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We demonstrate that summer precipitation biases in the South Asian monsoon
domain are sensitive to increasing the convective parametrisation’s entrainment
and detrainment rates in the Met Office Unified Model. We explore this
sensitivity to improve our understanding of the biases and inform efforts to
improve convective parametrisation. We perform novel targeted experiments
in which we increase the entrainment and detrainment rates in regions of
especially large precipitation bias. We use these experiments to determine
whether the sensitivity at a given location is a consequence of the local change to
convection or is a remote response to the change elsewhere. We find that a local
change leads to different mean-state responses in comparable regions. When the
entrainment and detrainment rates are increased globally, feedbacks between
regions usually strengthen the local responses. We choose two regions of tropical
ascent that show different mean-state responses, the western equatorial Indian
Ocean and western north Pacific, and analyse them as case studies to determine
the mechanisms leading to the different responses. Our results indicate that
several aspects of a region’s mean-state, including moisture content, sea surface
temperature and circulation, play a role in local feedbacks that determine the
response to increased entrainment and detrainment.

Copyright (© 2011 Royal Meteorological Society

Key Words: Asian monsoon precipitation, convective parametrisation, tropical convection, climate models

1. Introduction and intraseasonal variation of Asian monsoon precipitation
remains low Randallet al. 2007 Annamalaiet al. 2007
The Asian monsoon is one of the most significant globaperbeet al.2013. In this study, we address the impact of
manifestations of the seasonal cycle. In India, the sumn§8anging convective entrainment and detrainment rates on
monsoon provides nearly 80% of the total annual rainfa#¢asonal mean Asian monsoon precipitation biases in the
Changes in the timing and intensity of the monsodWet Office Unified Model (MetUM, Sectiog).
consequently have direct socio-economic impacts in SoutlSignificant, systematic biases in seasonal mean monsoon
Asia. rainfall are common in GCMs. Evaluations of GCMs
Reliable dynamical models are essential for improvirigcluding the third coupled model intercomparison project
our understanding and prediction of monsoon rainfall ag@MIP3, Annamalaietal. 2007 Bollasina and Nigam
circulation. While most general circulation models (GCM<)009 and CMIP5 Gperbeet al.2013 as well as individual
capture the overall seasonal migration of tropical raistudies have shown that many monsoon precipitation biases
fidelity in representing the detailed spatial, interannuial atmosphere-only GCMs (AGCMs) are very similar
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to biases in their coupled (AOGCM) counterparts. ThisIn a GCM convective parametrisation, mixing entrain-
indicates that lack of coupling is not responsible for thment and mixing detrainment rates control the amount
rainfall biases and studies have shown that cold SST biag@sm, moist, ascending convective plumes mix with air
introduced by coupling may exacerbate théraineet al. aloft that is typically colder and drier. Increasing these
2013 Levine and Turner 2092 rates increases the convection scheme’s sensitivity to envi-
One particularly persistent bias is excess precipitatioctnmental moisture by decreasing plume buoyancy which
in the western equatorial Indian Ocean (WEIO), espeequires dry environments to moisten or destabilise to
cially just south of the Arabian Se&sadgil and Sajani maintain the same precipitation rate. The immediate, one-
1998 Bollasina and Ming 2012 which is related to dimensional response to increasing the entrainment and
poor representation of the competition between equagietrainment rates is typically to suppress convective pre-
rial and continental convergence zones during the m@ipitation until sufficient moistening, heating or dynami-
soon Eperber and Palmer 1996&adgil and Sajani 1998 cal forcing has occurred. How feedbacks within a GCM
Bollasina and Nigam 2009While the bias over the equatomodify this immediate response determines the equilib-
rial Indian Ocean is particularly large, there are several othgim response. Several processes could be responsible for
important biases in the region, including low precipitatiofvercoming the suppression, including moistening by shal-
over the Indian subcontinent and excess precipitation alge@ convection or congestus (e.gerbyshirest al. 2004,
the southern slopes of the Himalayas and over the Westgyfamical moistening at mesoscales and larger scales (e.g.
Ghats Gadgll and Sajani 1998These biases are present iﬂohenegger and Stevens 20K3imaret al. 2013, or con-
current versions of the MetUM, as shown in Figdte  yective organisation by dynamical forcing such as land-sea
Several studies have indicated that the WEIO precipireezes. However, it is questionable how well GCMs rep-
tation bias is linked to other deficiencies in GCM Asiappsent these processes at standard resolutions with common
monsoon precipitation. AGCM sensitivity experiments thahnyection schemes.
reduce the May WEIO diabatic heating indicate that an Using a set of idealised case studi@srbyshireet al.

improvement in WEIO rainfall biases would significantly(zo(w show that GCM convection schemes are less

improve biases over India as welBdllasina and Ming gensitive to environmental moisture than cloud resolving
2012. Winter and spring cold northern Indian Ocean S§J,,qels (CRMs), giving rise to excess precipitation in

biases, prevalent in the CMIP3 and CMIP5 models, environments.Sahanyet al. (2011 used simplified

cpnnected through atmosphe_ric .circullation to the exc Ume calculations and GCM experiments to demonstrate
sive convergence and precipitation biases in the WEIf); 5 rejatively high entrainment rate is required to

(Marathayiletal. 2013. These biases limit early s€asoll, e iy represent the dependence of the initiation of deep
Indian monsoon precipitation by lowering the moisture SURavection on moisture and temperature

ply over India (evineet al. 2013 Marathayilet al. 2013. The sensitivity of the GCMs to the entrainment rate

In the MetUM many systematic errors appear in short : L i
time scale numerical weather prediction (NWP) foreca gd the demonstration that modelled precipitation is

as well as long time scale climate simulatioWsaftin et al. arge_ly too ingensitive to moisture,.has motivated s_everal
2010, indicating that deficiencies in the parametrisation 8$ud|es examining the e_ffect of m_creased entrainment
atmospheric subgrid-scale processes may be the underl Hngd.el bias. Increasing, changing the .formulatlon,
cause of many biases in atmospheric models. MonsqQon placing a onver bound on the entram_ment rate
precipitation is particularly sensitive to the subgrid-sc S a positive impact on the representation of the

parametrisation of convective precipitation. Authors ha adden Julian Qscﬂlaﬂop_ (M‘]O). in _severa_l models
shown in NWP Blingoet al. 1989, seasonal Bebet al. hrough suppressing precipitation in drier environments,

2007 and climate integrations (e.glingoet al. 1994 allowing moistening to pre-condition the atmosphere for

Rajendraret al. 2002 Mukhopadhyayet al. 2010, that the the active MJO phaseBgchtoldet al. 2098 Kim et al.
choice of convective parametrisation schemes significarfifyt > Hannah and Maloney 201Del Genioet al. 2012
impacts monsoon biaseBurner and Slingg2009 suggest [ronsetal. 2012b; Klingaman and Woolnough 20).4
this sensitivity to convective parametrisation is responsifig@/eét al. (2009 demonstrate in the coupled GCM
for discrepancies in the simulated sensitivity of monso&r-SM3 that adding a representation of entrainment to

precipitation extremes to increased £@ the CMIP3 @ Previously undilute mass flux scheme and adding
models. convective momentum transport (CMT) improves the

