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MJO and process-based diagnostics CECMWF

Abstract

In Part | of this study it was shown that moving from a moistaoevergent- to a relative-humidity-
dependent organised entrainment rate in the formulatioddep convection was responsible for sig-
nificant advances in the simulation of the Madden-Julianlfagon (MJO) in the ECMWF model.
However, the application of traditional MJO diagnosticseweot adequate to understand why chang-
ing the control on convection had such a pronounced impatii®representation of the MJO.

In this study a set of process-based diagnostics are applidte hindcast experiments described
in Part | to identify the physical mechanisms responsibletie advances in MJO simulation. In-
creasing the sensitivity of the deep convection schemewioammental moisture is shown to modify
the relationship between precipitation and moisture imtloelel. Through dry-air entrainment, con-
vective plumes ascending in low-humidity environmentsieate lower in the atmosphere. As a
result, there is an increase in the occurrence of cumulugesins, which acts to moisten the mid-
troposphere. Due to the modified precipitation-moistulati@nship more moisture is able to build
up which effectively preconditions the tropical atmosgter the transition to deep convection. Re-
sults from this study suggest that a tropospheric moistangrol on convection is key to simulating
the interaction between the convective heating and thelacgle wave forcing associated with the
MJO.

1 Introduction

Part | of this study ilironset al,, 2012 hereafter referred to as H12) examined the representatitire
Madden-Julian oscillation (MJO) in the ECMWF Integrateddeasting System (IFS). Hindcast experi-
ments (CONV, ENTRN and CAPE; Table I, H12), which differ ointytheir formulation of convection,
were compared with control versions of the IFS (Cy31rl an&R)Pand observations during the YOTC
(Year of Tropical Convection) period from May 2008 to ApriD@. The hindcast experiments were
designed to test the sensitivity of MJO simulation to regeotifications to the model physics intro-
duced in Cycle 32r3 (Cy32r3) of the IFBechtoldet al. (2008 (hereafter B08) showed that changes to
the convection and vertical diffusion schemes in Cy32r3tted more realistic representation of con-
vectively coupled equatorial Kelvin and Rossby waves, asagimproving the simulation of tropical
intraseasonal variability associated with the MJO. H12akdisthed that the improved representation of
the MJO in the post-Cy32r3 IFS could be directly attributedntodifications to the convection scheme.
The Cy32r3 convective parameterization included two madliions to the formulation of deep convec-
tion, (a) a variable CAPE adjustment timescalgand (b) changing the dependence of the formulation
for organised entrainment from a moisture-convergeneddpnt formulatione(')"',g) to one dependent
on environmental humiditye}).

When multiple changes are implemented in an NWP model, dsthviise in Cy32r3 of the IFS, it is
usually only possible to speculate about the effect of iiddial modifications. However, the hindcast
experiments described in H12 present a unique opportuaitgalate the effect of individual compo-
nents of the IFS convective parameterization on the siomaif the MJO. It was shown in H12 that
increasing the sensitivity of convection to environmemtalisture led to an increase in the variance of
convective activity and eastward propagating spectralgp@ssociated with the MJO. Although the ap-
plication of recognised MJO diagnosticé/dliseret al., 2009 in H12 enabled the full description of
the representation of the MJO it did not give insight into piysical mechanisms responsible for the
observed advances in simulation. Therefore, this papeeases the conclusion from H12, that a more
process-based approach should be taken.

After a brief summary of the experimental setup that wasiagph H12 (sectior2.1) and the analysis
techniques used in this paper (secti@2.3), the focus will turn to the affect that the modifications
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in the Cy32r3 convective parameterization had on the meate sif the IFS (section8.1-3.3). The
results of applying the process-based diagnostics intexdiin sectior?.3 will be presented in sections
4.1-4.4. Finally, discussion of the results and overall conclusiwnill be presented in sectioftssand6
respectively.

2 Methodology

2.1 Summary of experiments

The model description and experimental setup are descfilllgdin section2.1 of H12. For ease the
summary Table from H12 is reproduced here (Table ). Compafa) OPER and CONYV, (b) CAPE
and CONV and (c) OPER and CAPE isolates the effect of (a) tH&2€3yconvective parameterization
(eg formulation andr), (b) theefl formulation and (c) the variable. The inclusion of the ENTRN
experiment addresses the relative importance of the antmit rate versus formulation of organised

entrainment.

Table 1: Summary of IFS comparisons which isolate the affefdhdividual model modifications
Convection Maodification  IFS Comparison

Cy32r3 gy & T) OPER-CONV
eqvg formulation CAPE-CONV
T OPER-CAPE
il rate OPER-ENTRN

2.2 The mean state

The mean state of a model is thought to be important to therdigsaof the MJO (e.g.Rayet al,
2011). Modelling studies have shown that improving the qualifytlee background state, through
flux-adjustment techniques, can lead to a better repragmmtaf the MJO (e.g. Innesset al,, 2003
Sperberet al, 2005. For examplelnnesset al. (2003 showed that mean low-level and surface wester-
lies favour MJO development, a hypothesis confirmed in alasiens byZhanget al. (2006. Further-
more, the background state of a model is crucial to instgtitieories of the MJO, such as wave-CISK,
where the distribution of low-level environmental moigtaefines the growth rate and propagation speed
of the MJO.

To understand why the introduction of the modified paranmgon of convection in Cy32r3 so dramat-
ically improved the simulation of the MJO, it is importantqaantify the impact of the new scheme on
the basic state of the model. In an NWP model like the IFS, #wchstate is not constant, but evolves
with increasing forecast lead-time. The aim of the analysisections3.1-3.3is to understand whether
the new convection scheme has resulted in a favourable bagakg state for the initiation and evolution
of the MJO. More specifically, results from H12 show that tekative-humidity-dependent formulation
for entrainmenta(g*,g) is largely responsible for increasing variability on ageasonal timescales. There-
fore, it is important to understand how this new formulat@frorganised entrainment has changed the
mean state of the IFS (sectioBdl-3.3).
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2.3 Process-based diagnostics

The MJO diagnostics applied in H12 showed that modificattonthe convective parameterization in
Cy32r3 led to advances in the simulation of the MJO (sumradris Figure 7, H12). Unique to H12 was
the attribution of those improvements in MJO simulationtie modified relative-humidity-dependent
formulation for organised entrainment. Despite this latition, the MJO diagnostics applied in H12 have
not shown why changing from a moisture-convergence- toedivelthumidity-dependent formulation for
organised entrainment resulted in such pronounced advamé&JO simulation. A set of process-based
diagnostics, (a)-(d) described below, are applied to ti8d&tput in sectiond.1-4.4too understand the
physical mechanisms underlying the advances shown in H12.

(&) TCW - precipitation statistics: Through analysis of four years of tropical rainfall and cohu
water vapour satellite measuremersethertonet al. (2004 showed that there was a direct, non-linear
relationship between precipitation and the total amounivafer in the atmospheric column (TCW).
According to their study, the relationship between hurgidibd rainfall could be an efficient test of a
modeDs ability to simulate deep convection in the tropics. A &miiagnostic is applied in sectighl

(b) Parameters binned based on precipitation: Previous studies have investigated the efficiency of
convective moistening in the tropics by compositing or bigrparameters, such as relative humidity and
temperature, based on precipitatidihéyer-Calder and Randa#l009 Zhu et al., 2009. The sensitivity

of the relationship between precipitation and various ip&tars to the formulation (a‘(ﬁ'g", the variable
adjustment timescaleand the rate otgig is investigated (sectiod.2).

(c) Vertical structure of moisture: Since H12 showed that, with the modified convective pararzete
tion, the IFS is able to reproduce a realistic MJO, the A@D2 case study is used to analyse the role of
moisture throughout the passage of an MJO (seetiBn

(d) Temperature and moisture tendenciesinvestigation of the model physics tendencies through the
passage of the April 2009 MJO case study (secdfi@gh

2.4 Definition of equatorial regions and MJO metric

Table 2: Definition of equatorial (XIN-10°S) regions
Abbreviation Longitude

IOW 60° - 8O°E
IOE 80 - 100E
MCW 90" - 110E
MCE 110 - 130E
WPW 120 - 140E
WPE 140 - 160°E

The process-based diagnostics described above have bgliedap six equatorial areas in the Indo-
Pacific region (Tabl&). Throughout the regions will be referred to by the abbrgwie in Table2:
Western and Eastern Indian Ocean (IOW and IOE), Maritimeti@ent (MCW and MCE) and West
Pacific (WPW and WPE). To define a metric of MJO activity, 2@ tay band-pass filtered OLR from
the AVHRR satellite has been averaged over each of the sixtedgal regions. Active, suppressed and
weak MJO days are defined as days below, above and within andzast] deviation of the mean filtered
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Figure 1: (a) Zonal-mean temperature from OPER at a 5-dagdast lead time. (b) Zonal-mean temperature
difference between OPER and CONV (effect of Cy32r3) at aFedtacast lead time. (c)-(e) as in (b) but difference
between (c) CAPE and CONV (ef“fecms@t;| formulation), (d) OPER and CAPE (effect of and (e) OPER and

ENTRN (effect ott'frg rate). The zonal mean is calculated for the period from Ma@& April 2009 using all
longitudes.

