regions of stronigarr

atmosphere coupling (Kostet al., 2004). The high rest-

tion (mainly in the northern plains) led to a strong increase

lution and more detailed classification NRSC/AwIFS #atdn local recycling.

mentioned in Section 2 shows much of the plains to cqpsist

of irrigated cropland or pasture. 560

Looking more widely at théake. SAexperiment, Fig. 8b

shows a rainfall and circulation response that seems to be a
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magnification of thdake penexperiment shown in Fig. sh. example (Fig. 9e), there exists a strong gradient between th
It features a significant enhancement of the Somali jet aerosea at around 20l and the warmer land surface of the Indo-
the Arabian Sea and rainfall increase by at least 6mmay Gangetic Plains, supporting the low-level monsoon circula
in the far north of the domain up against the Himalayass« héion. Evidence suggests that surface temperature gradient
western Bay of Bengal also features increases in raintall akhe northern Indian Ocean are importantin monsoon rainfall

in theno_penandlake penexperiments. s»  (e.g. Chung and Ramanathan, 2006)ldke SA (Fig. 9d),

To complete the picture, Fig. 8c shows the results ofithdhe trough is not as intense as in other experiments (reflect-
no_SA experiment, in which the South Asia region issre-ing the weakened surface temperature gradient) but it still
placed by sea surface. The response now is more com(?plef)'?‘.”s to 1001hPa. Aninteresting featurdake IGP (Fig. 9b)
This experiment differs frontake SAnot only in the lacke IS that it features a maximum in surface temperature on the
of feedback on surface temperatures but also in havig peeninsula while being colder to the north and south. This
orography. The precipitation signal shows increases edntr &lters the shape of the trough, weakening it at the head of
on the southwest Bay of Bengal, asrio_penbut also if* the Bay of Bengal. The local temperature gradient along the
the same position as one of the large signalafe penandes  Himalayan foothills when the IGP region is covered in lake

lake SA However, unlike those other experiments, thete iS€ems to drive extra convergence and rainfall there.

a clear weakening of the monsoon circulation, especially in  \when we remove the whole of the South Asia region as
the northern Arabian Sea but even extending to the ¢rossn no_SAand replace it with sea (Fig. 9f), we considerably
equatorial part of the flow. To understand these morg,nUuyeaken the surface temperature gradient as the Himalayas
anced changes in the monsoon precipitation and circulgfioRre approached from the south. The maximum in underly-
we show the monsoon onset period (June) mean surfacg tefyy surface temperature forcing extends across from India
perature and mean sea-level pressure climatologies i9Fig. into the southwest Bay of Bengal, colocated with the max-
Thecontrol (Fig. 9a) shows an elongated trough that:.ex-imum increase in rainfall. The reduced temperature gradi-
tends quite far south in eastern India and reaches as low ast has the effect of weakening the monsoon trough, even
996hPa over the northern plains of India. Experiments irsplitting the low in the northern plains from the strong heat
Fig. 9b,c,e all show an intense trough reaching 1000hiRa dow over southern Pakistan and Iran (from aroundE0
less, reflecting the strong gradients in surface tempexatuand it only reaches 1003hPa at its lowest. While the overall

as we approach the Himalayas from the soutmdmpenforsis monsoon circulation does not collapse, the flow especially
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(b) lake_IGP
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Fig. 9 June average surface temperature (shaded) and mean elgaréssure (contour lines) in tleentrol, lake IGP, lake_pen lake.SA no_pen
andno_SAexperiments. Low temperatures over the Tibetan Plateaonaitéed in order to restrict the range of the colour scaletdare°C and

hPa. We remind the reader that the Indian coastline is neepten theno_penandno_SAexperiments.

in the northern part of the Indian Ocean domain is considernintraseasonal variability in those experiments wherefaflin
ably weakened (the circulation anomalies we see in Fig=8c)s increasing strongly.