Even changes in individual parameters in a convdgpresentation of the EI-Nino Southern Oscillation (ENSO),
tion scheme can have a pronounced effect on GCRfough changes to the mean-state and increased MJO
output. Parameters controlling the strength of convect@eiVIty. _
entrainment contribute a large portion of model uncer-Increasing the entrainment rate has also been shown
tainty (Sanderson and Shell 2Q1Murphyetal. 2011 to have a pronounced effect on the mean-state, improv-
Klockeetal. 2011). Large perturbed physics ensembld8g some aspects and degrading othefsri@y 1998
of the AOGCM HadCM3L and the AGCM HadAM3Chikira 2010 Kimetal. 2011, Hironsetal. 2012a
coupled to a slab ocean indicate that the uncertainty Gieslati and Bellon 20)3 Several authors demonstrate
the entrainment rate coefficient has a large influence @anbeneficial decrease in precipitation along the South
global-mean cloud, albedo and water vapour feedbadi@cific Convergence Zone (SPCZ) and an improvement
(Sanderson and Shell 20)14nd the overall climate changen the double ICTZ precipitation biasT¢rray 1998
feedback strengthMurphyetal. 2011). A similar study Chikira 2010 Oueslati and Bellon 20)3However, upper-
with the ECHAM5 AGCM found that uncertainty in thetropospheric cold biases are introduced in several models
entrainment rate contributes a large portion of model erfdfapes and Neale 201Hironset al.20123.
in simulating the present day distribution of clouds, radi- Terray (1999 and Oueslati and Bellon(2013 note
ation and precipitation globally<(ocke et al. 2011). that increased entrainment increases deep convection in
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many convergence zones. They argue this is due Tioe scheme triggers convection from the boundary layer
increased moisture flux into convergence zones framing an undilute parcel calculation, then performs shallow
subsidence zones, because of an enhanced humiditydeep convection for grid points where convection is
convection feedback. However, in a study of ten GCMsggered. Mid-level convection can be triggered from
with a wide spread in intraseasonal variability (ISMevels in the free troposphere.
created by changing the threshold entrainment rateSeveral adjustments to the deep convection scheme
Kim et al. (201]) find that increasing ISV is correlatechave been introduced sin€gregory and Rowntre€1990
with changes the mean-state, in particular, decreasing bosemih as the addition of down-draft&iegory and Allen
summer precipitation over the equatorial Indian OcedQ91), convective momentum transport using a flux
(EIO) and increasing precipitation over the Western Norgtadient approactsfrattonet al. 2009 and a CAPE closure
Pacific (WNP). This demonstrates that opposing mean-ststbeme, which uses a dilute CAPE calculation, based
responses are observed in some convergence zones.  on Fritsch and Chappe([1980gb). The time scale for the
Similar mean state changes in the WEIO and WNP wetAPE closure is fixed at 90 minutes unless very high large-
observed in the MetUM byKlingaman and Woolnoughscale vertical velocities are detected in the column, when
(2019 during their study on the effect of increasethe time scale is reduced to ensure numerical stability.
entrainment on the MJO. In light of the importance of The shallow convection scheme usesGaant (2001
reducing the persistent excess precipitation bias in tlesure based on a turbulent kinetic energy budget.
WEIO for improved modelling of the Asian monsoon$hallow convective momentum transport uses flux-gradient
we perform experiments with the MetUM to analyse thelationships derived from cloud resolving models of
reasons for the beneficial impact in the WEIO and explosBallow convection Grant and Brown 1999 For a full
why increasing the entrainment rate has such markééscription of the MetUM convection scheme and how it
and markedly different, impacts in different regions. Weouples to other aspects of the model $&elterset al.
use unique sensitivity experiments where we incred€91]). The configuration used here has a few additional
entrainment locally in regions of especially large big®odifications, including requiring undilute ascent to be
to separate the local response of regions to increagéapnosed for at least three vertical layers to trigger
entrainment from teleconnections and analyse the lo€&nvection and slight changes to energy corrections.
response. We also perform initialised integrations of globalEntrainment and detrainment are calculated indepen-
and local experiments to analyse the evolution of tigently by the deep, mid-level and shallow portions of
response as the model comes into steady state. the scheme. Mixing entrainment for mid-level and deep
Section 2 describes the configuration of the MetUnonvection decreases with height according to:
used, the convective parametrisation scheme in the MetUM p(2)p(2)g
and our experimental design. In secti@n we describe €=45F———5—, 1)
the response of the model when the entrainment rate is Px
increased globally. In sectioA, we show results of thewhere ¢ is the fractional mixing entrainment rate per
local experiments. In sectioh, we examine a series ofunit length,p and p are the pressure and density at a
diagnostics to understand why altering the entrainmegiten altitude,p, is the surface pressure anfd is an
produces different mean-state changes in two regionsadfustable parameter that we will subsequently refer to
interest, the western equatorial Indian Ocean (WEIO) aag the “entrainment factor.” In the default configuration
the western north Pacific (WNP). We conclude in secéionF' = 0.9. The default entrainment rate profile is shown in
Figure?2 for an ICAO standard atmosphére

2. Method Detrainment is divided into two components. Mixing
detrainment, the evaporation of moist plume air due
2.1. The Unified Model to mixing with drier environmental air, is the natural

counterpart of mixing entrainment. Forced detrainment
We use a version of the Unified Model (MetUM), thes the representation of some convective plumes in the
Met Office’s general circulation model. Specifically, wensemble terminating while others continue to ascend. As
use the Global Atmosphere 3.0 (GA 3.0) configuratiagsvaporation is sensitive to humidity, deep convective mixing
of the atmospheric component of the HadGEM3 familyetrainmentd,,,) is related to the entrainment by the relative
of models. GA3.0 is a choice of atmospheric MetUMumidity (RH) (Derbyshireet al.2011):
dynamical core, atmospheric parametrisations and model
options {Nalterset al. 2017). This configuration of the Om = 1.5(1 = RH)e. @)
MetUM is used operationally for both Numerical Weathetquation (2) shows that mixing detrainment exceeds mixing
Prediction (NWP) and seasonal forecasting. Details @ftrainment whenRH < 1/3, determining the height at

the model and its physical parametrisations are descrigigich the plume mass flux decreases. Mid-level mixing
in Walterset al. (201]). Here we describe in detail thegetrainment instead follows the formula:

convective parametrisation which is particularly relevant to 1
this work. Om = (1 — 3

m ( 1.5F>6, ( )
2.2. Convective parametrisation where the entrainment factoF, is the same adjustable

parameter as in (1). Forced detrainment is related to the
Convective parametrisation in the MetUM is derivetdss in buoyancy of the plume over time as described in
from the bulk mass flux scheme developed Hyerbyshirestal. (2011).
Gregory and Rowntre€1990. The scheme’s foundation
is single plume parcel theory modified to represent th@ternational Civil Aviation Organisation standard atmosphere, Interna-
average properties of an ensemble of convective plum@sal Meteorological Tables, 1966, WMO
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a) MetUM control JJAS precipitation
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Figure 1. (a) JJAS precipitation (mm day) and 850 hPa winds (ms) in our control integration (see Secti@. (b) Bias with respect to GPCP
precipitation and ERA-Interim 850 hPa winds. Shaded grid points in (b) indicate precipitation biases are significant at the 95% level using a Stude
T-test, less significant changes are outlined. Black (grey) arrows indicate either the zonal or meridional wind biases are significant (not significan
the 95% level.

2.3. Experimental design 200 ' ' 54
Control Profile
The MetUM is run in atmosphere-only configuration T T e e )
with atmospheric resolution of 1.87%ongitude by 1.25 16.0
latitude (N96), with 85 levels in the vertical and a time- ,,
step of 20 minutes. All integrations are atmospheric
model intercomparision project (AMIP) style, forced bg
monthly varying SSTs. In the control integratidil is g 100
set to 0.9, the default value. Following a study b§
Klingaman and Woolnough(2014, which showed that
multiplying the entrainment factots’, by 1.5 (increasing 6.0
it to 1.35) greatly improved the MetUM’s tropical
intraseasonal variability, we investigate the effects .6
on the mean-state of the Asian summer monsoon. The 2°
resulting mid-level and deep convective entrainment profile o, 1013
is increased by a factor of 1.5 and is shown under an ICAO  ¢.000000 0.000250 0.000500 0.000750
standard atmospherdy the dashed line in Figurg. As
shown in (2) and (3), this increases the shallow and deep
mixing detrainment rate profiles by a factor of 1.5, arfigure 2. The fractional mixing entrainment rate profile for mid-level and
increases the mid-level mixing detrainment prof”e by c&ep COI’IVGCIIOF‘I in _the configuratipn of the MetUM used in this study. The
factor of approximately 2.9. In our version of the MetUI\/IZ?"d (dﬁshed) line is the default (increased) profile for an ICAO standard
mid-level convective precipitation is common over the ooPnere:
Indian peninsula and east Asia, but it is uncommon in the

main oceanic regions we discuss in this study (not showfthe first is a Student'sT-test which determines the
There is also very little shallow convective precipitation ifkelihood that the two sample means are drawn from the
the MetUM over the areas we discuss. same normal distribution.