OLR, respectively. Throughout reference will continualg made to both the equatorial regions and
MJO metric.

3 The role of the mean state

3.1 The zonal-mean vertical structure of T, q

The initial analysis will focus on the zonal-mean strucsunétemperature and specific humidity. Figure
1 (a) shows the vertical structure of the zonal-mean temperait a 5-day forecast lead time from
OPER. Recalling Tabl&, Figurel (b) shows that the effect of the modified convective pararizetion

in Cy32r3 is to cool the depth of the troposphere betweéts 2hd 30N, with the exception of a thin
layer between 950 hPa and 850 hPa. The largest cooling, ot &@K, occurs in the tropical upper-
troposphere between 100 hPa and 200 hPa. The Cy32r3 camvpatmeterization warms the tropical
stratosphere between Z® and 20N by up to 0.2K. The cooling suggests that there is, on average
less convection penetrating into the upper-troposphettddrpost-Cy32r3 IFS. The magnitude of the
temperature anomalies is relatively small, indicativehaf homogeneous distribution of temperature in
the tropics. The spatial structure of the difference in komean temperature in Figute(c) is similar

to that in Figurel (b), suggesting that the cooling throughout the tropicgbdsphere is a consequence
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Figure 2: As Figurel, but for zonal-mean specific humidity.

of the 85,5 formulation. In the mid- and lower-troposphere (uppeptrgphere), with only the effect
of 555, the cooling signal is reduced (increased) by approximade?K, compared to the combined
effects ofs&” and 1. The mean reduction in active convection shown by the cgdtiere, combined
with the better representation of the MJO (H12) suggestahadffect ostg is to prevent the triggering
of spurious deep convection. The introduction of the vagiabin the closure for deep convection had
a warming effect in the upper-troposphere with a maximummitage above 0.3K at 200 hPa (Figure
1 (d)). Halving the rate 011:RH had little effect on the vertical structure of zonal-meamperature at a
5-day forecast lead time: Flguﬂe(e) shows a slight warming (cooling) in the lower-tropogehénid-
and upper-troposphere) of about 0.1K.

A further effect of the Cy32r3 convective parameterizationmore specifically thegig, is to weaken
the subtropical jets by up to 1 msat approximately 100 hPa betweerf Rand 20S, above and equa-
torward of their maxima (not shown). This dampening of thigdascale circulation pattern is consistent
with the mean reduction of active convection penetratirig the tropical upper troposphere shown in
Figurel. Consistent with the modified zonal-mean structure of teatpee, halving the rate Gﬁi” has

little effect on the vertical structure of zonal-mean zonaid (not shown).

The vertical structures of zonal wind and temperature aimately linked through thermal-wind bal-
ance; the subtropical jets, present in both hemispherdsgeaidleward boundary of the tropical Hadley
Cell, form as a response to large horizontal temperaturdigymes. Therefore, the cooling in the tropical
upper-troposphere in Figudeis consistent with the reduction in the strength of the sydital jets. In
the tropics, the vertical structure of the zonal-mean gjpdoumidity (Figure2) is linked to the vertical
structures of temperature and zonal wind through convectitigure2 (a) shows the zonal-mean spe-
cific humidity from OPER at a 5-day forecast lead time. Valokespecific humidity decrease with height

Technical Memorandum No. 682 5



cECMWF MJO and process-based diagnostics

and distance from the equator. The largest difference ialzoean specific humidity from the Cy32r3
convective parameterization is a tropical mid-troposphmbistening, with an equatorial maximum of
approximately 0.6 g kgt between 800 and 700 hPa. The cooling in Figlsuggested that less active
convection was penetrating into the upper-troposphegentbistening at mid-levels in Figur@qb)-(c)
suggests that clouds are detraining (and hence moisteh@igeanvironment) in the mid-troposphere.
Environmental moisture is crucial in modulating conveetactivity on the intraseasonal timescales of
the MJO (e.g.Redelspergeet al., 2002 Grabowskj 2003. The aim of the Cy32r3 convective parame-
terization was to increase the sensitivity of convectiothalFS to environmental moisture (B08), which
was suggested bperbyshireet al. (2004 to be too low. While the Cy32r3 convection scheme clearly
moistens the mid-troposphere, it is yet unclear whetherithtéhe result or the cause of a more active
MJO. The increments from individual physical parameteiire will be compared with the contribution
from the dynamics in sectioB.3to assess the role of the model physics in producing the neddifasic
state observed here.

Additionally, Figure2 (b) shows that at a 5-day forecast lead time, the Cy32r3 sehexhibits an
equatorial surface (boundary-layer) moistening (dryiafgabout 0.2 (0.2) g kg'. Figure2 (c) shows
that 855 is almost entirely responsible for the vertical structufeanal-mean moisture observed with
the introduction of the Cy32r3 convective parameterizatigVith theegig formulation alone, the mid-
tropospheric (surface) moistening is slightly strongeedWer), while the drying signal in the boundary
layer between 950 and 900 hPa is unchanged. The new varabid the change to rate efrg have
little impact on the vertical structure of zonal-mean sfie¢iumidity (Figures2 (d) and (e)). Figured
and2 show that the introduction of the Cy32r3 convective paramizdtion, more specifically(?rg, has
had a significant impact on the mean state of temperatur@| mand and specific humidity across the
tropics in the IFS. At a 5-day forecast lead time, xﬁg formulation cools the tropical upper-troposphere
(Figurel), indicative of clouds not penetrating as far into the fre@dosphere; the detrainment of these
clouds at mid-levels moistens the mid-troposphere (FigdreThe dynamical response to less deep,
penetrative convection is a reduction in the magnitude estibtropical jets upward and equatorward of
their maxima (not shown).

3.2 Distribution of precipitation and cloud

B08 suggested that the Cy32r3 convective parameterizatierestimates precipitation in the Maritime
Continent and West Pacific. Here, the distributions of egjiglf 1-mm day*-wide binned precipitation
from the IFS are compared with those from the Tropical R#iMaasuring Mission (TRMM) satellite.
The distribution of non-zero precipitation values at a ¥-ftaecast lead time for the control versions of
the IFS and the hindcast experiments are compared to TRMNygur&3 (a). The contribution of each
rain rate bin to the total precipitation is shown in Fig@€b). Versions of the IFS with a pre-Cy32r3
convection scheme (Cy31rl and CONV) agree well with TRMMeotations at low precipitation rates,
but produce too much (not enough) rain at medium (high) prdion rates of between 3 and 23 mm
day ! (above 23 mm day'). Additionally, Cy31rl and CONV exhibit a preferred, butrealistic,
precipitation rate of approximately 10 mm day(Figure 3 (b)). This behaviour has also been seen in
the UKMO UM! (Holloway et al., 2012 and NCAR CAM3.G (Thayer-Calder and Randaf009).

Comparing OPER and CONV shows that the introduction of th82€¥ convection scheme increased
the amount of precipitation at low and high rain rates andetesed precipitation at medium rain rates.
The modified formulation of convection results in a disttibn of precipitation that no longer exhibits

lthe Unified Model from the Met Office, UK
2Community Atmosphere Model version 3.0 from the Nationah@eof Atmospheric Research, USA
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Figure 3: (a) Probability density function (PDF) for non-zero valuéprecipitation at a 1-day forecast lead time
in mm day ! from TRMM observations (dashed line), Cy31r1 (blue lineRNV (green line), OPER (red line),
ENTRN (black line) and CAPE (orange line). The PDF is caldarom 1-mm day-wide bins of precipita-
tion in the equatorial belt (all longitudes) betweerNGand 10S. (b) As (a), but the contribution to the total
precipitation by each rain rate.

a preferred precipitation rate of 10 mm dayand, therefore, shows closer agreement with TRMM ob-
servations at medium and high rain rates. Since OPER, CABEE&TRN all contain theeg*rg for-
mulation and all exhibit similar distributions of precigiion, the differences attributed to the Cy32r3
convective parameterization can be more directly atteithuto 555. However, in OPER, CAPE and
ENTRN there is still not enough heavy rain and too much ligli rwith an unrealistic peak at approx-
imately 2 mm day? (Figure3 (b)), a feature in common with simulations from the NCAR SRM3
(Thayer-Calder and Randai009. All versions of the IFS underestimate the number of drysdaym-
pared with TRMM, which, using data from CAM3.0 and SP-CANMhayer-Calder and RandgR009
suggest could contribute to the unrealistic peaks in rhiafd 0 and 2 mm day’, respectively.