This is why the monsoon precipitation does not increase as

strongly inno_SAas inlake_SA &0 4 Synoptic and intraseasonal variability

e 4.1 Monsoon depressions

Hence this section emphasizes the dual but competin§ince much rainfall in northeast peninsular India and the
impacts of the peninsula in terms of offering a temperaturenonsoon trough comes from monsoon depressions (Krish-
and pressure gradient to sustain the monsoon circulatien samurthy and Shukla, 2007), here we perform analysis to
far north and that of the moisture availability dependingsondetermine if any of the additional monsoon rainfall noted in

the surface conditions. We next examine the synoptieanthe wet surface experiments is coming from greater preva-
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lence of depressions in the region. We examinertb&As:  sions in theno_SA and lake SA experiments respectively,
andlake_.SAruns in comparison with the control integrati@n. over six and seven years. The resulting impact of these de-
We don’t examine thdake penor no_pen experiments s pressions on mean precipitation is also larger. We note that
this context since the imposition of the surface pertudmati inlake.SA depressions tend to be generated near the head of
south of 225°N introduces an artificial cut-off through the the Bay of Bengal and track along the monsoon trough south
monsoon trough region, where depressions may be expectetithe Himalayan foothills as is typical in observations(se

to pass. o0 €.9. Annamalaét al, 1999, Figs. 16 & 17). More detailed

Analysis is performed using a tracking algorithm (Hodgegxamination of individual tracks confirms this (not shown).
1994) on 6-hourly 850hPa relative vorticity. The datararefowever inno_SAdepressions tend to form near the south
first filtered to T42 resolution (approximately& in latitudes  Bay of Bengal, quite unlike observations, and track north-
and longitude). Systems that exceed a vorticity threshisid ovards as they reach the position of the peninsula. This is
5x 10 5s1 for at least 3 days and that travel a minimum consistent with the main change in the mean precipitation as
distance of 5 are diagnosed. Further, to affect South Asiashown in Fig. 8c, and relates to the underlying surface tem-
in a meaningful way the system must spend at leasts®0dgerature structureéio_SAfeatures a maxima in the southwest
of its lifetime in the 70-9%E, 10—-30N domain. Depression Bay of Bengal (see, e.g., the June SST distribution in Fig. of

rainfall is estimated in a box approximately’2fround each  and a weak surface pressure gradient and monsoon trough.

system. 680 Thus the role of the IGP part of the peninsula, if suf-

Figure 10 shows the average summer rainfall in tosdicient moisture is available, is in steering monsoon depres

years in which depressions are diagnoseddntrol, no_SA® sions along the monsoon trough (established via surface tem

andlake.SA The depression tracks and average rainfalifasPerature and pressure gradients) concentrated in theamorth
sociated with those depressions are shown in the middf coP!ains.
umn (note that there may be more than one depression per

es 4.2 Northward propagating modes
year), and on the right the average rainfall without the influ

ence of monsoon depressions is shown. « While we have already shown an increase in activity at the
In the control integration, the only track diagnosegt issynoptic scale of monsoon depressions, here we briefly de-
short and has only a small area of rainfall associatedswitlscribe the occurrence of northward propagating intrasedso

it. The number of tracks increases to seven and nine deprestodes of variability at South Asian longitudes in a subset



690

691

692

693

694

695

696

18 Turneret al.

a) control: 1 depression years

JJA mean rainfall (mmy/day) b) control:1 depression trajectories and rainfall c) control: JJA mean MINUS depression rainfall (mm/day)
T T T T T T T T T

40N I

40N JI 40N ‘,I

d) no_SA: 6 depression years

JJA mean rainfall (mm/day) 1) no_SA: JJA mean MINUS depression rainfall (mm/day)

[3

10N

g) lake_SA: 7 depression years

JJA mean rainfall (mm/day) h) lake_SA:9 depression trajectories and rainfall

Fig. 10 Analysis of depressions in the monsoon summer (JJA) inetu¢h,d,g) avergage rainfall in years in which depressisasdagnosed;
(b,e,h) depression tracks and their associated predguitand (c,f,i) average summer rainfall less the contidsufrom depressions. Thentrol,

no_SAandlake.SAexperiments are shown. Units are mm dhyRed squares mark the starting points for each depression.