We show results from experiments whefés increased  The second uses a binomial distribution, which gives the
at every model grid point and wheré is increased jixelihood of a number of “yes” events out of a number of
only for selected grid points. Integrations to study thgais in trials where the only possible outcomes are yes
equilibrium response in AMIP-style integrations are 'Uhd no. This is used to calculate the significantethe
from September 1978 through December 1998. The fityl, ‘rather than the magnitude, of a change in mean value.
four months are discarded to eliminate spin-up effeCig,e nymper of positive values and the number of negative
Iea\_/lng 20 years of data. To analyse the SUMMEr TeSPORSes in a sample are counted and the probabilities of either
as it evolves to steady state, we conduct a set of initiall ber are calculated according to a binomial distribution.

increased entrainment factor experiments. We use Julyt diyher probability is less than 10%, the sign of a change is
outputs from the control integration for each of the 20 yeal§nsidered significant.

to initialise 20 increased entrainment factor integrations
which are run for two months. The experiments used in tIHs5 Ob tional dat ¢
study are summarised in Takle ~ servalional data-sets

- 102

- 141

- 193

- 264

(edy) ainssaid

- 355

- 471

- 646

- 794

Entrainment rate (m™)

2.4. Significance testing In order to evaluate our control integration, we use the
Global Precipitation Climatology Project (GPCP) Version-

We employ two techniques to determine the significancedfMonthly Precipitation Analysis Adleret al. 2003 to

changes in experiments relative to interannual variabiligssess mean precipitation. It is a merged analysis that
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Table 1. Experiments analysed in this study. AMIP-style experiments are run for 20 years, initialised experiments are a set of two-mc
experiments initialised from 20 years of July 1 conditions. See Se2t®ifor details.

Experiment Domain of entrainment factor increase Experiment types
Global All grid points AMIP-style and Initialised
WEIO 50°E - 9C°E, 10°S - 5°N AMIP-style and Initialised
WNP Ocean grid points in 128 - 175E, 5°N - 27°N  AMIP-style and Initialised
Land All land grid points AMIP-style only

incorporates precipitation estimates from low-orbit satellif€N T :
microwave data, geosynchronous-orbit satellite infrared | - -
data and surface rain gauge observations at 23.5° k
resolution. 20N 4 -

We use the European Centre for Medium-Range Weather | .
Forecasts’ (ECMWF) ERA-Interim atmospheric reanalysisn -
product Deeet al. 2017 to assess circulation at 850 hPa, SoE =108
vertical velocities and moist static energy budget terms9 1 - - S LA AR A s
All observed products were bilinearly interpolated to the : ' , 2 s

MetUM grid for comparison. 108 7

208 —F——7———

3. Response of the monsoon mean-state to increased 60E 80E  100E  120E  140E  160E  180E
entrainment and detrainment

- [0 T T T 777 [T
Asian monsoon rain falls primarily in June, July, August 70 50 30 20 -10 00 10 20 30 50 70
and September (JJAS). The JJAS mean tropical Indo- AP (mm day’)

PaCIfIC prempltatlon and ,850 hPa CerUIat_lon In .the Contrﬁbure 3. The response of JJAS tropical Indo-Pacific precipitation (mm
integration are shown in Figurda. Rainfall is most yay-1) and 850 hPa circulation (M<) to multiplying the entrainment
prevalent over the equatorial Indian Ocean, just off thetor, and consequently the entrainment and detrainment rates, by 1.5 in
west coast of India, in the Bay of Bengal, in the westefire MetUM. Significance is indicated as in Figure
north Pacific, over India itself and on the south slopes
of the Himalayas. There are significant biases in MetUM ) )
precipitation in almost all of these regions, shown igbtropics, such as the Gulf of Mexico and the southwestern
Figure 1b. Many of these biases are common in GcmMPBacific, show slight increases in precipitation (not shown).
in particular the excess precipitation over the equatorialThe precipitation response in the MetUM is similar to
Indian Ocean and the lack of precipitation over the Indidhe other GCMs’ response to increased entrainmest gy
subcontinentAnnamalaiet al. 2007 Sperbeet al. 2013. 1998 Chikira 2010 Kim et al. 2011 Oueslati and Bellon
The distribution of biases in the MetUM broadly agree¥)13. While in all models precipitation increases in
with the CMIP5 multi-model meanSperbeet al. 2013, the western tropical Pacific, in the ARPEGE (Action de
though in the MetUM there is a larger precipitation exceRgcherche Petite Echelle Grande Echelle) AGCM this
in the equatorial Indian Ocean and it is more evenijcrease occurs on the equat@ugslati and Bellon 2033
distributed across the equator. There is also a larger defidiereas in our model, the increase occurs north of the
in precipitation over the Indian subcontinent. Precipitaticgfuator.
biases over the WNP are similar. To quantify precipitation changes, we bilinearly interpo-
The change in JJAS tropical Indo-Pacific precipitatidate the MetUM data to the GPCP grid and calculate the root
when the convective parametrisation’s entrainment factonean square error (RMSE) and pattern correlation of pre-
increased by a factor of 1.5 is shown in Fig@rePrecipita- Cipitation in the control integration and global experiment
tion decreases along the equatorial Indo-Pacific, extendadwnpared to GPCP precipitation. We calculate metrics for
from the WEIO across the Maritime Continent and alortgree regions: the WEIO, the WNP and the entire domain of
the South Pacific Convergence Zone (SPCZ). Precipitatioigure3 (Table2). While increasing the entrainment factor
also decreases over subtropical Asia, particularly along t&s a number of beneficial regional impacts, over the entire
southern slopes of the Himalayas and in eastern Chidamain both the amplitude and spatial pattern of precipi-
In the WNP, in contrast, there is a very large increase tation degrade slightlyin the WEIO the RMSE improves
precipitation. Precipitation increases to a lesser extent in transiderably, consistent with the decrease in the excess
northern Bay of Bengal and over the west coast of the Indiprecipitation bias, while the pattern correlation degrades
peninsula. Globally, precipitation changes are accompangightly. In the WNP both metrics worsen, consistent with
by changes in circulation. In the Indo-Pacific, the largetfte increase in the excess precipitation biAg. also cal-
changes at 850 hPa are increased westerly flow from thaate the RMSE and pattern correlation between ERA-
western Indian Ocean, Indian subcontinent and Maritingerim winds and 850 hPa combined U and V winds in
Continent to the WNP and increased cyclonic circulatidhe control integration and global experiment (TaB)e
over eastern Asia and the WNP. Precipitation decrea¥és bilinearly interpolate the higher resolution ERA-Interim
slightly in much of the rest of the equatorial tropics, includtata to the model grid for comparison. The representation
ing central America, the eastern equatorial Pacific, westefthe winds over the WEIO changes very little with the
equatorial Atlantic and equatorial Africa, while parts of thentrainment factor increase, otherwise, wind metrics show
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o B result is seen in DJFM, with precipitation and ascent shifted
200 ::::;i N/%/fiﬁ\}}\\ “: e %0 southwards, towards the summer hemisphere pole.
£ a0 - vy} uiuu o m@ Pt 20 5 The summer Hadley cell strengthening is consistent with
e o500 L et - [1"° @ the changes observed in increased low-level entrainmen
g ol B N e - 978 S eyxperiments with the Integrated Forecast Systd@erray
& oo LR T e s 1998, but inconsistent with the mild weakening of the
o L L e [ [ Hadley cell seen in experiments where the entrainment rats
0.0 is increased by a factor of two in the ARPEGE model
ot f A, (Oueslati and Bellon 2093
R N N PN RRERE § § IR L The longitudinal structure of these changes is shown by
£ 4004 ian SRR SR A R R - [1°® = the 500 hPa vertical velocity (Figurg). In the control
P ool f': Coritr et Hew @ integration, ascent occurs over most of the equatorial
| .. ¥ vy Tooos - 025 = Indian Ocean and WNP. Increasing the entrainment factor
S e 2w ol Soso increases ascent over the WNP, and decreases asce
925 + - o B - over the equatorial Indian Ocean, Maritime Continent,
40 % 20 40 0 10 20 30 40 Himalayas and east China. These changes represent ¢
Latitude improvementin vertical velocity biases in the Indian Ocean

sector, but a degradation in the WNP (not shown). Overall,
tical circulation (m S1) i g I Tonaitudes increasing the entrainment factor has a neutral impact on the
vertical circulation (m s') zonally averaged over all longitudesn . . - _ : .
our control integration. Bottom: Response to multiplying the convecti 00 hPa Ve_mcal Ve_IOCIty V\_"th respect to ERA-Interim, with
entrainment factor by 1.5. Shaded precipitation changes are significa control mtegratlon having an RMSE of 0.025 P4 and
the 95% level using a StudenTstest; less significant changes are outlinedpattern correlation of 0.76 between®®0and 50S, and the
Black (grey) arrows indicate either the U or V wind changes are significag[obaj experiment having an RMSE of 0.026 P4 saand
N o - . .
(not significant) at the 95% level. pattern correlation of 0.74 when the entrainment factor is

L increased.
)
SURLE
o [ G

Figure 4. Top: JJAS mean specific humidity (g k§), meridional and

1 1 1 1 1

0.15
0.10 4. Experiments locally increasing the entrainment
0.05 and detrainment rates