To investigate the effect of the modified mean state on clotisvertical structure of equatorially av-
eraged cloud cover is examined. There are three prominedésnaf convection in the tropics: shallow
convection, cumulus congestus and deep precipitatingeaion Johnsoret al, 1999. Shallow con-
vection detrains at the height of the boundary-layer ineersdeep convection penetrates into the upper
troposphere, usually detraining at the tropopause. Cuwsmdngestus penetrates to a thin stable layer
at the zero-degree isotherm, which, in the tropics, is at@a@mately 500 hPa. The layer is maintained
by the heat absorbed by the melting of precipitation fromtaéquid phase. Figurd (a) shows the
vertical structure of equatorially averaged cloud covenfrOPER at a 1-day forecast lead time. The
trimodal distribution of tropical cloud described aboveajgparent, with maxima above the boundary
layer, at the melting layer (approximately 500 hPa), antiettopopause (approximately 100 hPa). The
equatorially averaged cloud cover is largest for deep adiore over the Indo-Pacific between“@and

the dateline, the region where convection associated WadhvtJO occurs. Figures (b)-(e) show the
difference in equatorially averaged cloud cover betweelE®BAnd CONV, CAPE and CONV, OPER
and CAPE and OPER and ENRTN, which highlight the effects ef@y32r3 convection schemeOF?g|
andT), g5t formulation, T andel rate, respectively. The introduction of the Cy32r3 corivecparam-
eterization (Figuré (b)), and more specifically the modifier&g formulation (Figure4 (c)), increase the
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Figure 4: (a) Vertical structure of equatorially averaged {M0- 10°S) cloud fraction from OPER at a 1-day
forecast lead time, the scale goes from 0 to 1. (b) Differén@gjuatorially averaged cloud cover between OPER
and CONV (effect of Cy32r3) at a 1-day forecast lead time(d3and (e), as (b) but difference between CAPE and
CONV (effect ofeR), OPER and CAPE (effect af), and OPER and ENTRN (effect e/ rate) respectively.

amount of cumulus congestus cloud in the mid-troposphet@laarease the amount of shallow and deep
convection in the lower- and upper- troposphere at a 1-degcést lead time. Although the differences
are small in magnitude, they are consistent across the@tpldielt. The increase in cumulus congestus
with the sgig formulation is a result of an increase in both cloud liquidelace-water content between
500 and 800 hPa and 400 and 600 hPa, respectively (not shown).

An increase in cumulus congestus detraining at mid levadsisistent with the moistening of the mid-
troposphere (Figur@) and less deep, penetrative convection reaching as fathetéree troposphere,
resulting in an upper-tropospheric cooling (FigjeAt a 5-day forecast lead time, the effect of tt(f%'
formulation in the mid-troposphere is consistent with thfdhe the start of the forecast: there is a distinct
increase in cumulus congestus, and both cloud liquid- amdvimter content, across the equatorial belt
(Figure4). At upper-levels, however, there is no longer a uniformrelase in tropical cloud; over the
islands of the Maritime Continent and equatorial South Aozethere are increases in cloud cover.

The role of deep and shallow convection has long been esitallj but, the importance of cumulus
congestus in the transition from shallow to deep convediembeen recognised only more recently (e.g.
Johnsoret al,, 1999 Waite and Khouider2010. In a dry environment, the entrainment of dry air into a
convective plume will dilute the plume, reducing the clowsyancy and inhibiting the development of
deep convection, resulting in a lower cloud-top level (CTL)

The sgig formulation is designed to entrain more in a dry column, \whigll enhance the process de-
scribed above. This explains why more clouds are detraiimitige mid-troposphere, and increasing the

8 Technical Memorandum No. 682



MJO and process-based diagnostics cECMWF

cloud cover (and liquid- and ice-water content) there (Fégl). The mid-tropospheric moistening from

the detrainment of congestus clouds results in conditionmiglware more favourable for deep convec-
tion. When a convective plume encounters high humidity érthid-troposphere, moister air is entrained
which limits the decreasing of the cloud buoyancy and resalthe development of deeper convection.
The importance of the transition from shallow to deep cotigadn the tropics is discussed further in

sectiond.

3.3 Contribution from the physics tendencies

The sgig' formulation modified the vertical structure of temperaturenal wind and specific humidity
in the IFS (sectior8.1). Here, through analysis of the heating and moisture tecidenthe contribution
from individual components of the IFS to the modified veltistauctures shown in sectiod1 can be
identified. Figure$ and6 show the vertical structure of the zonal-mean incrementsritperature and
specific humidity from the dynamics, convective parame#tion, and - by removing the effect of the
shallow convection scheme - the contribution from deep ection only. The zonal-mean is calculated
over all longitudes. The domain has been limited to tropliattudes (30N - 30°S) where the effect of
the modifiedsgig formulation on the mean state of the IFS was largest (se8ti)n

(2) Tdyn (CAPE - CONV)  t+ [20hrs
02 O ‘ ) e 12

—
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208 108 0 10N 20N 30N
(b) Tconv (CAPE - CONV)  t+ 120hrs
10
o e =—— |
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(c) Tdeep (CAPE - CONV)  t+ 120hrs
10 . . ; :

Pressure (hPa)

Figure 5: Zonal mean temperature increment (K) from (a) dynamicsg@myection scheme and (c) the contribu-
tion from deep convection accumulated after 5 days of thecfast. The zonal mean is calculated for the period
from May 2008 to April 2009 at all longitudes. Negative vawe shown by dashed contours.

Figurel (c) showed that the main effect e(ﬁ'g" on the zonal-mean temperature was to cool the tropical
troposphere, especially at upper levels. Fighia) shows that the dynamics are not responsible for any
of that cooling; in fact, there is a slight warming at uppeels. Over the first 5 days of the forecast, the
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Figure 6: As Figure5, but for zonal mean specific humidity increments (g Kg

convective parameterization has cooled the tropical umret lower-troposphere and boundary layer by
up to 2, 2.5 and 8 K, respectively (Figube(b)). In addition, there is a distinct warming of the mid-
troposphere by up to 3 K after 5 days. Comparing Figrés) and (c) reveal that the deep convective
parameterization is largely responsible for the vertitalcture of increments in temperature, exhibiting
a strong cooling at the surface, warming in the mid-tropesptand further cooling aloft. Although the
vertical structure is the same, this comparison also revbak the deep convective parameterization is
only partly responsible for the mid-tropospheric warmikigure5 (b) shows that the shallow convection
scheme is responsible for the remaining warming in thatrlalfgure 5 suggests some aspects of the
modified vertical structure of the zonal-mean temperatdtie tive modifiedsgig formulation are a direct
result of the convective parameterization, or more spedifithe deep convection scheme. However, the
convective parameterization cannot explain the obsergeting through the entire depth of the tropical
troposphere (Figuré (c)) because it exhibits a distinct warming in the mid-trgjploere.

In contrast the convective parameterization, or indeed#sp convection scheme, had little direct effect
on the increments in zonal wind over the first 5 days of thedase (not shown). This confirms that
the observed reduction in the strength of the subtropidaligethe dynamical response to the cooling at
upper levels caused by the deep convection scheme (Fadade

Figure?2 (c) showed that the effect of the modifieﬁg formulation was to moisten the mid-troposphere
between 600 and 800 hPa. Figwda) shows that while the effect of the moisture incremenasnfr
the dynamics is to moisten the boundary layer and lower sppere by up to 2 g k¢, in the mid-
troposphere their effect is a drying of up to 1.5 g kbafter 5 days of the forecast. The contribution
of the convection scheme to the increment in humidity is ef dpposite sign to the dynamics: in the
lower-troposphere there is a consistent drying acrossritiseeequatorial belt of up to 2 g kg, with
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a maximum around 900 hPa (Figusgb)). Comparison with Figuré (c) shows that the shallow con-
vection scheme is responsible for all the convective dryiegr the surface. Above the dry layer, Figure
6 (b) exhibits convective moistening of over 1 gKgnear the equator. The deep convection scheme
moistens the lower troposphere from the surface up to 750vataa maximum of approximately 2.5

g kg1 north of the equator between 800 and 950 hPa. Thereforen ibeaoncluded that convective
moistening contributes to the mid-tropospheric moistgtiinthe tropics which is observed in the zonal-
mean specific humidity. Figur@(a) confirms that the mid-tropospheric moistening is notsalteof the
dynamics.