of the experiments. We calculate lag-correlations of greci servations, but only weak evidence in tantrolintegration.
itation, band-passed into 30—60 day periods using a kandAeak northward propagation is also detectedare pen
zos filter (Duchon, 1979) and averaged over the 70280 (not shown). In the experiments in which we wet the sur-
range of longitudes with precipitation at a point in the Bayface and precipitation is enhanced over the peninsulamegio
of Bengal near 1%°N, 85°E after Turner and Slingo (2009); (lake_.penandno_pen), there is clear evidence of more coher-
Lin et al. (2008) and others. Figure 11a shows good-evient northward propagating modes of intraseasonal vatiabil

dence for northward propagation in GPCP precipitation0bity, although at slower phase speeds than in observations. |
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GPCP lake _pen
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Fig. 11 Lag-correlations of 30-60 day bandpass-filtered predipiteaveraged over the 70—9b band against precipitation at.52N, 85°E in
GPCP observations and model experiments afteeLil. (2009). Thecontrol, lake_pen no_pen lake.SAandno_SAexperiments are shown. The

dashed straight lines show phase propagation speed8,df®and 28ms ! respectively.

the experiments in which we wet the surface of the whole of  The results here and in the previous section discussing
South Asia lake SAandno_SA), results are also consistent depressions suggest that much of the increased preapitati
with the above. Interestingly, in th@o_penandno_SAex-z is associated with organised systems. So the presence of the
periments there is also the suggestion of southward praepagpeninsula (in this model) reduces the occurrence of organ-
tion from the equator as in observations, although we denased systems but acts to locate them in the trough region.
know the cause of this. When we cover the Indo-Gangeti@ he latter may be a ‘real’ effect while the formmiaybe an
Plains only with waterlake IGP), little notable difference artefact of model bias.

is made to the propagation (not shown), possibly because we

are not changing the existing temperature gradient between

the peninsula and ocean, which may play a role in drawing

convection northwards on intraseasonal time scales.
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Indian land up to 22N JJAS
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Fig. 12 Histograms showing summer (JJA) precipitation rates nredsat every time step and each grid point over the Indian tegithn south
of 22°N. The control, bare_pen lake_pen andorog no_penexperiments are shown with precipitation from (a) the lesgale (LS) precipitation

scheme and (b) convection scheme; the latter split intogepgd(d) mid-level and (e) shallow convection componentgeihe log scale on the

X—axis.
5 Convective, diurnal cycleand boundary layer 3 by the large-scale scheme and by the convection scheme
processes =4 Separately. The convective precipitation is further dplio

s rainfall diagnosed as shallow, mid-level or deep (see the de
5.1 Time-step analysis of changes in rainfall

76 Scription in Section 2.1 for more details). For consistency
Here we describe how changes to precipitation have ocgurredl the integrations compared contain orography.
at the time-step level including the intensity of precipita
tion and the type of convection diagnosed by the conveetion Rainfall diagnosed by the large-scale scheme is extremely
scheme in MetUM GA3/GL3. We take model output fi@m common at very low rain rates (@.mm day'), suggest-
individual time steps4t = 1200s) for three summers only, ing that drizzle is occurring unrealistically on some grid
due to the computational expense of outputting these datapoints over the peninsula region at all times. At rain rates

In Fig. 12 we show histograms of time step precipitation> 0.1mm day !, there is a clear separation between the ex-

over land grid points south of 2N split into that produced periments, with there being a noticeably higher number of
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large-scale events in the runs with seabi-no_pen) or laken It is important to note that the sensitivity shown here
(lake pen present at the surface. There is little differencemay be exaggerated by the model framework, owing to the
between thebare pen and control experiments here or+fn influence of the relatively coarse resolution of current GCM
most of the other time-step analysis, consistent with tblela and associated deficiencies in convective parameternisatio
of precipitation difference caused by imposing bare sail affhe time-step analysis icontrol suggests that in the model
the surface (see Fig. 7a). 7 most land rainfall is generated from local diurnally-fadce

. . . . convection and not from organised systems (see also anal-
Convective rainfall, which makes up the majority of rain- 9 Y (

. . . . sis of monsoon depressions earlier and our later analysis
fall above negligible rain rates in the tropics, seems {6 bd P y

made up of contributions in shallow convection at the IoWesf)f the boundary layer). Observational evidence (Krishna-

rates and mid-level and deep convection at the higher?&tersn.urthy and Shukla, 2007) suggests that organised systems

However the surface type makes a clear difference heréf.lThrEake up much of the rainfall especially over northeastern

. . 7 R]eninsular India. As we shall see later, the diurnal cyckrov
biggest change in the spectrum comes from changes fro

normal land to lake or sea, with large increases in thé&fret-he land surface (controlled by the surface heat capacity)

quency of deep convection at around 30mm-dagmore s&* also plays a role in the occurrence and type of convection.

for the no_penrather tharlake pensurface). For mid-levél Analogous analysis in the runs with no orography present

convection, there is a far lower contribution when thef& is(nOt shown) indicates that the presence of orography mainly

lake or sea at the surface, reflecting a shift in the balanéé padiusts the relative heights of the peaks of deep convec-

. o .z __tion. In the absence of orography, the sea surface features
tween deep and mid-level convection in these experiments.