T
o
o
S
(sed)®

-0.05 4.1. Motivation and description

-0.10
-0.15 In a one-dimensional column of the MetUM where
external forcing is held constant, we expect increased
mixing entrainment and detrainment to immediately reduce
convective precipitation. Increasing the entrainment and
detrainment ratesdlilutes moisture in an ensemble plume,
reducing the moisture available in the plume for convective
precipitation. The MetUM employs a CAPE closure scheme
and, in almost all cases, increasing the entrainment an
detrainment rates decreases an ensemble plume’s dilut
CAPE, causing the convection scheme to calculate lowel
O 30E 60E 90E 120E 150E 180 150W120W90W EOW 30W 0 total instability for the column. The closure consequently
Figure 5. Top: JJAS mean of the 500 hPa vertical velocity Pa s'') SCales the ensemble plume’s mass flux profile by reducing
in the control integration. Bottom: Response to multiplying the convectitBe cloud base mass flux. This also reduces the cloud bas
entrainment factor by 1.5. Differences shown are significant at the 9%foisture flux and, according|y, the convective precipitation_
level using a Student$-Test. In a global model, this one-dimensional response is
transient. The difficulty lies in determining how feedbacks

, o i within a region and between different regions modify the
the same behaviour as the precipitation metrics. Thesgia| response to create the final, steady state respons

metrics confirm that while increasing the entrainment factgy 5 region and the timescale for this modification. The
does not improve all aspects of the model, it has a positigyction in precipitation could persist to steady state or the

impact over the WEIO. We are interested in determining,mn could increase in moisture or instability, returning
why increasing the entrainment factor in the MetUM causgss column to the control precipitation rate.

this improvement. - To understand the relative roles of the local response

Figure4 shows thezonally averaged globameridional and feedbacks, we run a series of targeted experiments i
Circulation in the Contr0| integl’ation and ChangeS introduc%ich we increase the entrainment factor On'y in regions of
when the entrainment factor is increased. The stronggsérest. The simplest hypothesis in these experimentsiis the
tropical feature is the winter hemisphere Hadley cqifecipitation decreases in the targeted region and the rest

with a strong ascending branch over the tropics afitk model responds to that precipitation decrease. We targe
northern subtropics and a dominant descending branch a#gée regions individually:

the southern subtropics. Increasing the entrainment factor

shifts the Hadley cell northwards, towards the summer ¢ WEIO
hemisphere pole, and broadens the southern descending WNP

branch. While not discussed in detail here, an analogouse all land points.

30S

30N

T
o
o
o
(sed)mv

30S

T
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Table 2. Root mean square error and pattern correlation comparing JJAS precipitation (P) and 850 hPa wind in the control integration anc
experiment to GPCP precipitation and ERA-Interim 850 hPa wind. The monsoon domain is definédEds 4BOE and -20S to 40N, the
domain of Figured and3. The WEIO domain is 50E - 9C°E, 10°S - 5°N and the WNP domain is 12& - 175°E, 5°N - 27°N.

Model integration  Region evaluated RMSE P Pattern correlation P RMSE wind  Pattern correlation

(mmday ) (ms™)
Control monsoon 2.89 0.76 1.25 0.95
Global Experiment monsoon 3.57 0.69 2.06 0.89
Control WEIO 5.36 0.69 1.03 0.98
Global Experiment WEIO 3.69 0.61 1.02 0.98
Control WNP 3.05 0.75 1.44 0.88
Global Experiment WNP 6.43 0.44 3.38 0.59

We choose the WEIO to investigate the significant decrease @) WEIO experiment
in the important precipitation bias there in the gIobé?N " nNE ‘
experiment. We choose WNP to explore the large respogse | .,

there in the global experiment and to contrast with the | .
WEIO, since the WEIO and WNP are similar regiongy 4 = ¢ -
(warm, oceanic, moist) that respond differently in the ‘
global experiment. The WEIO and WNP regions anen -
entirely oceanic, so we also conduct an experiment where |,
the entrainment factor is increased over all land grid®
points in the model, including coastal grid points. This |
targets the large changes in precipitation seen over tfi2 }
Himalayas, Maritime Continent and East Asia in the glob f
experiment. Tablél lists the experiments and defines the ) WNP experiment
targeted regions. The JJAS mean precipitation and 850 htRa————
circulation changes in the AMIP-style targeted experiments

=
N Wt v
are shown in Figuré. 30N 1\, e VT -
AT L 15
20N ' T [ e -
4.2. Mean-state response R Rl £

Results from the AMIP-style WEIO experiment (Figuia) TN My L -
are consistent with the expected local effect of increasing { =+ Los L= 00 EREREEE
the entrainment factor. Precipitation decreases in the WEIO
which increases moisture in the Somali jet. This increases
precipitation in the southeast Arabian Sea and Bay of
Bengal where the jet exits the increased entrainment factét —
region. A Gill-type response to off-equatorial diabatig,
heating Gill 1980) from increasing precipitation in the %
Bay of Bengal strengthens the flow up the monsoggy _ .

trough. This increases precipitation in central India, but | -®:
the increase is only a small fraction of the MetUM biasn - -

over the Indian Peninsula. Where the mean flow (Figdre r
enters the increased entrainment factor region, precipitatién 7 - -
decreases inside the boundary. This is consistent with our |
expectation that an abrupt increase in entrainment factot
tends to decrease precipitation (see Sectidh Where the . |
mean flow exits the increased entrainment factor region, we |,
see the opposite effect, with especially large increases,ig L

precipitation within a few grid points of the boundary. 60E 80E  100E  120E  140E  160E  180E
The increased precipitation in and around India is
consistent with sensitivity experiments indicating that = [0 T [ [ 77 [ P

-70 50 -30 -20 -1.0 00 10 20 30 50 70

reducing erroneous diabatic heating over the Indian AP (mm day’)

Ocean leads to improved monsoon circulation in GCMs

(Bollasina and Ming 2012 Analysis of observed OLR Figure 6. The response of tropical Indo-Pacific JJAS precipitation (mm
signatures associated with intraseasonal variations indicates') and 850 hPa winds (m~s') in AMIP-style experiments to
that the equatorial Indian Ocean and South Asijdisreasing the entrainment factor the targeted regions: (a) the WEIC

. . WNP and (c) over all model land points including coasts. Increasec
continental convection zones compete, and when ] frainment factor regions are outlined in black. For clarity, continental

is suppressed, the other tends to become more achvnes are omitted on panel (c). Significance is indicated as in Figure
(e.g. Krishnanet al. 2000. This is also illustrated in

our experiment as the air dried by precipitation around
India returns to the equator aloft, descending over
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the WEIO (not shown). The precipitation anomalies a) WEIO Day 1
and cyclonic wind anomalies in and around India in
this experiment are also consistent with interannugy| |
anomalies and intraseasonal empirical orthogonal functions
(EOFs) calculated from NCEP/NCAR reanalysis data -
(Sperbeet al.2000, indicating an improved representation
of these modes of variability could lead to a similar patteren 7 ¢ :
of improvement in the mean state. i
In the AMIP-style WNP experiment (Figuresh), °7
precipitation increases near the centre of the region

but considerably less than in the global experimelr? T TR R /fU\\ roms | |
(Figure 3). This suggests that increasing precipitation ig, /) RN il T N ‘ B
the WNP in the global experiment is not purely a response 60E 80E 100E  120E  140E  160E 180

to precipitation decreases elsewhere in the model, but b) WNP Day 1
rather a semi-local effect. As in the WEIO experimert™ —
precipitation decreases where the mean flow enters the
edges of the increased entrainment factor region (Fitgjre > |
and precipitation increases where the mean flow exits, |
While many of the circulation changes present in the

global experiment are also present here, their magnitygle.
is reduced, consistent with the precipitation response. |
Increased ascent and heating in the WNP drives anomalous|
westerlies from the tip of the India peninsula across the Bay
of Bengal and Indochina peninsula to the WNP, as wetk 1. | —
as cyclonic circulation through the increased entrainment Lome

factor region and over East Asia. Very little change iff® ‘ ‘ ‘ ‘ ‘ ‘
60E 80E 100E 120E 140E 160E 180E

1 | ] 1

precipitation is seen outside the increased entrainment
factor region, but the meridional overturning circulationis —=a [ [ T [ [T70 [ =
slightly strengthened in the west Pacific (not shown). 050 80 20 0 (rg[: dayl;)o 20 30 50 70