To understand why thegig formulation resulted in the modified background state oflE& described
here, it is worth recalling the physical interpretation bét(?rg formulation. The motivation for the
change from a moisture-convergent-dependent to a relativ@dity-dependent formulation for organ-
ised entrainment was to increase the sensitivity of the fiteition to environmental moisture. Physically,
this results in larger and smaller entrainment in regionewfand high humidity, respectively. There-
fore, with thes(fig formulation, if convection is triggered in a dry environnbemore dry air will be
entrained into the cloud and the convective plume will notgigate as far into the free troposphere. This
will prevent spurious deep convection being triggered imaeshvironment, a problem which has been
shown previously to be a source of errors in the simulatiotheMJO (in et al., 2006). Increasing the
sensitivity of cumulus convection to environmental maistin the modified convective parameterization
was designed to address this issue in the IFS (BA8)Rooyet al. (2012 showed that it was not only
the relative-humidity-dependent formulation for orgaci€ntrainment that achieved this but that having
a sufficiently strong entrainment constant, and hence kang@inment at cloud base, was crucial too.

The resulting distribution of cloud exhibits a more reaistimodal structureJohnsoret al,, 1999, with
more cumulus congestus detraining in the mid troposphagri(@4). An effect of the detrainment of
cumulus congestus at the melting level is to moisten the rogbsphere (Figurg), preconditioning the
atmosphere for deep convection. The ability of a model tostaaiits mid-levels has been shown to be
crucial to its success at reproducing the observed magniatidonvective heating and drying associated
with the MJO {Thayer-Calder and Randaf009. Conversely, without mid-tropospheric moistening, the
evaporation of precipitation from strong convective egentreases, reducing the strength and depth of
convection. These results are discussed further in thexoot the process-based diagnostics applied in
section4.

4 The application of process-based diagnostics

4.1 TCW - precipitation statistics

In the tropics, sustained deep convection has long beertiag= with a humid environment (e.qg.
Raymond 2000 Derbyshireet al., 2004). However, the relationship between the total column jpreci
itable water (TCW) and precipitation has only emerged mecemtly as being important to the simula-
tion of intraseasonal phenomena such as the MBl@tkertonet al., 2004). To investigate this relation-
ship in each of the equatorial regions in Talilethe daily accumulated precipitation is binned into 1-kg
m~2-wide bins of TCW and divided into weak, active and supprédéO days according to the MJO
metric described in sectidh4. In all versions of the IFS, across all regions, precigiatialues increase
rapidly with increasing TCW; results for IOW (Figui® are shown as a representative sample of the
Indo-Pacific region. The observed relationship betweenipitation and TCW, plotted as the dash dot
line, is defined using TRMM satellite precipitation and ECN\&perational analysis TCW.
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Figure 7: Solid lines represent daily averaged precipitatin 1-kgnv2- wide bins of total column water (TCW)
for grid points in IOW at a 1-day (left) and 5-day (right) fa&st lead time for weak MJO (a,b), active (c,d) and
suppressed days (e,f). Distribution of data points in eaichidrepresented by the dashed lines. Observations
(dash dot) refers to precipitation from TRMM satellite datad TCW from ECMWF operational analysis.

In Figure7, for quantities of TCW above 40 kg T, there is a clear distinction between the behaviour
of precipitation at different values of TCW in the versiorfstiie IFS with 5} (OPER, ENTRN and
CAPE) and those Witra:gﬂg (Cy31r1 and CONYV). This distinction is consistent at lonfgecast lead
times (Figures? (b),(d) and (f)) and for all types of days; active and supgpedsdays exhibit a noisier
distribution, but this is due to fewer days in the TCW bins pamed with weak MJO days (dashed
lines). For TCW amounts between 40 and 55 kg?mversions of the IFS witlxg*rg agree well with
observations, exhibiting a lower precipitation rate at$hene quantities of TCW than versions of the
IFS with s(';ﬂg. At higher values of TCW, above 55 kg 1h precipitation rates in OPER, ENTRN and
CAPE all increase sharply. At these values, versions of E&with 85,5 precipitate more than those
with sgﬂg; all versions of the IFS produce more precipitation than tieserved by satellite. The rapid
increase in precipitation at higher TCW contents in the B-@ore apparent during suppressed days than
active MJO days, especially at longer forecast lead timggi(E7 (f)). The relationship described above
between TCW and precipitation in IOW is also true of IOE, WRE 8CW (not shown).

The relationship does not hold, however, in MCE (Fig8yevhere the main differences between the
versions of the IFS are at low values of TCW. At a 1-day foretsesd time all versions of the IFS, with
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Figure 8: As Figure?, but for MCE.

the exception of Cy31r1, display a small peak in preciptatiates between 25 and 37 kg fnfollowed

by a rapid decrease between 37 and 40 kg (fFigure8 (a),(c) and (e)). The same feature is reproduced
in the observations (dash dot line). Therefore, at a 1-dagchst lead time in MCE, TCW values between
30 and 35 kg m? produce the same amount of precipitation, approximatelyrbday *, as TCW values
between 50 and 55 kg M. At longer forecast lead times, this peak is reduced signifly; at a 5-day
forecast lead time TCW values between 30 and 35 kg produce equivalent precipitation rates with
TCW values between 40 and 45 kg fn(Figures8 (b), (d) and (f)). This feature is present, but to a
lesser extent, in WPW (not shown). The formulationt-:(ﬁljrI is not responsible for this peak; both OPER
and CONV display the same behaviour despite having diffexetrainment formulationssit andelfy
respectively. Since Cy31rl is the only version of the IFS atia lower horizontal resolution, 255
(~80 km) compared with 1799 (~25 km), capturing this observed feature could be a consegueih
the islands of the Maritime Continent being representedenamcurately. This could also be related
to orographic enhancement of precipitation or the stregtthe land-sea breeze around the islands.
Above 40 kg n2, similar to Figure7, versions of the IFS witta:(ﬁ'g" produce slightly less precipitation
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Figure 9: As Figure?, but for daily averaged precipitation in 0.2-g k& wide bins of 800 to 500 hPa averaged
specific humidity.

for a given amount of water in the atmospheric column thasivas withegﬂg. MCE does not exhibit
the rapid increase in precipitation rates at large TCW \&aléh sgig which is observed in all the
equatorial regions to the west of it (Figufe In MCE, the overestimation, compared with observations,
of precipitation at high TCW values is reduced. Furthermsiece OPER and CAPE behave similarly
in Figures7 and8 it can be concluded that the modified variable adjustmerdgtaler had little effect

on the relationship between TCW and precipitation.

The ‘best’ MJO was produced witkf} (H12), and an effect off was to moisten the tropical mid-
troposphere between 800 and 500 hBd)( Therefore, the TCW-precipitation diagnostic has been
repeated for mid-level specific humidity - averaged betw@&e® and 500 hPa - to identify whether the
relationship between precipitation and environmental iditgnat those levels has changed with the in-
troduction ofsg*rg. For brevity only IOW is shown (Figur@). As with the TCW-precipitation diagnostic,
comparisons are made with observations (dash dot ling)g ddRMM precipitation and ECMWF oper-
ational analysis specific humidity.

In all versions of the IFS, across all equatorial regionsgipitation rates increase with increasing mid-
level humidity. As with TCW and precipitation, there is atdistion between versions of the IFS with
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e and versions witheyg, but only above approximately 2.4 gk At low precipitation rates and dry

mid-tropospheric humidity values, all versions of the IE@ibit similar behaviour: in IOW and WPE,

the model underestimates the amount of precipitation coedpith observations, especially during
weak MJO days (e.g. Figurés(a) and (b)). This is not a characteristic observed in otlggatorial

regions (not shown).