The presence of deep lake or sea at the surface with 7|8r91he"°rl—mu‘:h reduced count of deep convective events at around

1
ent high heat capacity prevents the boundary layer becégfnin%omm day .

stable at night, allowing the dominance of deep convection. We next explore the seasonal and diurnal evolution of

Moving from land to water at the surface also shifts the §9ﬁec§urface fluxes and the boundary layer.
trum of shallow and mid-level convection to lower rain rates
3 5.2 The seasonal cycle at the surface
The overall contribution of shallow convection at meaning-
ful rain rates is small so we shall not discuss it here, alifieu Here we go into further detail surrounding the mechanisms

again the difference is probably also due to the changesn dinvolved at the surface and in the planetary boundary layer

urnal cycle. w6 IN some of the experiments outlined above. For brevity, in
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most parts of the analysis we consider only the compasisorere also drier since they originate from over Eurasia, ercou

of lake pen bare penandno_penwith the control integras. aging evaporation and latent heat flux from the surface.

tion. We first examine the turbulent heat fluxes from the sur- - The wind speeds shown in Fig. 13b suggest that the dom-
face (sensible and latent heat) as components of energl,inBiant influence on the near-surface winds is due to perturb-
to the atmospheric column, as shown in Fig. 13a. 3e;,, ing the land surface type, with similar reductions in sur-
trol run shows the dominance of sensible over latent heagce roughness ibare penandlake_penoffering similar in-
fluxes at the surface (hence a Bowen ratio exceeding Unitypreases in wind speed during both monsoon seasons. This
A similar result is seen iflat_pen illustrating the overriding,  reflects the standard roughness length for bare soil and lake
influence of the land surface type over these fluxes, rathesrfaces of 3« 10~%m (Bestet al, 2011). Theflat penex-

than the circulation changes perturbed by orography, whiceriment offers a smaller increase in surface winds; this in
occur only over a small part of the peninsula (Fig. 6b), Increase adds approximately linearly to thatlake pen to

bare penthe total sensible and latent heat fluxes fall sligggly.equm the increased winds speedmpen representing the
This shows that the presence of vegetation over the peniRym of effects due to the land surface change and removal
sulaincreases the Bowen ratio. In the experiments with Wagf orography. This implies that the Indian peninsula acts to
ter at the surface, sensible heating falls to low valuesleyhi sjow the winds through the effects of surface roughness, es-

latent heating dominates. lake_penthis has a strong seg3- pecially where vegetation is present, and orography adds to

sonal cycle, reflecting the supply of moisture made avadlgblpis_

to the monsoon as the circulation evolves (see the peninsula . .
840 Next we examine the net convergence of heat and radia-

average 10m wind speed as in Fig. 13b) and the seasoggl %We fluxes into the atmospheric columRB,§y), after Chou

cle of temperature. Ino-pen the cycle of latent heatmggj;s and Neelin (2003) as shown in Fig. 13c. We sum the input

more complex. Here the winter maximum results fron;gheof turbulent heat fluxes at the surface (from Fig. 13a) with

convolution of the surface wind speed (Fig. 13b), 'nduglngthe net longwave and shortwave inputs to the atmospheric

its peaks for summer and winter monsoons, with thesgs-(lzolumn at the top of atmosphere (TOA) and surface. We ne-

field imposed at the surface underlying the Indian penlggulalect longwave inputs at the TOA as negligible. As in other

(Fig. 4), whichis necessarily driven by the seasonal cygLe 0measures, the net flux of energy into the atmospheric col-