In the AMIP-style land experiment (Figuresc),
precipitation primarily decreases over land, consistent witlyure 7. Twenty-year mean response of precipitation (mm-dgyand
the immediate, one-dimensional effect of the entrainmedad hPa winds (m's!) on the first day the entrainment factor is increased
change. Decreases are particularly large on the south sIdpi§ (2) WEIO and (b) WNP initialised experiments. Only changes whose
of the Himalayas, in east China, and on the northern isla %ﬁre significant at the 10% level using a binomial distribution are
of the Maritime Continent. As in previous experiments,
just inside the boundary of the increased entrainment
factor region, precipitation decreases and just outside gwithwesterlies out of the region, while increasing the
boundary, precipitation increases. Since the boundariesem&rainment factor in the WNP increases precipitation and
longer in this experiment, these “edge effects” are marereases westerlies into the WNP.
prevalent. They are especially noticeable on the west coadn the AMIP-style global experiment, these local
of the Indochina Peninsula and over the Philippines, wheesponses feed back on each other to strengthen the
the low level westerly flow crosses south east Asia. vtesterlies across the India and Indochina peninsulas anc
would be prudent to assume responses over narrow steggengthen the cyclonic circulation over the WNP. This
of land in this experiment are primarily due to edge effectzarries the increased moisture in the Somali jet across
However, changes far from the edges, such as the chartesIndia and Indochina peninsulas, further increasing
over the Himalayas, are unlikely to be edge effects givéme moisture available for precipitation in the WNP. The
their similarity to the response in the global experimemtcreased ascent in the WNP and decreased ascent in th
and that in all local experiments edge effects appear to\WE&IO collectively strengthen the Hadley Cell and shift it
confined to the few grid points nearest the edge. northwards, which, combined with the local response over

The reduced convection over land in this experimeiand, promotes decreased precipitation over the Maritime
shifts precipitation just offshore to the Bay of Bengafontinentand the SPCZ.
South China Sea, east of the Philippines, east of JapanThe increase in precipitation in the WNP does not appear
and west of the Indian peninsula. Ascent increases in thebe a result of the large precipitation decreases over the
South China Sea while ascent decreases over east Asia\&idO or Asian continent. Instead, the local response to
descent increases over the east Pacific (not shown). T increased entrainment factor in the WNP forces the
dynamical response to increased diabatic heating over WBIP’s surroundings, altering their state, and the altered
Bay of Bengal is a strengthened monsoon trough whishrroundings in turn force the WNP. These “near-local
slightly increases precipitation over India. feedbacks” determine the response of the region.

The sign of the precipitation response in the global
experiment (Figure) appears to be a simple combinatios.3. Initial local response
of the responses in the the local experiments (Figire
Increasing the entrainment factor over land generallye have shown that the WNP’s response to an increasec
suppresses land precipitation. Increasing the entrainmentrainment factor is of opposite sign to that in the WEIO,
factor in the WEIO decreases precipitation and increag®&n in targeted experiment3o explore the detailed
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evolution of the feedbacks that are driving the mean-state

response, we conduct a set of 20 two-month long initialised 003 4 ——  control: WEIO -
experiments (see Sectioh3d). In these experiments we — —  WEIO experiment: WEIO

impose the entrainment factor increase on July 1, after the ——  Control: WNP

monsoon circulation is already established, and analyse ho 0025 7 — = WNPexperiment: WNP i

the initial response evolves into the mean-state response.
We focus on the WEIO and WNP as case studies, §0 0.020 -
determine the mechanism generating different mean-state
responses in two similar regions of tropical ascent. i
Figure7 we show the day one mean response in the WEg)
and WNP initialised experiments. Initially, as expectes
from the immediate, one-dimensional effect of increased o.010
entrainment factor, precipitation decreases in both regio
he different locations of the regions leads to different
initial dynamical responses to decreased latent heating.
The WEIO demonstrates an approximate Gill-type response
to equatorial decreased latent heating, which results in a
pair of anticyclones to the north and south and increased 0.005 01 05 5 50
easterlies and westerlies out of the increased entrainment
factor region. The mean flow (Figuf@) carries the excess
moisture that results from decreased precipitation to th@ure 8. Histograms of time-step convective precipitation rateshia
northeast, out of the experimental region, where it in@sasontrol integration (solid lines) and initialised expeeints (dashed lines)
rainfall. The WNP demonstrates a GiII—type response qp the first day that entrainment factor is increased in theO\Eed) and

. . - P (blue). Every grid point in the WEIO and WNP regions atg\igne-
decreased Oﬁ'equatonal latent heatlng, which reSUItS\sI}l%\;) on July 1 in a 20 year set of experiments is included. Tmeber

an anticyclone centred On_the region. Small precipitatighevents less than 0.005 mm day are not shown in the figure, their
increases surround the region. frequencies are 65% in the control in the WEIO, 58% in the gxpent in

In Figure8, we show a histogram of day one time-stejj® WEIO, 79% in the control in the WNP and 74% in the experinien
precipitation rates in the WEIO and WNP in their loc e WNP.
initialised experiments. We construct the histogram using
every time-step and grid point available. As anticipated {gions in the global experiments. Here we analyse a
Section4.1, increasing the entrainment factor leads 10 gries of diagnostics including moisture budgets, chainges
ecrease in the preferred rates of precipitation as welliige_step precipitation rates, and the relationship betwe
an increase in the overall frequency of precipitation evenfacipitation and moisture to determine how the increased
(defined as time-steps with precipitation over 0.005 M@rainment and detrainment rates, the initial states @f th

day™'). We discuss the time-step precipitation rates in Mofggions and feedbacks lead to the different steady state
detail in Sectiorb.2 responses.

he initial precipitation response in the WEIO is broadly
sistent with the JJAS mean response in FigBigesd6a,
but the initial precipitation and dynamical responses @ tR-1-

NP are the opposite of those in the JJAS mean. While t'l_j_e h h luti f dail C
regions initially respond similarly, this shows they ewlv igure 10 shows the evolution of daily mean precipitation

differently. The daily evolution of the precipitation an@nd 850 th _ci_rcglation in the Indo-Pacific region in_ a 20-
dynamical responses in the WNP initialised experiment 2" Set of initialised experiments where the entrainment
shown in Figure9. The initial precipitation decre:z-z zndactor 1s mc_reased 9'°b?”y on July 1. The _evolutlon 1S
resulting anticyclone persist until approximately day ,ﬁvgqr_]sllsten.t with the e\r/]olunon Olf the local ?‘xperlmentshwn
after which the precipitation increase and cyclonic resgoriitial drying everywhere evolving into the JJAS AMIP-
seen in the global and WNP AMIP-style experimenily!® response (Figurg) over the course of a month. To
(Figures3 and6b) slowly develop. This evolution is purelyduantify this response, in Figurgl we calculate daily

driven by the increase in entrainment and detrainment in fRgan moisture budgets averaged over the WEIO and
WNP. WNP regions used in Sectigh Precipitation, evaporation,

horizontal moisture flux convergendgée., the sum of
5. Diagnostics of response in the WEIO and WNP to  Moisture convergence and advectioa)d approximate
the global entrainment factor increase column water vapour (CWYV, integrated from 1013 hPa

to 100 hPa with approximately 100 hPa resolution) are
Section4.2 demonstrates that, in the WEIO and WNRBhown for July and August. In the control integration,
the AMIP-style response to increasing the entrainmehtgust precipitation is nearly equal in the WEIO and
factor locally (Figure6) is consistent with the AMIP-the WNP and moisture is supplied by a combination
style response to increasing the entrainment factor gipbaif evaporation and moisture convergence. In the WEIO,
(Figure 3). Section 4.3 further shows that the WNPevaporation dominates, but in the WNP, evaporation and
and the WEIO initially respond similarly to increasethoisture flux are equally important. The WNP is moister
entrainment factor and that while the initial respongban the WEIO, with a daily mean CWV approximately
broadly persists to the mean-state in the WEIO, in t28% higher.
WNP the initial response reverses about five days afteiOn the first day that the entrainment factor is increased,
the entrainment factor is increased. This motivates a m@recipitation decreases in both regions, decreasingtlaten
thorough study of the behaviour in and around the tweating. Decreased latent heating decreases the hotizonta
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Figure 9. Twenty-year mean evolution of changes in precipitation (day ') and 850 hPa circulation (nTg) in the WNP initialised experiment.
Only changes whose sign are significant at the 90% level anersHThe reference wind speed increases from T'its 5 m s~ ! through the panels.
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OFigure 10. As in Figure9, but for the global initialised experiment. The referendadwspeed increases from 1 m5to 5 m s~ through the panels
and is not always the same as the reference wind speed ireRigur

OTabIe 3. August daily mean and standard deviation of MSE éutigms in the control integration, global initialised exment and ERA-Interim

reanalysis. All units are mm day except for CWV, which has units of mm.
‘ ‘ Control Global Experiment | ERA-Interim
WEIO Mean o Mean o Mean o