Between 2.4 and 4.8 g kg, where precipitation rates increase gradually with insirgg humidity, for

a given amount of humidity at mid-levels, versions of the kigh sgig are able to maintain a lower
precipitation rate than those Wiﬂ@’,'g. In the equatorial regions which are predominantly madefup o
ocean, IOW (Figur®), IOE and WPE (not shown), this results in a closer agreemvéhtobservations
between 2.4 and 4.8 g k4. Conversely, in the equatorial regions containing the iedan islands,
MCW, MCE and WPW (not shown), maintaining a lower precipitatrate for a given mid-tropospheric
humidity leads to a less realistic relationship compareith wbservations. These results suggest that,
with sgig, the IFS is able to build up more moisture in the atmosphearicron before it is removed by
convective precipitation. The increase of entrainmentrinablumns could be the mechanism through
which convection is suppressed and the build up of humidigchieved.

Above 4.8 g kg?, precipitation rates ingig versions of the IFS increase more rapidly than those vession
with ggfg, resulting in all versions of the IFS behaving similarly wttee mid-troposphere is very moist.
However, compared with observations, all versions of tt& derestimate the amount of precipitation,
a characteristic true of all equatorial regions for all typd days. Comparing OPER and CAPE in
Figure9 shows that, as with the TCW-precipitation statistics, thgable adjustment timescatedoes
not substantially affect the relationship between moéstarthe mid-troposphere and precipitation rates.

Figures7 and 8 (Figure 9) show that the introduction ozf(?rg in the IFS has changed the behaviour
between precipitation and TCW (mid-level humidity) for nepdte values between 40 and 55 kg?m
(2.4 and 4.8 g kg'). At these values, Witlzgig, the IFS is able to maintain lower precipitation rates
for a given amount of TCW or mid-tropospheric moisture, whifor the equatorial oceanic regions of
IOW, IOE and WPE, result in a closer agreement with obsesmati This change in relationship means
that moderately moist columns remain moist for longer duthéosuppression of convection, allowing
instability to build. All versions of the IFS, across all eqorial regions, overestimate precipitation rates
in the humid tail of the distribution. Moving to a variablejastment timescale in the closure for deep
convection, however, had little effect on the TCW- and hutyidrecipitation relationships.

Therefore, it seems that a requirement of a model that repesda strong MJO signal, as OPER, CAPE
and ENTRN witheR do (H12), is to (a) refrain from producing precipitation inyctolumns, and
(b) exhibit an exponential increase in precipitation witBVWW when the environment is very humid,
although this results in an overestimation of precipitattompared with observations. These findings
are consistent with work that compared simulations fromQGeenmunity Atmosphere Model (CAM)
with its "superparameterized” counterpart (SP-CA&huU et al., 2009.

4.2 Parameters binned based on precipitation

Figure 3 revealed that IFS versions Wiﬂﬁ’r'g exhibited an unrealistic preferred rainfall rate of approx
mately 10 mm day*, while versions withett had a distribution that, although overestimating precipi-
tation at low rainfall rates, agreed more closely with TRMNhe aim of the analysis carried out here is
to further investigate the relationship between rainfalerand TCW. Figurd&0 (a) shows the observed
2-dimensional histogram of TCW versus precipitation froRAzInterim and TRMM satellite data re-
spectively calculated for days between May 2008 and Apl@®@nd averaged over the IOW region;
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Figure10 (b) shows the equivalent from OPER at a 1-day forecast leael tOnly IOW at a 1-day fore-
cast lead time is shown; consistent behaviour was foundhéorémaining five equatorial regions and for
longer forecast lead times.

In both model and observations, the maximum in the percentdglays occurs at low values of pre-
cipitation (up to 1 mm day*) and relatively high values of TCW (44 - 56 kg¥) (Figures10 (a) and
(b)). FigureslO (c)-(f) compare (c) OPER and CONYV, (d) CAPE and CONYV, (e) ORER CAPE and
(f) OPER and ENTRN, revealing the effect of the Cy32r3 cotivecparameterizationscfig,| formulation,

T and e(?rg' rate, respectively. Consistent with the analysis in sactid, Figure10 (d) shows that in a
moist column withe5H! the IFS produces less rain than wigf§. For example, for a value of TCW
of approximately 50 kg m? with sgig' the IFS produces more days with precipitation of up to 3 mm
day * and fewer days with precipitation at values above 4 mm daiReducing the rate &%/ has the
equivalent change in behaviour but it is somewhat weakeRgtife 10 (f)). The effect of the variable
T is weak and has the opposite sign; in a moist column with thiaie 7 the IFS produces more days
with more rain and fewer days with less rain.

 (2) ERA-Incerim/TRMM (b) OPER c+24hrs

TCW (kg m™)

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

[ T T T —
0 005 01 02 04 08 16 32 64 128
% of days

(c) (OPER - CONV) w2dhrs  (d) (CAPE - CONV)  c+24hrs

TCW (kg m™)

0 2 4 6 8 10 12 14 16 18 2 0 2 4 6 8 10 12 14 16 18 2

(e) (OPER - CAPE) ws2ahrs  (f) (OPER - ENTRN)  c+24rs

62: “““““ 621 “““““
5 | o
1

TCW (kg m™)

ol g
32+

26- 26-

20 20
0 2 4 6 8 10 12 14 16 18 2 0 2 4 6 8 10 12 14 16 18 20

Precipitation (mm day™)

= S —
-32 08 -02 -0 05 005 0.2 0.8 3.2
% of days

Figure 10: 2-dimensional histogram of Total Column WateEYV: kg m2) versus precipitation (mm day) aver-
aged over IOW from (a) ERA-Interim reanalysis and TRMM é$i&gadata and (b) OPER at a 1-day forecast lead
time, (c) difference between OPER and CONV (effect of Cy3@BCAPE and CONV (effect efrg' formulation),
(e) OPER and CAPE (effect of, (f) OPER and ENTRN (effect tﬁrg rate). The histograms are calculated for all
days between May 2008 and April 2009.

The analysis here of TCW versus precipitation rates buitda consistent picture of the effect of chang-
ing the formulation of organised entrainment frméﬂg to scf*rg It is worth recalling the discussion in
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Bladé and Hartman(.993 on their “recharge-discharge” theory of the MJO. They ssgghat the pe-
riod of an MJO is set by the time it takes for the atmosphereuttol lup instability, or “recharge”, after
stabilisation through convection, or “discharge”, hasumed. Results here suggest that the modified
IFS, with sgig, is able to more effectively “recharge” the atmosphere. MGAPE (not shown) and
moisture (Figure40) are able to build up in the tropical atmosphere without pealeased through con-
vective precipitation; this results in suppressed corivecatonditions becoming more suppressed. The
mechanisms described here lead to a better representétivm suppressed phase of the MJO and, since
more instability is built up, lead to more vigorous deep @mtion when that instability is released, hence
also a better representation of the active phase of the MJO.

4.3 \ertical structure of moisture

The April 2009 case study discussed in H12, is used to tedtythethesis that the modified IFS, with
sgig, is better able to simulate the destabilisation of the tralpatmosphere before a deep convective
event. Figurell, shows how the vertical structure of moisture changes dwiB0 day period in March
and April 2009 in IOW. This region is shown for consistencyhwgectiord.1. The 20-100 day band-pass
filtered OLR from the AVHRR satellite is also plotted (thickabk line); the minimum in filtered OLR

indicates the maximum strength of the convective eventanrigion.

Figure 11 (a) shows, over IOW, the ‘observed’ change from the inittatesin the vertical structure of
moisture with data from ERA-Interim reanalysis. In mid-May approximately 25 days prior to the
strong minimum in filtered OLR which occurred onf12pril, ERA-Interim displays a drying of more
than 1.2 g kg* at mid-levels, with a maximum at 600 hPa. This drying coiasigvith the maximum in
filtered OLR, or the suppressed phase of the MJO. Approxisndtdays prior to the convective max-
imum, there is a distinct moistening of more than 1.6 g the lower-troposphere, which, with the
passage of the wave, extends into the mid- and upper-tropospeaching 300 hPa during mid-April. In
late April, there was a further mid-troposphere drying wdtmaximum at 600 hPa, associated with the
return to suppressed conditions over IOW. Figlit€b) shows that compared with ERA-Interim, OPER
successfully captures the mid-tropospheric drying bedm after the convective maximum, but under-
estimates the lower-tropospheric moistening prior to tlieimum in filtered OLR at a 1-day forecast
lead time. The moist layer in OPER between 900 and 600 hPaieagthened considerably at a 5-day
forecast lead time (Figurgl (c)).