SST in the surrounding ocean. The winter monsoon V!JS”dﬁmn is unperturbed by thieare pen experiments. The re-

s moval of orography irflat_ penalso has little effect, reflect-



850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

The role of peninsular India in the South Asian summer monsoo 23

200 P S S 8 P S S P T S S S

180 4 + 7 | 100 A L
E 160 - I 'y 80 o
= 140 A <o flat_pen [} “‘g ....... .
@ no_pen ] ;= | 3 | I
¢ 120+ — bare_pen || 3 5 ] o 60
2 100 —— lake_pen g 4 ;
— b "
g ey control 5 < 40+ L
= i £ £
= 80 . s 3 L
[} £
3 60 =3 S flat_pen 20 1 flat_pen
S b 24 no_pen no_pen
= 404 —— bare_pen —— bare_pen

20 1 —— lake_pen 01~ —— lake_pen
1 I —— control —— control
o o 0 20
P 1P @ o P PP 02?0 o ge® B P 1P @ o P PP 02?0 ge® PP o P P ee® oo ge
month month month

Fig. 13 Monthly seasonal cycle of (a) surface turbulent heat fluggssurface wind speed (at 10m); and (c) net heat and radifitixes into
the atmospheric columri{ey) including the input of turbulent heat fluxes at the surfacd the net longwave and shortwave fluxes at the top of
atmosphere and surface, in tentrol, bare_pen lake_pen no_penandflat_penexperiments. Area-averaging is performed over all lantasargrid

points south of 2Z°N. In (a), sensible (latent) heat fluxes are shown by the etbgstraight) lines. Units are WT4, °C and W n72 respectively.

ing the lack of perturbation to the surface conditions.sFhes.3 The diurnal cycle

change imo_penreflects those in the seasonal cycle of la-

tent heat flux as in Fig. 13a. That it does not increase ghowQext we look at behaviour at a diurnal level, including sur-
the level ofcontrolin summer reflects the minimal chapge face temperature, turbulent heat fluxes, the boundary layer
in precipitation over the peninsular area average regign iRnd precipitation. We first examine the summer diurnal cy-
no_pen(Fig. 5b). The experiments with non-saturated,surcle of surface temperature (ST) in the experiments, from
faces, includingontrol, show negative convergence intothe 3-hourly averaged output data. We perform the calculation
column during boreal winter, reflecting the much lower stir-hased on all points south of Z2N which are (or were)
face temperatures. Most dramatic is the extra convergenggnd. Figure 14 shows a large summer diurnal cycle in ST
of energy into the atmospheric column in fage.penex;,, thatis exacerbated by changing to bare soil. The strong diur
periment. Chou and Neelin (2003) have implied that ig.reng| cycle is likely excessive owing to the weak rainfall over
gions notdynamically ventilated, increasifg:should leag, parts of the peninsula during the monsoon in this model. The
to enhanced monsoon convection. So the incre&sgds;, |ake penandno_penexperiments show very limited and no
consistent with the enhanced monsoon convection. .., diurnal cycle in ST, respectively. Imo_penthere is no diur-
The peninsula therefore acts to fix the seasonalifp@fsc  nal cycle in the prescribed underlying SST and therefoee thi

with the level of moisture at the surface controlling its maag diagnostic is limited. Similarly in théake_penexperiment,

nitude. s the large surface heat capacity in the 5m lake all but prevent
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and sensible heat) sampled at each time step and averagedaae

Fig. 14 Summer (JJAS) diurnal cycle of surface temperature usinggriol point of the peninsula south of Z2N over JJA of 1983-1985.

3-hourly outputs incontrol, bare pen lake pen no.penandflatpen The control, bare_pen lake_pen no_penandflat. penexperiments are

experiments. Area-averaging is performed over all landasargrid .
P gng is p g shown. Units are W mé.

points south of 2%°N. Units are°C.

adiurnal cycle in surface temperature. The sensitivithisf 't consistent with the annual cycle in Fig. 13a. The biggest

diurnal cycle to lake heat capacity is examined later ir19°fhisChange comes in those experiments where the surface is wet

section. There is no significant impact of the orography Ol(lakepen andno.pen), in which sensible heating is much

lack thereof (not shown). w3 reduced and stays positive throughout the night, reflecting

