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An objective tracking algorithm is used to characterise thethree-dimensional structure
of African Easterly Waves (AEWSs) in ERA-Interim reanalysis and a Met Office Unified
Model (UM) simulation. A special focus is dedicated to the aapling of dynamical
aspects of the wave and moist convection. The relation betwr baroclinic features
of the wave and latent heating is explored. Latent heating atnd slightly ahead of
the wave trough is found to reinforce and sustain the anomalas wave circulation
through potential vorticity (PV) generation and vortex stretching. The coupling of
moist processes and the circulation takes place mainly thumgh moisture convergence
at lower mid-tropospheric levels, between 850 hPa and 500 P These findings are
confirmed and examined in more detail in a case study of a stran AEW based on
high-resolution UM simulations. PV tracers are used to invstigate how different moist
diabatic processes invigorate the wave. Again moisture amaalies are found to be the
main contributors to generating small-scale convergenceentres and updrafts ahead
of the trough at mid-tropospheric levels. Although buoyany effects are ultimately
responsible for the convective uplift, the results suggeghat mesoscale circulations
associated with the AEW dynamics are crucial in creating thesmall-scale moist static
instabilities and vortices which are essential for the AEW naintenance. Boundary layer
mixing and advection from the northern Sahel may create pockts of high-PV air
around the trough in some instances, but this mechanism of we sustainment needs

further investigation.

Key Words: African Easterly Waves; Interaction between moist coneacand circulation; Convective organisation
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1. Introduction parameterized processes and the atmospheric circulatitug 4o
paramount when it comes to parameterization developmant.ai

Our understanding of the interaction between moist diabathe present study we investigate the interaction betweeistmaz
processes and the atmospheric circulation is still fradergn diabatic processes and the atmospheric circulation in ABWS 43
and incomplete. This interaction takes place on a largeer@fg analyzing observations and reanalysis data as well asaions 4
spatial and temporal scales. It is fundamental for weather awith a global numerical model, the Met Office Unified Modelss
climate in the tropicsGharney 1963Hoskins and Karoly 1981 The rationale is that exploring the deficiencies of the modeb
Hoerling 1993, but plays a crucial role in extratropical weathegnd conducting sensitivity experiments, will not only gglida7
systems and climate variability as wel¢skins and Valdes 1990 future model development, but also enhance our undersigndis
Parker and Thorpe 19980oothet al. 2013. of the relevance of specific aspects of the convection-etiam 49
African Easterly Waves (AEWSs) are a model case for thateraction in AEWSs. 50
interplay between moist diabatic processes and the atredsph The aim of the paper is thus to elucidate the role of moist
circulation. They grow from finite amplitude disturbancesing diabatic processes in African Easterly Wave dynamics. The
barotropic and baroclinic instabilities at the fringes dfet problem may be broken down into three main questions: (&)
African Easterly JetThorncroftet al. 19943b; Hall et al. 2009. where does moist convection occur preferentially relativéhe s4
Moist processes are important in sustaining the distudmm s wave trough; (2) what is the impact of moist convection on the
they travel from the Darfur Mountains towards the coast gEW dynamics at this preferred location; and (3) why doessinoiss
West Africa @erry and Thorncroft 2005Cornforthet al. 2009 convection occur preferentially at this specific locationin other s
Berry and Thorncroft 201)2 words, how do AEWSs organise convection. These three qumssties
Various past research efforts have been aimed at investgatwill be addressed and answered in the present study. 59
wave disturbances over West Africa such as the GlobalThe paper has two main parts: a climatological view o
Atmosphere Research Program Atlantic Tropical Experimetife interaction between moist processes and the atmospheri
(GATE) and the African Monsoon Multidisciplinary Analysiscirculation based on objective tracking of AEWSs in ERA-hte 62
(AMMA) project. Valuable observational data were obtainednd a Unified Model (UM) simulation (Sectidt), and a detailed 3
from these programs which shed light on various featur@sestigation of the case of a strong AEW in July 2010 (Sexc#jo 64
of AEWs (Burpee 1972 Reedet al. 1977, Kiladis etal. 2006  The first part provides a robust and comprehensive climgicab s
Bartheet al.201Q Bain et al.2011). New reanalysis data, satelliteview on the interaction between moist diabatic processeks as
observations, and high-resolution numerical simulatiosv the AEW dynamics, but the presented composite analysisotansr
allow a more detailed view of the interaction between moistemonstrate a causal relationship between moist processes ss
convection, clouds, and boundary layer processes in AEféatures of the wave development. In the second part a @oces
propagation. In a wider perspective, a better understandin based analysis of the diabatic influences on AEW dynamicszis
AEW dynamics can provide insights into the more generalmeatuthen undertaken by means of numerical sensitivity experime 71
of the two-way interaction between moist diabatic process®l which establish a mechanistic connection between moistuee
the atmospheric circulation. convergence ahead of the wave trough, organised conveation 73
In global weather and climate models the majority of diabativave growth. In particular, the paper will use the analysis @
processes have to be parameterized, and the most persiglihatic contributions to the potential vorticity (PV) lget of 75
and fundamental biases in numerical models are related ABWSs to quantify the impact of those processes on the synopts
those parameterizations. The parameterizations do noapm development. m
isolation, they interact with the atmospheric dynamics waiith The paper is therefore structured as follows: in Section 7s