At a 1-day forecast lead time, the effect of the modified Cg3&mnvective parameterization (Figuké

(d)) is, irrespective of the phase of the wave, to (a) moitersurface, and a layer in the mid troposphere
between 700 and 600 hPa by more than 0.4 g'kgnd (b) dry a layer in the lower troposphere between
900 and 800 hPa by more than 0.4 g kg This effect can be directly attributed &8 (Figure 11
(f). At longer forecast lead times, however, the eﬁectsﬁg' is to moisten the tropical troposphere
up to 400 hPa, with a maximum of more than 0.8 g ket approximately 800 hPa. Therefore, with
sgig, the IFS is able to build up considerably more moisture grndhe convective maximum associated
with the MJO;Thayer-Calder and Randd009 showed this was a feature which is also apparent in
SP-CAM. However, as forecast lead time increases, an eifezﬁg is to moisten throughout the entire
passage of the wave, resulting in an overestimation of nojdespheric moisture compared with ERA-
Interim, especially in late April after the convective nmraxim has occurred. Halving the rateséfé' and
changing to a variable had little effect on the change in moisture during the MJOneadter 1 day of
the forecast (Figuretl (h) and (j)). At a 5-day forecast lead timegexhibits a drying in the middle and
lower troposphere throughout the passage of the MJO, wihintpensates for the moistening effect of
s(ﬁ'g" and reduces the overestimation of humidity in Cy32r3. Redubm the other equatorial regions
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Figure 11: Change from the initial state in the vertical stture of specific humidity averaged over IOW for a
50-day period in March and April 2009. (a) ERA-Interim, (bjca(c) OPER at a 1- and 5-day forecast lead time.
Difference at a 1- and 5-day forecast lead time between ORPERCGONV (effect of Cy32r3; (d),(e)), CAPE and
CONV (effect ofgt formulation; (f),(g)), OPER and CAPE (effectaf(h),(i)) and OPER and ENTRN (effect of
egg rate; (j),(k)). Area-averaged 20-100 day band-pass fille®_R from the AVHRR satellite (thick black line).

are consistent with the picture of convective moisteningnduthe passage of the April 2009 MJO event
shown in Figurell.

Figuresllshows, by comparison to ERA-Interim, that OPER is able tdwraghe features of convective
moistening during the passage of the MJO. Across each etplategion in the Indo-Pacific, OPER,
like ERA-Interim, exhibits mid-tropospheric drying dugiperiods of maximum filtered OLR and mid-
tropospheric moistening during periods of minimum filte@HR. With &', the IFS is able to better
simulate the transition between the two phases. Approxiya0 days prior to the convective maximum,
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across all regions, the IFS Wiﬁﬁg, starts to moisten the surface and lower-troposphere.e#&sang
the entrainment in HadGEM3 integrations5% €) had a similar effect to introducingﬁrg in the IFS
(Klingaman 2011J). This preconditions the atmosphere for the deep conveessociated with the MJO;
in a moister environment, convective plumes can penettatker into the free troposphere without the
dilution, by entrainment, of too much dry air. At longer ldatdes, the IFS witkegig is often too moist,

a problem that the modified IFS shares with SP-CAMdyer-Calder and Randa009. If more data
were available, it would be worth compositing over a numiiéridO events to assess the consistency of
these findings.

4.4 Temperature and moisture tendencies

Continuing with the case study analysis, temperatiigg,§ equationl), and humidity, Qphys €quation

2) increments for IOW (Figuré&?2) from the IFS model physics are analysed. Siq?;g is responsible for
the advances in MJO simulation (H12), the analysis heresiegon the effect (n‘(ﬁg (CAPE-CONV), by
examining the role of convective moistening by the sub-gddle processes in the IFS during the same
50 day period as in sectioh3. The tendencies are calculated by summing contributicora shallow
and deep convectionia ; deep, the cloud and turbulent diffusion schemes ( turb), and, for heating
only, the radiation schemeyg). Although all the sub-grid scale processes are includdtéranalysis
presented here, the largest contribution comes from theection scheme.

Tphys = Tsha+ Tdeep+ Teid + Trurb + Trad (l)
Ophys = Oshal + Odeep™ Geid + Gurb (2)

A deep convective plume will moisten its immediate enviremithrough the detrainment of moist air
into the free troposphere. However, observational studiée® shown that vigorous, precipitating con-
vection is associated with a heat source and moisture sitlieimid-troposphere (e.ftin and Johnson
1996. The moisture sink is due to the removal of moisture fromdtraosphere in the form of pre-
cipitation, and further drying of the atmosphere througimpensating subsidence- the balance of the
ascending, moist air with descending, dry air between atiweeplumes. These features are reproduced
in the CAPE experiment; Figurg2 shows that in mid-April, in IOW, during the period of maximum
convection (minimum filtered OLR), there is a clear mid-wepheric heating of more than 4 K ddy

and drying of more than 1.6 g k§ day 1. The heating and drying associated with the passage of the
MJO are stronger at longer forecast lead times (Figligg$) and (f)).

Shallow convection does not penetrate as far into the figmosiphere. It detrains more moist air out
of the ascending plume, has weaker compensating descerngraddces less precipitation than deep
convection; therefore, the overall effect of shallow cartian is to moisten the lower troposphere. Based
on this, Figured2 (e) and (f) show the moistening of the lower troposphere, lettte the occurrence
of shallow convection, in mid-March, during the days of nmaxim filtered OLR prior to the convective
maximum. However, the strongest lower-tropospheric reoistg, by more than 1.6 g kg day?,
occurs during and in the days immediately after the conveatiaximum associated with the MJO, a
feature which is slightly weakened at longer lead timesyfed 2 (f)).

By comparing the difference between CAPE and CONV acrosthalequatorial regions, a consistent
picture emerges of the effect e(ﬁg on convective moistening by sub-grid scale processes. Adayl
forecast lead timesg*,g dries (moistens) the lower troposphere (mid-tropospheseyeen 1000 and 850
(850 and 500) hPa; there is a further, weaker dry layer at £20(Riguredl2 (g)). Additionally, at the
1-day forecast lead timegig cools the tropical troposphere through the entire peripdrterom a small
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Figure 12: Heating (fnys €quationl; top) and moistening (¢hys equation2; bottom) tendencies from the IFS
model physics, accumulated over a day and averaged over (@Wb),(e) and (f) show CAPE at a 1- and 5-day
forecast lead time. (c),(d),(g) and (h) show the differemesveen CAPE and CONV (eﬁecrz@’ﬁ' formulation) at

a 1- and 5-day forecast lead time. Area-averaged 20-100 dagipass filtered OLR from the AVHRR satellite (W
m~2; thick black line). Negative values are shown by dashedaost

warming of the mid-troposphere at or near the time of mininfiltared OLR (Figuresl2 (c)). At a
5-day forecast lead time, the near-surface drying betw@&60 and 850 hPa is still apparent throughout
the 50 day period; when the filtered OLR is at a minimum, th@ettposphere dries, with a maximum
at approximately 400 hPa. The moist layer, seen after thadfigsof the forecast, weakened and became
confined to days when the filtered OLR was at a maximum (FigL2g#)). The signal in the heating,
observed after a 1-day forecast lead time is consistentstbemgthened, at a 5-day lead time: when
filtered OLR is at a maximum (minimum), there is cooling (leg} throughout the troposphere (in the
mid-troposphere), strongest between 400 and 500 hPa &sij2(d)).
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The dry and moist layers in the lower- and mid-tropospheta Bday forecast lead time show that the
IFS, with .sg*rg, is producing less shallow, weak-precipitating convetind more convection detraining
at mid-levels during the entire 50 day period, a finding cstesit with Figure4 in §3.2 The fact that
the IFS, withef, is capable of moistening the mid-levels will result in (ajvaaker trade inversion
at the melting level during weak convective events, and (l§daiction in evaporation at those levels
during strong convective events. Therefore, the heatigdaying associated with the deep, penetrative
convection of the MJO is strengthened. As the IFS moves ttrdlie forecast, witla(ﬁg, the periods of
strong convective activity are strengthened (more heaitirabdrying), and the periods of weak convective
activity become more suppressed (more cooling and moigggnt his could explain how the IFS is able

to maintain the amplitude of the MJO at longer forecast léag$ Withsgig.

5 Discussion of results

5.1 Impact onthe mean state

Results from H12 showed that the introduction of the Cy32n3vective parameterization significantly
improved the simulation of the MJO. It was shown that thetratehumidity-dependent formulation for
organised entrainmen«t&g) was responsible for the advances in simulating intragseds@riability. In
light of this, the focus here has been to identify howtﬁ,g' formulation has modified the mean state
of the IFS, and to understand how that modified mean state eaalytb, or indeed result from, a better
representation of the MJO. The main changes to the meanddtdie IFS with the introduction of the
relative-humidity- dependent formulation for organisedrainment are:

(a) a cooling through the depth of the tropical troposphingest in the upper troposphere (Figure
1), likely to be as a result of less active convection that dusgenetrate as deep into the upper
troposphere.