Following from the diurnal cycle of surface tempéof‘a- the very small diurnal cycle of temperature in these experi-

ture, in Fig. 15 we show the summer diurnal cycles of g)rgea[nents while latent heat release is strongly increased.ig his

averaged latent and sensible heat fluxes from the sffﬁacrgasonably uniform throughoutthe day reflecting the censis

over the peninsula using timestep data In¢batrol ther” tent vapour deficit between the surface and the near-surface

is a large diurnal cycle in sensible heating consistentg(ilsvitr?tmOSphere' The impact of the peninsula is therefore to en-

the largely dry surface, peaking around midday local tgf)?nehance the diurnal cycle of surface temperature and sensible

The sensible heating becomes negative at night, stakj’ffsinheat flux at the surface and to reduce the latent heat flux.

the lower atmosphere and representing a key differenee be- Since convectionis connected to the surface via the bound-
tween the diurnal cycles over land and water surfacess::Thary layer, finally we consider boundary-layer behaviour in
change in orography makes little difference to this fielek aghe experiments. We explore this using time-step outputs
in the annual cycle in Fig. 13a. The diurnal cycle of latentfrom the experiments, as in Section 5.1. To construct Fig. 16

heat flux (evaporation) is far smaller. In tharepenex-s we first compute a mean diurnal cycle of the occurrence of

periment, the diurnal cycle of sensible heating is redueedhe seven different boundary layer types over each grictpoin
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Fig. 16 Stacked bars show the diurnal cycle of proportions of bognidger types sampled at each time step and averaged oveged@oint of
the peninsula south of 22N over JJA of 1983-1985 in tteontrol run. The average height of the surface mixed layer undetestaibvell-mixed
boundary layer conditions (black solid line) and heighthef kifting condensation level during cumulus conditions¢l dotted line) are shown on
the right axis, units m. Also shown on the far-right axis dre total precipitation (blue solid line) and its convectfistue dashed) and large-scale
(blue dotted) components, units scaled to mm daffhe convective rainfall is further broken down into thdsig from deep convection (filled

stars) and the mid-level convection scheme (empty stars).

for the summer (JJA) in 1983-1985, then average oves theoundary layer type is well-mixed or stable, representieg t
peninsula south of 28°N. The temporal resolution is that height of the surface-based mixed layer) and the height of
of the time step: 20 minutes. We remind the reader that lothe lifting condensation level (LCL) under cumulus condi-
cal time at Indian longitudes is around 5.5 hours ahead dions (black dotted curve). There is a clear diurnal cycle in
UTC. For much of the daylight hours, a well-mixed bounrd-the boundary layer height and LCL, rising during the day
ary layer dominates, with some cumulus also. Upon nighteue to heat fluxes from the surface and falling rapidly at

fall at around 12:30UTC (18:00 local time) the well-mixed night to reach as low as 600m.

boundary layer rapidly diminshes due to the decline in,gen-  The diurnal cycle in precipitation (Fig. 16 blue curves)

sible heat fluxes from the surface, being replaced by g stag|iows a similar evolution, slightly lagging the deepegif

ble layer and stratocumulus cloud over a stable laygl, Afhe poundary layer. In theontrol, the vast majority of pre-

this time the proportion of grid points over which cumylus ¢iptation is convective, and during the day time this is pre-

boundary layers form falls, reflecting the drop in surfgceyominantly from deep convection. As the dominant bound-

driven deep convection. w ary layer becomes stable at night, the majority of convec-
In Fig. 16 we also show the mean height of the boundaryive rainfall is now contributed from the mid-level scheme,

layer (black solid curve, averaged only when the diagnesedecause this scheme can operate above well-mixed or sta-
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Fig. 17 Asin Fig. 16 but for theno_pen bare_pen lake_penandflat_penrespectively. Legend is shown in Fig. 16.

ble boundary layers, whereas by definition deep and shalloas in the control run. This reflects observed diurnal rain-
convection can't. w3 fall variability over the ocean, peaking during the nigimid

ws ratherthan in late afternoon (Bowmanal, 2005). The ma-

In Fig. 17 we show the diurnal cycles of the boundary

e jority of the precipitation is coming from deep convection,
layer in theno_pen bare pen lake penandflat penexperi-