Cwv 432 3.7| 39.3 3.8 45.0 2.8
Precipitation 9.17 3.25| 5.70 3.11 573 1.56
Evaporation 5.47 0.52| 5.63 0.62 470 0.64
Moisture Convergence 3.02  3.33| -0.33 3.14 0.77 1.98
Radiation -3.05 0.62| -3.70 0.56 -3.16 0.45
DSE convergence -6.10 3.79| -1.85 3.43 -3.86 7.89
WNP Mean o Mean o Mean o

Cwv 527 2.7 ] 55.1 2.4 52.5 2.3
Precipitation 9.33 2.82| 12.98 3.46 8.71 1.85
Evaporation 437 0.61| 5.05 0.66 431 0.52
Moisture Convergence 4.81 2.38| 7.63 2.99 418 1.99
Radiation -2.72 0.47| -2.42 0.40 -2.55 0.36
DSE convergence -6.27 3.21] -10.0 3.45 -488 3.78
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kg—!) and the size of the region.

moisture flux convergence and increased detrainmétal evaporation supplies the moisture for the remaining
causes an increase in CWV. Over days two through foprecipitation. In the WNP, an increase in the moisture flux
precipitation and moisture flux rebound in response to thenvergence and a small increase in evaporation supply the
increased CWV and destabilisation, exceeding the valuesnnisture for the large increase in precipitation. The CWV
the control integration and returning to the control valyes difference between the two regions grows. At steady state
day five. On day five, the CWV in the WEIO decreases taily mean CWV in the WNP is approximately 40% higher
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Figure 11. Twenty-year mean July and August evolution of daily (a) jmigation (mm day 1), (b) evaporation (mm day'), (c) horizontal moisture
lux convergence (mm day'), (d) approximate CWV (mm), () radiative cooling (mm ddy and (f) dry static energy (DSE) convergence (mmdhy

in the control integration (dots) and global initialisegoerment (crosses) averaged over the WEIO (red) and WNE)HBlnaded changes are significant
daily at the 95% level using a StudenTstest. In all fields, fluxes are converted to mm dayusing the latent heat of evaporatioh & 2.5 x 103 J

its control value, whereas the CWV in the WNP remairiban in the WEIO.

increased. Evaporation is also increased slightly in theAs the moist static energy (MSE) budget is a useful
WNP. Subsequently, the evolution of the WEIO and WN#agnostic of the interaction between forcing and largaesc
differ considerably. Precipitation, horizontal moistdlex circulation (Neelin and Held 1987 we show other terms in
and CWV persistently decrease in the WEIO, while alhe moist static energy budget in Figure We do not show
three increase in the WNP. After approximately one morithe sensible heat flux due to its small contribution to the
the integrations reach a steady state. At steady state tloaerall budget. In the control integration, sensible hest fl
is almost no moisture flux convergence in the WEIO anglroughly constant in time at approximately 0.4 mm day

This article is protected by copyright. All rights reserved. 1111



in the WEIO and 0.25 mm day in the WNP. When the § *° %

@ Control: WEIO

entrainment factor is increased, sensible heat flux inesea$ @ Control: WNP x X x

to 0.3 mmday ! in the WNP. In both regions, the changesig 5 | X GlobalExp: WEIO & L
radiation, evaporation, dry static energy (DSE) convecgen X Global Bxp: NP x ) x

and moisture flux convergence roughly balance one anotfer " X% J x
as required by MSE conservatiom the WEIO (WNP) & 001 v o .
the reduction (increase) in precipitation is associatetth wé 05 K XXXXX . X

increased (reduced) radiative cooling, which is counte- s | “es Je° f.....”' '°'"..,...o.....“...o’"..:,..ﬁ-',

S600y

. ) . . . . ' . o
intuitive in a radiative convective equilibrium frameworkg x o000 y 3
"ut¥gpngastisas® *x;:&,;gz-,“z.mxmg:,;;maﬁ XX

This suggests that these regions are not in radiatie
convective equilibrium. We can understand the changes-in -0 ' ' '
the WEIO as a response to reduced cloudiness associated ™' uly 15 Avg-1 Avg- 15 Sept.1
with the reduced precipitation and reduced CWV. Th&yure 12. The ratio of horizontal moisture flux convergence to DSE
increased radiative cooling and reduced precipitationtmugvergence in the WEIO (red) and WNP (blue) for the contr@gration
be balanced by decreased dry static energy divergef§ieés) and global initialised experiments (crosses).

associated with weaker ascent. The weaker ascent also

leads to a reduced moisture convergence which baIancesFthe ) -
reduction in precipitation. The dry static energy divergen/19ure 11. These differences may indicate that due to the

gg@yged circulation and forcing after the entrainmentfact

leading to a slight decrease in moist static energy divargel? Ncreased, drier air is being advected into the WEIO,
to balance the slight reduction in the diabatic moist statifhereas the WNP is able to continue advecting moist air,
energy source. In the WNP there is a small decreasedfsPite increased mass convergence. _
radiative cooling and an increase in evaporation which'his difference may be due to differences in the
are balanced by increased moist static energy divergedgdical structure of heating in the two regions, which
produced by a larger increase in dry static energy divergeRte associated with differences in the vertical structdre o
than increase in moisture convergence. m0|§ture flux convergence. In Figui& we show the dall_y

In Table3 we compare the August daily mean values §grtical velocity (v) profiles for the WEIO and WNP in
moisture and MSE budget terms in the control integratid¢ control integration and global initialised experingent
nd global experiment to estimates from ERA-Interifgonsistent with the precipitation changes in Figliig on
reanalysis. While many of these quantities are not directf}¢ first day the entrainment factor is increased, vertical
constrained by observations in the reanalysis produg, :¥elocities reduce. They rebound quickly and by day two
re indirectly affected through dependence on fields ti€. if anything, slightly increased relative to the cohtro
are. Consistent with our comparison to GPCP in Secjonintegration. From_day six, the ascentin the WEIO reduces
precipitation in the WEIO is in better agreement witBnd the ascent in the WNP increases. Throughout the
reanalysis in the global experiment, while precipitation £volution in the control integration the shape of the WEIO
the WNP is in better agreement with reanalysis in tigofile indicates more upper level convergence than the
ontrol integration, despite the fact that GPCP precijoitat WNP. While in the global experiments the magnitude of

eeds ERA-Interim precipitation by approximately $e profile changes, the shape changes very little. It is

mm day ! in the WNP. The WNP MSE budget andikely that the greater convergence in the moist lower
WV agree Very well with ERA-Interim in the CO”tro'thpOSphere in the WNP pI‘Ofile Contl‘ibu'[es to increased
integration, and very poorly in the global experiment. Ifoisture convergence into the WNP, allowing the region
C )contrast, the WEIO MSE budget agrees better with ERAQ recover from the initial decrease in precipitation more

¢

|

C

d Arti

(c

Interim reanalysis in the global experiment than in tHauickly, further destabilising the region and promoting
control integration. However, in ERA-Interim, the moisturconvection. This is consistent with the differences in DSE
for WEIO precipitation is supplied by more moistur€onvergence and moisture convergence shown in Fibire
convergence, and less evaporation than in the globaFigurel4we compare the JJAS vertical velocity profiles
experiment. This indicates that while the precipitatioR the AMIP-style control integration and global experirhen
agrees very well, there are still biases in the underlyit@) ERA-Interim. In the WEIO, the magnitude and shape
mechanism. The WEIO is moister in ERA-Interim than iaf the profile are in better agreement with the reanalysis
the global experiment and instead agrees well with contialthe global experiment than in the control integration.
integration. In contrast, in the WNP, the magnitude and shape of the
In Figure12, we use the model’'s tendencies to calculapgofile in ERA-Interim are in much better agreement in the
the evolution of the ratio of horizontal moisture fluontrolintegration than in the global experiment. However
convergence to horizontal DSE convergence in the WEle ERA-Interim profile appears to peak slightly lower in
and WNP in the control integration and global initialisethe troposphere than in the control integration.
experiments. The ratios are different in the control
integration; the WEIO has less moisture convergence ®@. Time-step precipitation rates
its DSE convergence than the WNP, suggesting that there
is less moisture convergence per unit mass convergeAseshown in Sectiont.3 and anticipated in Sectiod.1,
into the WEIO than in the WNP. Whethe entrainment the initial decrease in precipitation due to the increased
factor is increased, the ratios stay the same in the WNRfrainment factor is associated with a decrease in the time
while in the WEIO, the ratio increases, showing even lestep intensity of convective precipitation. Reduced i&inf
horizontal moisture flux convergence for a given amouoi a given time step results in a more unstable environment
of DSE convergence. Sometimes, the WEIO ratio is evprofile remaining at the end of the time step, increasing
positive, indicating moisture flux divergence as shown the likelihood that deep convection will be triggered in
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Figure 15. Histogram of time-step convective precipitation ratesha t
control integration (solid lines) and global initialisegperiment (dashed
lines). All August time-steps of the 20 initialised expeeints in the WEIO