(b) an associated increase in the occurrence of cumulusestugyclouds detraining in the mid- tro-
posphere (Figurd).

(c) a moistening of the tropical mid-troposphere (Fig@ydikely to be due to (b).

(d) areduction in the magnitude of the subtropical jets abmwd equatorward of their maxima (not
shown), a dynamicaDrespons® to (a)-(c) (sectiorR.2).

(e) amore realistic distribution of precipitation ratesmpared with TRMM observations (Figug.

Analysis of the physical tendencies from the IFS revealed the convective parameterization, more
specifically the deep convection scheme, contributed teafla@ge in the vertical structure of the zonal-
mean temperature in the tropics (Fig@)e The modified mean state in zonal wind discussed in section
3.1 can not be directly attributed to the convection schemejslikely a consequence of the modified
vertical structure in temperature. The increments in mogstrom the dynamics and from convective
parameterization are opposite in sign (Fig@yethe dynamics (convection scheme) increments moisten
(dry) at the surface across the entire tropics and dry (ewjghe mid-troposphere, with maxima near
the equator.
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5.2 Physical processes at work

The modified mean state of the IFS reported here, with thedottion ofsg*rg, results in an IFS that is
better able to represent the transition from shallow to deewection through more effective precondi-
tioning of the mid levels. These processes could contributhe improved representation of the MJO
in the IFS with the modifieetgig formulation. The application of process-based diagnssticectiord
explored this hypothesis and examined the role of convectivistening in the simulation of the MJO.

The introduction ofsgig changed the relationship between precipitation and meistuthe IFS §4.1),

a relationship shown to be highly nonlinear in observati@rethertonet al., 2004), but very important
to the simulation of the MJOK(im et al,, 2009 Zhu et al, 2009 Thayer-Calder and Randa009. In
general, the modified relationship between tropical rédliafad column humidity is more realistic com-
pared with observations. Witk:ﬁg, the IFS is able to accumulate more moisture in the atmogpher
column before it starts producing precipitation. This tesin (a) fewer occurrences of low-humidity
environments producing moderate precipitation ratestae frequent weak convection; and (b) heavy
precipitation occurring only when the atmospheric columsifficiently moist. The former is likely
be the physical mechanism through which the modified IFSh \sﬁfg no longer exhibits an unreal-
istic preferred rainfall peak of approximately 10 mm dayFigure 3); and the latter is likely to be a
physical mechanism through which the IFS is better ablenmsite the transition from shallow to deep
convection through the build up of mid-tropospheric maistu

The modified precipitation-moisture relationship in thestpGy32r3 IFS is by no means perfect. In
versions of the IFS withrg*rg, at the humid end of the distribution precipitation incesagxponentially
with column water vapour. This is a feature that the IFS shaii¢h SP-CAM, and which is suggested
to be crucial to the successful simulation of the MXhy{et al., 2009. However, in both the IFS
and SP-CAM, this results in an overestimation of preciitatn a humid environment compared with

observations.

The results from this study suggest that tropospheric m@stontrol on precipitation is a necessary pro-
cess to for a model to capture if it is to be successful at sitimg intraseasonal variability (Figurés 9).
This adds weight to the existing evidence in the literatheg the relationship between precipitation and
humidity is important to the representation of the MJO in euigal simulationsKim et al. (2009 ap-
plied “process-based” diagnostics to output from eigimatie models and showed that the dependence of
precipitation on the vertical structure of tropospheriaiidity was a feature common among models that
produced the most accurate simulations of the MJO. Simitalirigs have emerged from comparisons
between CAM and SP-CAMZhu et al., 2009 Thayer-Calder and Randa009. CAM, like versions

of the IFS with s(’)\fg allows strong convection to occur in a dry columhhayer-Calder and Randall
(2009 suggest the dependence on CAPE in the closure for deepatmvan CAM is partly responsible
for a missing link between convective mass transport anaf@mwmental moisture. This study has shown
that the IFS is able to increase the sensitivity of convectmcolumn moisture through changing the
formulation of organised entrainment, without replacitsgGAPE trigger for deep convection.

By relating the convective mass-flux of deep, entrainingr@s to the environmental moisture field, the
introduction ofsgig changed the control on convection in the IFS; the sensitdfitdeep convection to
the amount of water vapour in the atmospheric column wagasad. This led to an increase in dry-air
entrainment in low-humidity environments. The dilutioneofonvective plume by dry air will reduce net
condensation and buoyancy, inhibit the development of daspulonimbus and result in lower cloud-top
heights. Therefore, witlag*rg, convective plumes ascending in a dry environment will rextgirate as
high into the upper-troposphere; fewer deep convectivenplipenetrating into the upper-troposphere
results in a cooling there (Figufg. The overestimation of the depth and intensity of conescin dry
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conditions has been reported as a possible cause for poolasioms of the MJO (e.d.in et al.,, 2006),
and proved a tough test for a model’'s moist physics to reptestowever, dry-air entrainment has pre-
viously been shown to be an effective mechanism throughtwingpospheric moisture modulates cloud
depth in observational studieklglloway and Neelin2009 and cloud-resolving numerical simulations
(Waite and Khouider2010.

An effect of the lower cloud-top heights, produced througtréased dry-air entrainment, is that more
convective plumes will terminate near the melting layere Tielting layer is a thin stable layer at the
zero-degree isotherm (approximately 500 hPa in the trppieg is maintained by heat absorbed by the
melting of precipitation from ice to liquid phasdghnsoret al,, 1999. The occurrence of more clouds
which terminate near this stable layer and the melting ofatbeociated frozen precipitation results in
a loss of heat and an increase in stability at this level. Th&iggested as the process through which
sgig increases cumulus congestus in the IFS (Figdyeé strong stable layer in the middle troposphere
will result in more convective plumes detraining there. Aigr effect, albeit by a different mechanism,
has been seen in GCM simulatiomsnesset al. (2001 showed that improving the representation of the
freezing level, through a finer vertical resolution, led tmare realistic trimodal distribution of cloud
compared with observation.

The increase in cumulus congestus detraining at the meiyer acts to moisten the mid troposphere
(Figure2), slowly eroding the stable layer. As the cumulus congedéepens, the moistening penetrates
further into the free troposphere. Due to the modified trppesic moisture control on precipitation de-
scribed above, deep cumulonimbus is only triggered whearkigonment is sufficiently humid (Figures
7-9). Therefore, during this transition phase more moistuigufe 10) and CAPE can build up, with the
convection scheme removing less moisture from dry or maelgranoist columnsWaite and Khouider
(2010 suggest that, for the transition from shallow to deep cotiwa, the build up of free-tropospheric
moisture is more important than the build up of CAPE. In tledud-resolving simulations, if there
is sufficient moisture in the mid troposphere then deep adiove can be triggered with relatively low
CAPE.

A corollary of the tropospheric moisture control on coni@ttis that once deep cumulonimbus does
develop, it does so in a moist environment. When convectmmuis in a moist environment, the en-
trainment of air into the convective plume does not resuigmificant dilution or loss of buoyancy, but
rather strengthens the convective heating. The compegsstibsidence between ascending convective
plumes results in the formation of a large-scale circutgtiohich is maintained by a mechanism referred
to by Grabowski and Moncrieff2004) as the moisture-convection feedback. This moisture-ection
effect has also been shown to be important to the simulatierMJO in an aquaplanet configuration
(e.g. Raymond and Fuch2009). The large-scale circulation deepens the moist layérérfiee tropo-
sphere and increases the compensating subsidence, whigh strengthens the large-scale circulation.
The findings of this paper are consistent with the moistarection feedback being a physical mecha-
nism which contributes to better maintaining the intraseakvariability associated with the MJO in the
modified IFS.

Recognising the role that thermodynamic feedback prosqdsg in the initiation and evolution of the
MJO, Bladé and Hartmanfi1993 proposed a “discharge-recharge” theory for the MJO. Adicgy to
their theory, the period of the MJO is set by the time it takes dtmosphere over the tropical Indian
Ocean to destabilise or “recharge”. The build up of moisthreugh low- and mid-level cloud increases
instability until finally deep convection is triggered arektatmosphere stabilises again. This stabilisa-
tion, or “discharge”, removes the moisture from the tropatenosphere and returns it to a dry, suppressed
regime. Consistent with this theory, the build up of moistur the lower and middle troposphere prior
to the convective maximum associated with the MJO (Fig@yesuggests that the modified IFS is better
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able to “recharge” the tropical atmosphere. Through irgingathe stability of the atmosphere, dry-air
entrainment is a crucial mechanism through which the matlft& inhibits the premature development
of deep convection, resulting in an improved representaifthe suppressed phase of the MJO. There-
fore, with 855, there is a clearer distinction between active and suppdessnditions associated with
the MJO (Figured.2), as well as a smoother transition between the regimes.