% although there is a small proportion (aroun8@m day %)
ments. Looking aho_penin Fig. 17a, we see a completely

o7 from the large-scale scheme.
different evolution from that in theontrol, with no diur-
nal cycle in boundary-layer type or depth over peninsslar As earlier in the paper, we now examine the roles of
grid points. The cumulus boundary layer type now demi-the land surface characteristics and orography on the diur-
nates, in around 40% of cases throughout the day, follewedal cycle of the boundary layer. Figure 17b shows that im-
by well-mixed and then decoupled stratocumulus boundaryposing 100% bare soil ibare_penhas little impact on the
layer types, the latter both in the presence and abserece dévelopment of the boundary layer (compared to Fig. 16),
cumulus cloud. Stable layers do not develop. The pregipin common with the minimal changes in precipitation and
tation increase seen in Fig. 5 is composed of increases airculation shown earlier (Fig. 7a). Further, the remowvial o

all times of day, although it now reaches a maximum ir-theorography from the peninsula flat_ pen(Fig. 17d alters the

early hours of the morning rather than the early afterroofoundary layer evolution little. In contrast, imposing ¥00
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lake at the surface ilmke pen(Fig. 17c) leads to most of the the diurnal cycle of surface temperature. This is also bfear
change shown by theo_penexperiment. woe  reflected in the turbulent surface fluxes of Fig. 18b, which
In summary therefore, the presence of the peninsuladeadbsows a strong diurnal cycle in sensible heatinglet peng
to diurnally forced variations in the boundary layer and-een together with enhanced latent heating throughout the day.
vection. These variations are dominated by the stabitisati Even inlake_pen5Q sensible heat flux still does not go neg-
of the boundary layer at night, which is related to the.dandative at night, preventing stabilisation of the boundayela
surface heat capacity, and the depth of the surface:basédiis allows dual peaks in convective precipitation (blue i
mixed layer and height of the LCL during the day, whichin Fig. 18a), corresponding to a combination of typical land
are related to surface moisture availability and tempegatu and sea diurnal cycles in convection. With a 5cm lake im-
w2 posed over the peninsula, a strong diurnal cycle in bound-
Heat capacity versus moisture supply w3 ary layer activity remains, however the surface-based dhixe
layer depth and LCL are much lower than in the control, and

In our final experimentiake pen50andlake.penswe seek’

to test the relative role of the surface heat capacity pet¥/id convective boundary layers dominate over well-mixed lay-

by the lake versus that of the additional moisture sup]ﬁﬁed?rs’ allowing for a large mid-afternoon peak in rainfall at a

—1 B
The standardake_pen experiment is equivalent to a 5th- rate of up to &mm day~. This strong peak makes up for

deep lake. While we are reducing the effective lake H’Sptﬁhe weaker rainfall at night in contributing to the seasonal

globally in these additional experiments (to 50cm and®cninean. Since sensible heat fluxes become negative at night,

respectively), since the only expanse of lakes globallpé&’t stable boundary layers dominate.
Great Lakes region of North America, we expect no impact In summary, the response of the evolution of boundary
on the South Asian monsoon from these remote regiongayer composition clearly suggests that the boundary layer
The mean changes in the precipitation pattern during.dhJAfpe, and therefore the occurrence of surface-driven deep
are very similar to those fdake_penin Fig. 7b but are net convection overhead, is highly sensitive to conditionstan t
shown for brevity. w5 surface. The presence of land allows for a large diurnal cy-
We show the impact on the diurnal cycle of surfaceitem-<le in surface temperature, surface fluxes and boundary laye
perature data in Fig. 18a. Compared to the near-zeradiustability, and if there is enough moisture available them-co

nal cycle of the surface itekepen the reduced heat ga- vective rainfall too. Thus the wet surface experiments show

pacity oflake_pen50andlake pen5progressively enhanees an increase in evaporation during the daytime (and indeed
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Fig. 18 Diurnal cycles of (a) surface temperature and (b) turbulesat fluxes as in Figs. 14 and 15; (c) and (d) are as in Fig. 16obuhe
lake_pen50and lake_pen5experiments with 50cm and 5cm depths respectively. Notethigaprecipitation axis covers a greater range than in

Fig. 16.

at night), combined with a much shallower and therefores Conclusions

more moist boundary layer. As the surface heat capacity and

. . w4 I this study we have examined the role of the broad-scale
effective lake depth increases, the wet surface expersnent

. ) ) s, Characteristics of the South Asian peninsula on the Asian
progressively lead to a more ocean-like diurnal cycle with

summer monsoon in the Met Office MetUM GA3/GL3 land-
an additional precipitation peak in the early hours of the