each other. A better understanding of the interaction betwestatistical analysis of AEW diagnostic fields in ERA-Interwill 79
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The interaction between moist diabatic processes and cir¢ation in AEW propagation 3

be compared with those fields from a free-running climatsiear middle ground between the features observed in the westend is
of the Met Office model, to explore the ways in which theast and are not shown for clarity of presentation. 119
differing representation of diabatic processes in the twodefs is

responsible for differing AEW evolution. The discussiomiainly 2.1. Data and methods 120
restricted to the southern coastal region of West Africd,tha 211 Data .
way dynamical features of the wave structure and relatduhtia

processes vary across different regions is briefly touchmmhu For the composite analysis data from the European Cemire
Section3 proceeds to investigate these processes in more def@fl Medium-Range Weather Forecast (ECMWF) ERA-Interites
through Lagrangian analysis of potential vorticity in aeatudy reanalysis Deeetal. 2011 are used. Despite the fact thats
with the Met Office model. Finally, in Sectiof the results are there are rather few atmospheric observations over West

summarised and generalised through conceptual exploratie Africa, the ERA-Interim reanalysis fields generally show iz

“diabatic wave” processes. good agreement with other observational produgtsbrtset al. 127
20195. Reanalysis data have been employed in other studies
of the climatological structure of African Easterly Wavess

2. The three-dimensional structure of African Easterly

(Kiladis et al.2006 Berry and Thorncroft 203Bainet al. 2013 130
Waves

Janiga and Thorncroft 201#oanet al. 2015. 131

In this section we use an objective algorithm to track AEWs an Rainfall observations from the 3-hourl§,25° in latitude and 132
to compute wave composites over a climatological periodlof {ongitude Tropical Rainfall Measuring Mission (TRMM) 3B42s3
seasons for the years 1998 to 2008. A season includes théisnolt/ datasetiiuffmanet al. 2007) for the period 1998 to 2008 ares
of July to September when the West African monsoon reacHeyMbined with the ERA-Interim data. This precipitation guot 135
its most northerly position. The three-dimensional sutetof Was evaluated favourably against ground-based obsemsabicer 136
AEWs in ERA-Interim reanalysis and a Met Office Unified ModelVest Africa at the temporal and spatial resolution congiddrere 137

simulation is discussed, and the relation of the wave disiges (Guilloteauet al. 2016). 138

to rainfall and moist diabatic processes analysed. A simulation with the Met Office Unified Model in theiss

The AEW composites are computed for six regions separate‘i)g,nf'gurat'on GA7 at N96 resolution (approximately 150k

i.e. conditional on the wave trough being detected withie oh grid box spacing) using daily varying prescribed sea serfae

the particular regions. The six regions are denoted NortstwdSmperatures is analyzed as well. 142

(NW), South West (SW), North Central (NC), South Central\SC

2.1.2. African Easterly Wave tracking and composite 143
North East (NE), and South East (SE), and are indicated ir€ig

calculation 144
1. Mean fields and the three-dimensional structure of the AEWs
will first be discussed in detail for the region South West {SWAEWs are tracked based on the objective method describehdn
Differences that characterize the waves in the NW and SBmnegBainet al. (2013, with some modifications and additions. Heres
will be described separately in Sectiarb. the main features of the algorithm are sketched. 147

As pointed out in other studies (e.glaniga and Thorncroft ~ The tracking is based on 6-hourly wind fields at the 768

2013, the area of the West African coast is particularly activiePa level. Curvature vorticity is calculated from the wirehd 149
convectively and the diabatic heating associated with theew averaged separately over the three latitude bafide 45°, 10° 1s0
disturbances notedly pronounced. In the eastern regiores, oo 20°, and 15 to 25 North. Then the AEWs are tracked fors1
Chad and the Sudan, the AEWSs are typically in an early stagach latitude band. Only AEWs which have a curvature vayticis2

of their development and the connection to organised caiorec larger than ¢,;,, = 10~ s~ !, at any given time and longitude, aress

potentially weaker. The wave properties in the centralsaega a considered. 154
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Figure 1. Study region in Africa with the different areas used for toenposite analysis.

Based on the tracks on the three latitude bands, a simpiedel simulation compared to ERA-Interim is related maitaly 1e4
criterion is used in order to decide whether waves identified the minimum curvature vorticity thresholg,¢, in the tracking. 1ss
different latitude bands are manifestations of one singgwey  In the computation of the composites for the UM the detected
In a last step the location of the wave trough is identified @enoAEWSs are resampled such that the number of AEWs considered
precisely, starting from the first guess trough longitudeeined in the composites for the UM simulation is equal to thes
by the curvature vorticity tracking. This is done in two &@ons, number of AEWSs in the ERA-Interim composites. As discussed
based on anomalies of meridional wind and relative voxtieit in the Introduction, the rather low-resolution UM simutais 190
700 hPa. analysed in the present section are used to identify andigigh 191

model deficiencies in the representation of convectiooutation 192

Iteration 1: For every point in time it is first diagnosed on

. . ) ) interactions and the consequence of these deficiencieshéorids
which latitude band the wave is strongest in terms of the aredi

AEW evolution, not to infer actual properties of the struetof 194
of the curvature vorticity in the vicinity of the first guessugh

AEWSs and related moist diabatic processes. The latter aineede 195
longitude. Then meridional wind and relative vorticity amalies

_ ) » ) - from reanalysis data. 196
are restricted to the identified latitude band. A searchrisedhout
for the longitude log at which the modulus of the meridional .