Making the organised entrainment rate in the IFS paranzet#osh for deep convection more sensitive
to the environmental humidity surrounding the convectiltenge has confirmed the hypothesis that the
modified IFS is better able to simulate the transition frorallskv to deep convection. Witlag*rg, the
IFS starts to produce precipitation with more water in theagpheric column (Figg and8) and a mid-
troposphere that is more moist (Figus This allows the build up of more CAPE and moisture (Figures
10) without much release or removal from the atmospheric calthmough convective precipitation. The
modified relationship between precipitation and moistii@e for better preconditioning of the lower-
and mid-troposphere prior to a large convective event. muhe passage of an MJO event in April 2009,
with 855 the IFS was able to moisten the lower troposphere in the dagistp the convective maximum
associated with the MJO (Figur&4). The moistening of mid-levels (Figurd®) decreases the stability
of the mid-troposphere at the melting level, which enatilesfollowing convective plumes to overcome
the stable layer and penetrate into the upper-troposph@sewell as simulating the transition from
shallow to deep convection through convective precondlitig by cumulus congestus at mid-levels, with
555 the distinction between suppressed and active conditofegger. Suppressed conditions become
more suppressed and active conditions more aclige However, in the case of the active phase of the
MJO, this has resulted in an overestimation of precipitatiompared with observations.

6 Conclusions

6.1 Effect of individual components of Cy32r3

Having established that the Cy32r3 convective parameiti#siz was responsible for the improvements
in MJO simulation, the hindcast experiments were analysedetermine which part of the modified
scheme, the variableor the entrainment formulatiorsgg), was responsible. Results have conclusively
shown that changing the control on convection, by modifyiimg formulation of entrainment frortg’r‘g

to .sg*rg, was the key to the advances in MJO simulation describedeabov

Contrastingly, analysis of the ENTRN hindcast experimémiveed that, within theegit formulation,
the simulation of the MJO was not sensitive to this (appr@tah 25% reduction in the rate of entrain-
ment. A relative-humidity-dependent formulation for angged entrainment led to an IFS that produced
a more realistic distribution of precipitation (Figud® and a trimodal structure of tropical cloud, with
more cumulus congestus moistening the mid-troposphegi@4#). This resulted in an IFS that was
able to increase convective activity in the Maritime Coetinand West Pacific without producing deep,
penetrative convection too often (secti®ri and3.2). These results suggest that, W&(ﬁg' the IFS has
improved its simulation of the MJO through a better represt@n of the transition from shallow to deep
convection. The physical mechanisms through which thisachseved were the focus of sectidrand
will be addressed in more detail below. Moving to a variablPE adjustment timescale had a small
compensating effect on the mean state of the IFS but litgadimpact on the simulation of the MJO
(H12). However, the value of the primary peak in the PDF ofvthgablet was close to the previous,
resolution-dependent constant. This may account for ttledhimpact on the simulation of the MJO.
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6.2 Physical mechanisms responsible

Being able to attribute the advances in MJO simulation toréfetive-humidity-dependent formulation
for organised entrainment has been a key result of H12. Hervavorder to move away from model
specific conclusions and provide information that is reféva the wider modelling community, the
question of how theg*,g formulation was able to achieve a more realistic representaf the MJO must
be addressed. This was done in sectidtirough the application of process based diagnostics winich
designed to understand the physical mechanisms at work.pHfpier has shown that the introduction of
el led to a better representation of the MJO through the meshamniisted here and described in detail

g
below:

(a) the introduction of a tropospheric moisture control eep convection.
(b) a more realistic, precipitation-moisture relatiopstdue to (a).

(c) abetter simulation of the transition from shallow to pleenvection by the moistening, or precon-
ditioning, of the mid-troposphere, due to (b).

(a) Tropospheric moisture control on convection

Through the commonly used CAPE closure for deep convectimnsimulation of penetrative convec-
tive plumes in NWP models is often closely linked to the am@frCAPE in an atmospheric column.
The build up of tropospheric moisture, however, has beemwsto be more important than the build
up of CAPE for the accurate simulation of the transition tegleonvection (e.gRedelspergeet al,,
2002 Derbyshireet al., 2004 Waite and Khouider2010. CAPE is mainly sensitive to moisture in the
boundary layer; a CAPE closure for deep convection was lesdansible for the missing link between
environmental moisture and convective mass transporthwieid to a poor simulation of the MJO in
CAM (Thayer-Calder and RandaR009. The CAPE formulation in the IFS does show some sensi-
tivity to the environment by using the updraught tempemtproduced from the full entrainment rate,
in its calculation. However, the work presented in this paaeports the shift from CAPE-sensitive
to moisture-sensitive formulations for convection. ThetpBy32r3 IFS still has a CAPE closure for
deep convection, but in recognition of the importance ofiremmental humidity thes(?rg formulation
increases the sensitivity of convection to free-troposiphemoisture. By implementing a formulation
that increases entrainment in dry environmental conditeamd decreases it in a moist environment, the
intensity of convection is controlled by the amount of wéghe atmospheric column, not just the mois-
ture in the boundary layer. However, it is not just the hutgidiependent factor in the formulation for
organised entrainment which is important to the simulatibcumulus convectiorge Rooyet al. (2012
show that it is also crucial that the overall entrainmeng isfarge. Strong entrainment at the cloud base,
necessitating a vertical scaling function which decreagés height, is also shown to provide strong
sensitivity to environmental moisture.

(b) Modified precipitation-moisture relationship

The introduction ofsgig and resulting tropospheric moisture control on convectiaa been shown to
modify the relationship between precipitation and moist(gectiord.1). With 555, the IFS is able to
build up more moisture in the atmospheric column beforeaittstbeing removed by precipitation. This
prevents the IFS from producing weak convection too oftenl, @nsures that heavy rainfall can only
occur when the column is sufficiently moist. In general, thaalified precipitation-moisture relationship
is more realistic compared with observations. Howeverhwgtg, the IFS is shown to overestimate
precipitation at the humid end of the distribution, a problthat also occurs in SP-CAM simulations
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(Zhuet al,, 2009.

(c) Improved preconditioning of the tropical atmosphere

The modified precipitation-moisture relationship and eggheric control on moisture, more specifically
the increased dry-air entrainment in low-humidity enviremts, has led to an IFS that is better able
to simulate the transition to deep convection. With ﬁﬁig' formulation, dry-air entrainment dilutes
ascending plumes in a dry environment. This inhibits thenatere development of deep, penetra-
tive convection, a problem previously shown to lead to a pepresentation of the MJQLif et al,,
2006. As a result of forcing convection to terminate lower in § @nvironment, more convective
plumes detrain in the mid-troposphere. This is evident layititrease in the occurrence of cumu-
lus congestus4), which results in a more realistic trimodal structure afpical cloud that is appar-
ent in observationsJphnsoret al., 1999 and modelling studiedr{nesset al., 2001, Lin et al,, 2012.
The detraining congestus at the melting layer moisten th@wsnding environment, acting to recharge
the tropical atmosphere so that succeeding convective gduran penetrate further into the free tro-
posphere. Due to the modified precipitation-moisture i@lahip described above, during this tran-
sition phase more moisture can build up without being reléaso that when deep convection does
occur it is supported by a moist environment. It has been shihat, through this mechanism, the
suppressed phase of the MJO is more suppressed and théidratsithe deep, active phase is more
realistic. The processes described above are consistémttird 'discharge-recharge’ theory of the
MJO (Bladé and Hartmanrl993 Yano and Plant2012), in which instability builds up through moist-
ening by low- and mid-level clouds (recharge’), before theisture is removed by deep convection
(C)dischargé)). Furthermore, it has been shown that Hﬁ%‘ formulation creates a feedback between
convection and the large-scale circulation; dry-air eéniment results in more cumulus congestus which
moisten the environment, while a moister environment presaeep convection and strengthens the
large-scale circulation.Grabowski and Moncrief{2004 showed that this mechanism, referred to as
the moisture-convection feedback, was responsible forargments in MJO simulations with a cloud-
resolving convective parameterization.
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