0.000 (red) and WNP (blue) regions are included. The number oftevess than
0.005 mm day ! are not shown in the figure, their frequencies are 58% in
the control in the WEIO, 56% in the experiment in the WEIO, 7iftthe

integration (solid lines), global initialised experimgaashed lines) and
ERA-Interim reanalysis (squares) averaged over the WEd@) @nd WNP

(blue).

control in the WNP and 55% in the experiment in the WNP.

enables the model to rain more consistently at moderate
rates.
We now examine whether this reduction in time-step

. . . _rainfall intensity continues once the integrations reach
the next time step and increasing the number of tindgaqy state. Histograms of the time-step rain rates of

steps in which rainfall occurs. The decrease in time-stggnhyective precipitation in the WEIO and WNP after the
precipitation intensity therefore indicates a more umiforgiobal initialised experiments have reached a steady state
distribution of rainfall with time. Consequently, insteatl are shown in Figuré5. As in the histograms of the day
precipitation alternating between high-intensity eveartd one response (Figur@), preferred time-step precipitation
no triggered convection, the increased entrainment factates decrease in both regions. However, the frequency of al
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Figure 16. Grey solid (dashed) lines contour a histogram of daily Cw¥igure 17. Histograms of daily grid point CWV (mm) for every day in
and precipitation in the control integration (global AM$BAe experiment) every JJAS season in the control integration (solid line) giobal AMIP-
in tropical regions of ascents(< 0 between 30S and 30N) over JJAS. Style experiment (dashed line). All grid points within the2¥ (red) and
The black solid (dashed) line is the average value of priatiph ina Cwv WNP (blue) are included.

bin in the control integration (global AMIP-style experintg The area

between the lines is shaded where the difference is signifaiathe 95%

level using a Student$-Test.

Art

(global experiment). Daily mean precipitation increases
) ) ) rapidly with CWV in the control integration and global
rain events (time-steps with greater than 0.005 mnTdy experiment. Increasing the entrainment factor decreases

changes considerably over the course of the integrationgifjly mean precipitation at lower daily CWV and increases
response to feedbacks. When entrainment and detrainmgit, mean precipitation at higher daily CWV.

are increased in the WEIO, the frequency of time-step ° ) _

rain events increases only slightly, while in the WNP Figure 17 shows a histogram of the daily CWV for
the frequency of rainfall events increases from 23% @fch grid point in the WEIO and WNP in the control
time steps in the control integration to 45% in the glob#ltegration and global AMIP-style experiments. In the
initialised experiment. WNP, the distribution of CWV in the control extends to
he decrease in time-step rainfall intensity does ndigher CWV than in the WEIO. While the spread in the
necessarily indicate a decrease in daily rainfall amouhtsrelationship between daily CWV and daily precipitation in
time-step rainfall intensities decrease, daily mean adlinfthe tropics is large (Figur&6), the increase in precipitation
also decreases unless the number of time-step rainfalt®ven high CWYV indicates that this moister initial state may be
increases enough to compensate. The JJAS average incriegisertant to determining the WNP’s response to increased
in daily mean precipitation in the WNP occurs despite lowentrainment factor. It is well established that on seasonal
time-step precipitation intensity, due to rainfall on morgnd interannual time-scales convection in the WNP is

ted

cep

time steps in a day. related to the behaviour of the north Pacific subtropical
< ) high (NPSH), such that enhanced convection in the WNP
5.3. CWV and precipitation corresponds to a cyclonic anomaly and increased moisture

flux into the region as the NPSH contracts to the east
Increasing the entrainment and detrainment rates alters(hu 2001, Lu and Dong 200l A few very moist grid
sensitivity of convective precipitation to moisture, ag thpoints that increase in precipitation may be key to initigti
increased mixing of environment and “plume-ensemble” alte precipitation-moisture flux feedback that reverses the

reduces the buoyancy of a plume less if the environmesitial anticyclonic response to the WNP entrainment facto
is also warm and moist. To characterise this change in @Wange.

model, in Figurel6 we show a histogram of the daily _. .
values of CWV and precipitation in regions of tropical Figure 16 also illustrates that, at constant CWV, the
ascent$ < 0 between 385 and 30N) for every day in preC|p|tat|9n change due to mcreased.entralnment fastor i
the 20 JJAS seasons in the AMIP-style control integrati§i?all, until the CWV exceeds approximately 60 mm. For
(grey solid) and global experiments (grey dashed). Thef@ues of CWV below approximately 60 mm, increasing
are many differences between the two distributions. TR&VV by even a few millimetres increases the daily mean
contours consistently extend to higher CWV in the g|obgrecipitation more than increasing the entrainment factor
AMIP-style experiment than in the control integratiorf;igureslland17 show that in response to the entrainment
indicating precipitation over a wider range of daily CW\Vfactor increase, local feedbacks increase the moistutein t
At higher CWV the distribution extends to increased dailVNP and at steady state, a higher fraction of the region is
precipitation. The black solid (dashed) line is the averagery moist (-~ 60 mm). This increase in moisture is clearly
daily precipitation at a given CWYV in the control integratiorelated to the final increase in precipitation in the region.

A
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6. Discussion and Conclusions

Increasing the fractional entrainment and detrainmeesrat

in the MetUM’s convective parametrisation, as well as other
GCMs Kim et al. 2017), reduces several persistent Asian
summer monsoon biases while exacerbating otiWftsle
increasing entrainment and detrainment is consequently
not a path to an improved representation of the monsoon,
understanding the reasons for the beneficial impact on
some biases may be useful for future parametrisation
developmentWe analysed experiments where we increased
the entrainment and detrainment rates globally, and in
targeted regions, and used them to separate the immediate,
[ 1 I local effect of the entrainment factor change from changes
250 255 26.0 26.5 27.0 27.5 28.0 28.5 29.0 29.5 30.0 in forcing.

SST (C) We found that the sign of the response to a local
- 19 19AS SSTSIC) and 850 hPa circula $inth ol entrainment factor increase in the WEIO, the WNP and
ir:?eljgr;tioﬁ,comparejot(ozr?gJJASpre?i;il{gtlijoil(c)ﬁa(rgms}rg;obgl(fl\r/]lI';)— the land experiments was almost always the same as

style experiment (black contours). The solid (dashed)mastare positive the sign of the response to the global entrainment factor
(negative) changes, and contours are placed at -5, -1, Famd day !.  increase in the same location. This indicates that indafidu

changes are not solely determined by teleconnections, but

rather are determined by the local impact of increasing the
5.4. Surrounding environment entrainment and detrainment rates and resulting neat-loca

feedbacks. The response to globally increased entrainment

So far, we have examined the evolution and characterisf@d detrainment rates in the Indo-Pacific appears to be a
of the WEIO and WNP, now we analyse the characteristRdPerposition of these local responses strengthened gy fee
of their surroundings. The surrounding environmeRfCKS

etermines the characteristics of the air advected intoV/e further _analyse the WEIO_ and WNP as case
he region when the circulation adjusts to the increasaidies Of tropical convergence regions that show differen
entrainment factor. The WEIO and WNP are located [R€an-state precipitation responses to increased enteainm

very different environments. Figufie3 shows JJAS latitude anglodetramt:nent. IThe ddecrease_ tm prec]lpltatl_on mdltf:e
and longitude sections of specific humidity and circulatioff E'O can be explained as persistence of an immediate,
e-dimensional effect of the increased entrainment and

averaged across the WEIO and the WNP. In the contfpl€ @ P .
etrainment rates, whereas the precipitation increase in

integration, the WEIO s a narrow region of ascent in the "\ \ 5" o 70 complicated. Diagnostics indicate that

equatorial Indian Ocean. Alr is advected into the regi precipitation increases in the moistest regions in the tode
from the moist Maritime Continent to the east (Figiga), Tpe WNP is moister initially than the WEIO as well

a?radvected_in fromthe southis from a drier subtropicgs moistening through feedbacks when the entrainment
SureS'?oenng? a:gg(la%r': S:'r?gﬁsgé dlg Cg,mﬁsrté tir(])ensV\gTF;sls fa?tor is increasedSince, the MetUM convection scheme
arr% moist air is advected into %/he re iongfrom the W:dtueases time-step convective rainfall intensity when th
across India and the Indochina eningsula and from ¢ trainment factor is increased (Secti®R), increases in
Jochina p o . ily mean precipitation indicate rainfall over more of the
ast across the west Pacific (Figdi&a). Additional moist ay
ar 1S supplied fr_om the Maritime Com"?e”t to the SOUtN e also show differences in moisture flux convergence
(Flg_ll,lrte)llsc). TZ'ShSW%%StS that Ithere_ IS more moIstUg, the two regions. The WEIO is bordered to the south by
ﬂva| a de a_rofu“ the tods_upp y a[g Increase in mo'suérﬁrier, subsiding environmentwhile the WNP is surrounded
ux.an ralna.a as sugggste n Se-ct '1 ) by warm, moist ascending air. Vertical velocity profiles
As the horizontal moisture gradient in tropical oceanjggicate less lower tropospheric convergence in the WEIO,

regions iS_ influenced by the sea surface temperatibl’f&icatingthatthe air advected into the WEIQ is likely drie
(SSTs), Figurel9 compares the JJAS mean SSTS afHan that advected into the WNP.