, o w47 atmosphere GCM, using a series of novel experiments per-
morning. If the surface heat capacity is large enough, this

turbing the land surface, orography and removing the penin-
ultimately leads to more rainfall at night as shown for the g graphy g P

. ) 140 _ SUlaitself. The role of the Indo-Gangetic plains regionthor
lake penand no_penexperiments. Therefore the impact of

s, Of the Indian Ocean coastal boundary up to the Himalaya
having land present is felt partly through the diurnal cycle yup 4

) . st and Hindu-Kush mountain ranges has also been examined.
itself sensitive to the presence or absence of vegetatltfn an

soil moisture. This has implications for models that den’'t  Initial experiments removing the peninsula south oB&2R
properly represent these characteristics as well as thase t revealed a pattern of local precipitation and circulatibarmge,

have a poor convective diurnal cycle over land. s INCreasing the strength of the mean monsoon averaged over

w055 the broad South Asia region. Importantly, first-order ideas
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about the land-sea contrast between the Indian land surfacainfall by increasing the contribution of latent heat flox t
and the surrounding ocean being essential for monso@a déie convergence of energy into the atmospheric column. Not
velopment are shown to be simplistic: the large-scale.monenly that, but both experiments with unlimited moisturedan
soon circulation is still supported when the land peninstla high heat capacity) at the surface cause changes in the bound

removed. wsr  ary layer evolution, smoothing out the diurnal cycle and in-

Breaking down th@o_penexperiment into changes ttie créasing the prevalence of cumulus-capped boundary lay-
to the orography and the land surface reveals the orergr&’S at the expense of stable and well-mixed types. Rainfall
phy to be responsible for much of the circulation chaigels increased at all times of day but particularly during the
The Western Ghats are shown to be responsible fordivefight. In addition to the local impacts on diurnal convestio
gent flow as the Somali jet approaches from the south@est/e have also demonstrated that the surface conditions of the
and considerable orographic rainfall. In addition, the ¥es Peninsula modulate the northward propagating modes of in-
ern Ghats add a considerable southerly component'te tHEaseasonal variability. This suggests that the mean atate
flow in the Bay of Bengal, just as the East African High- variability are intrinsically linked (e.g. Sperbetal, 2000).

lands add a southerly component to flow in the Arabian Sea

(Slingoet al, 2005). Precipitation increases when orggra- By extending the region of perturbation north of the coastal
phy is removed are particularly focused on the local maxinoundary of the Indian Ocean, i.e., into the plains of the In-
mum in the underlying SST forcing, over the southwesf,Bayyys and Ganges basins (IGP), we examine the role of roughly
of Bengal. Thus while the Himalayas aid the large-scalg,defhe whole South Asia region. Imposing a lake at the surface
velopment of the monsoon via the mechanical separatign Qff the IGP region or over the whole of South Asia greatly
moist and dry sources of air (Boos and Kuang, 2010),,th@nhances precipitation and the monsoon circulation. The in
Western Ghats add important local detail to the circulgfionyreased rainfall is, in part, related to a greater number of
and regional distribution of precipitation. s monsoon depressions that are steered along the monsoon
Sensitivity tests made on the surface of the peninsularough. This suggests a dual role for this region in terms
with orography unperturbed, also reveal substantial inrgac of both moisture supply and local temperature and pressure
Bare soil coverage does little to alter monsoon rainfadirghs  gradients, which contribute to the structure and locatibn o
being a strong dry rainfall bias in tleontrol anyway, while: the monsoon trough. This is consistent with recent evidence

adding lake at the surface substantially increases mansodhat sources of moisture over northern India can be instru-
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no Mental in extreme rainfall events, as in the case of the.Pakkayer evolution over India during the monsoon (see e.g. the
uo  istan floods of 2010 (Martiust al, 2013). uxr  use of Doppler lidar measurements in Haneyal, 2013).
11 When sea is prescribed over all of South Asia GAys  These would allow us to both better characterise the mon-

w2 the role of the underlying SST distribution comes into ptay.S00n and validate our models or diagnose biases at these
ws  The loss of the strong south-to-north temperature gradierffocess scales.
me  asthe IGP is approached limits the intensity of the monsoon
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