horizontal circulation to the JJAS precipitation response| yo and Stephens (200§  show  that  when

in the global experiment. Qualitatively, where the meajuperparametrisation is added to a GCM (SP-CAM),
flow is directed from regions of cooler SST to regionsrecipitation in the WNP is dramatically overestimated.
of warmer SST, precipitation decreases, while in regiomiey suggest this is due to an overactive convection-wind-
where the mean flow is directed across regions of waevaporation feedback, and demonstrate that if evaporation
SST, precipitation increaseBollasina and Nigam(2009 is decoupled from the other variables in the model that
and Bollasina and Ming (2019 suggest that the Indianthe precipitation in the WNP decreases by 50%. It is
Ocean excess precipitation bias is due to GCM precipitatigifficult to determine from Luo and Stephens(2006
being overly sensitive to Indian Ocean SST and SSvhether the important effect is in the WNP region itself,
gradients. While increasing the entrainment factor doé¢s o® in the surrounding regions. Since evaporation only
directly impact this relationship, it appears to indirgctlincreases slightly in the WNP when the entrainment
shift the rainfall to the highest SSTs, perhaps increasifagtor is increased in our experiments, a local overactive
the sensitivity of precipitation to SSTs, but also decnegisiconvection-wind-evaporation feedback in the WNP can not
the precipitation and consequent convergence in regiondefthe explanation for the large increase in precipitation i
strong SST gradients. our experiments.
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Figure 18. (a) JJAS specific humidity (g kg') and zonal circulation (ms') meridionally averaged across the WEIO and WNP in the contro
integration. (b) Changes in the global AMIP-style experntm®nly changes significant at a 95% level with a StudeRttest are shown. (c) and (d) are
the same as (a) and (b) but for meridional circulation zgreaeraged. Though these are for the global experiment,ashedl lines correspond to the
boundaries of the WEIO and WNP regions for reference.

WEIO WNP
100 a) ﬁ 1 1} 1 1 1 1 1 100 1 =T 1
B 200 s\ 4 === S N A Arzzzzd
2 300 N\\ ~> W\\\\\W/nw 300 tezzoreeee N\ IR an
< 400\ N~ SSNNNSSSS=<<<ee 400 FEEZTe oo - 4 | } } } NN N
@ 500/ 4t -t }; et SIS {500 feees s A= / PAARRRRR -
2 600/ \i~=zp PN s s S OO NNOSSSSS 01 (- 600 TN - (s == T 2 f taAANRNNNSSke 01
8 T00-NNNS=2 2777V Pt RS SSNNNNNSES t 700\ 1 ez 2 /’/'//'//V//M\\\\\\\\«r\*T_) -
a1 f SAPAS S RRRRINSS e s s | B0 S e m——— 5 T 5" |
T T T T T T T T T T T T T T T T
50E 70E 90E 110E 130E 150E 170E 170w 50E 70E 90E 110E 130E 150E 170E 170w
b) Longitude Longitude
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
100{=-F=—=====—— - === I 1004~ < - - o-oo—-k T = s 3
< 200 NSNS S S ~~———>—>>1 200 i VAR \}\»\\\\\\\\-\“ ,,,,,,, |
£ 2] ST NI, 0] e WD
= - .S N NN S~ L B NN/ v Pt .
ME 500 | ~~~—~—==-=~ssss~~1 500 B - - N i So o v YNy N H
Z 600 Y6 0 N RS Nsevpp oA A A A s s A L
9 7001 S~ + 700 - e EE e 0= =
c ),5— 4 N L 4 R PRSI B W P L
gggA T T T T T T T I gggA T .J‘Y"\i Y—".AAT“,IA‘T““‘T‘_.A__YAI- T
70E 90E 110E 130E 150E 170E 170w 50E 70E 90E 110E 130E 150E 170E 170w
Longitude Longitude
. C)l 1 1 1 gl 1 1 1 1 1 1 1 1 gl 1 1 1 1
100K~~~ ---<----& T - - --~~~=<<----}F 100F - - T - e~~~ ~ < }
T 200 FSNONN N S SSNNNN N 200 - ¢ LS NANNSPS S N T E
300 PSv Ve b e E 300 - Loty }\\\.wvffn»
<= 400 IY‘s//r—(/////II'*4OOA\ [ t et tveo 22 7770
© 500 LT et = VA F 500 4~ . Vot (UL | ttr -k
7 600 /- 600~ - Vs h ttrzodecvrro o
@ 700 F 700+ - - - [T AR T T T | B A A A ] e e o
a 4 o o | 4 > - s S S
8381 Ir Bt 12 Scam g - - [
T
40
1
00 I 100 3
T 2004 - -r 200+ r
Q300+ r 300 r
< 4004 : b 400 +
L 5004~ o~ r 500 r
g %01 T i
a 4 L 4 L
[}
=% A
T T T T
40 -30 -20 -10
Latitude Latitude
l [ [ 1 [ [ e— ——l] 0 ] [ [ [——
0.0 2.5 5.0 7.5 10.0 12.5 15.0 -0.50 -0.25 0.00 0.25 0.50
) q (9/kg) A q (g/kg)

P

The lack of ocean-atmosphere coupling in our integra-Initial results from aqua-planet experiments indicate
ions exaggerates the precipitation response in the WKt increasing the entrainment rate focuses precipitatio
as SSTs do not cool in response to the increased clondxima onto the SST maxim@®(eslati and Bellon 2013
accompanying the increased precipitation. However, itNs Klingaman personal communication). Our experiments
unlikely that this is responsible for the entire increase are consistent with this resulRollasina and Ming(2012
precipitation. For exampleStanet al. (2010 show that suggestthatthe Indian Ocean wet bias is due to precipitatio
when SP-CAM is coupled, the large precipitation responiseGCMs being overly sensitive to SST gradients. Increasing
o the superparametrisation in the WNP reduces, but deesrainment and detrainment rates appears to be one method
not disappear. A reduction in precipitation due to coupliragf decreasing the precipitation and consequent conveegenc
is also likely to come at the price of a cold SST bias, @&sregions of strong SST gradients. Further analysis of aqua
seen inthe the WEIO in coupled modédlgyine and Turner planet experiments may allow a more detailed exploration
2012. of the mechanism driving precipitation increases in

Increasing entrainment has been shown to increassponse to increased entrainment and detrainment, vithou
intraseasonal variability in several models, includintpe complicated feedbacks present in a full GCM.
the MetUM (Kim et al. 2012, Klingaman and Woolnough Independent of the reason for the mean-state change, our
2014. Kim et al. (2011 suggests there is a relationshipesults demonstrate that improving the precipitation bias
between increased intraseasonal variability and the meawer the WEIO has a large effect on the precipitation in and
state precipitation changes in the equatorial Indian Ocemund India. If the sources of this biases could be cordecte
and western Pacific. The intraseasonal variability in theisenay improve the persistent dry bias over India present
two regions has different characteristics. The WEIO is many CMIP3/5 modelsSperbeet al. 2013. However,
influenced by the MJO and the boreal summer intraseasdhé is not the only improvement in precipitation over India
oscillation, while the WNP has a complex relationship witim our experiments. Increasing the entrainment factor over
the north Pacific subtropical high and frequent synoptand grid points in the model increases precipitation olver t
scale systems. Exploration of the interplay between edoldian peninsula through increased diabatic heating in the
of these modes of variability and the mean-state mBgy of Bengal. This demonstrates that, counterintuitively
be important to understanding the behaviour in osuppressing convection over land can lead to increased
experiments. precipitation over the Indian peninsula.
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