9 fer1 2.2. Mean state for the South West region 107
wind anomaly becomes minimal in a neighbourhood around
the first guess trough longitude. In the given latitude band, To understand the structure of the wave anomalies, the

a window around |0ne7_1, a search is subsequently performe@|imat0|ogica| conditions in which the waves are embedd@geh 199
for the latitude at which the relative vorticity anomaly bewes to be considered. Here the mean latitude-height structfirezoo
maximal. This provides the first guess latitude;lat of the zonal wind, temperature, and specific humidity, averagex the 201
trough location. longitude band used to define the coastal regions, nansélyo 202
8° West, is shown for ERA-Interim and the UM (Figusg 203
Iteration 2: The steps of the previous iteration are repeated with ) ) _
The mean zonal wind shows the African Easterly Jet (AEJ) with
searches carried out in smaller neighbourhoods of;don and
centre at around 600 hPa, and the westerly monsoon flow belew
lat;;.,-1. This gives the final values of the trough longitudes and o _ _
(Figure3, panels a and b). The jetis much less confined in the Udd
latitudes.
and shifted southward compared to ERA-Interim. The lovelevor
The African Easterly Wave tracking reveals that the AEWs arsonsoon circulation does not reach as far north in the Unified
substantially weaker in the UM simulation compared to ERAViodel as in ERA-Interim. The temperature structure showsoa
Interim, both in terms of their mean and their maximum cum@t stronger low-level baroclinicity, i.e. more marked meoitl 210
vorticity along the tracks (Figurg). The fact that there are fewertemperature gradients, in the model over the Sahel (Figurei1
AEWSs, and more waves which travel only a short distance,en tpanels ¢ and d). Meridional temperature gradients charge si2

(© 2017 Royal Meteorological Society Prepared usingjjrms4.cls
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Figure 2. Comparison of African Easterly Waves statistics betweex|Bterim and the Unified Model at N96 resolution for the Jélygust, and September seasons of
the years 1998 to 2008: histograms of mean and maximum cuevaorticity along the wave tracks (top rovstograms of théength of the wave tracks, and number of
AEWSs per season (bottom row), indicating mean, minimum, raagimum values at four different longitudes.

at about the AEJ level, i.e. around 600 hPa. The regions mkridional temperature gradient being stronger in the UMrows2
high humidity reach further north in ERA-Interim (Figuie the SW region. It also reflects the fact that the AEJ is narrows
panels e and f). Note that in the southern part of the domamERA-Interim and exhibits stronger meridional gradieintshe 234
meridional humidity gradients are small in ERA-Interim andonal wind. A stronger meridional gradient in the zonal wines
become substantial only north of abaaf latitude. enhances barotropic instability and barotropic energyemion 23s

from the mean flow to the wave disturbanceh¢rncroftet al. 237

2.3. Three-dimensional wave structure for the South West ) ) .
19943. Moreover, the signature of the AEJ in the wave composite

region
9 is more distinct in the UM. This is partly due to the fact thathe 239

Based on the AEW tracking, the composite structure of AEWs 8odel the AEJ is located within the SW region whereas for ERAe
calculated for both ERA-Interim and the UM. Longitude zemo iInterim it is positioned further north. However, there isdence 24
the composites corresponds to the longitude of the wavelrouthat the fact that the anomaly is more concentrated, anddbrpaa2

In this section the discussion is restricted to the Southt\(@4/) at the level of the AEJ in the model is also a result of the ratass

region. of the interaction between the convective parameteriaatial the 244

circulation in the UM (see Sectiors4 and3.3). 245

2.3.1. Dynamical fields
The characteristics of the meridional wind wave anomaky

The longitude-height cross sections of the meridional wingary depending on the region because the baroclinicity ef thr
anomaly composites reveal that the wave has a more baclimean state variesReedet al. (1977) reports a maximum of24s
structure in the UM than in ERA-Interim at lower levels of thehe meridional wind anomaly at about the AEJ level, a neazly
atmosphere (Figurd, panels a and b). In the UM the wavevertical wave axis below 700 hPa, and a westward slope abexe,
anomaly slants into the shear whereas in ERA-Interim it shown agreement with our results for the SWurpee(1972, who 251

an upright appearance. This is consistent with the lowtexaan considers a more northern region, describes a distinctatilts2

(© 2017 Royal Meteorological Society Prepared usingjjrms4.cls
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Figure 3. Mean cross sections of zonal wind (top row), temperaturedrairow), and specific humidity (bottom row) averaged oherlongitudes of the coastal regions
over the years 1998 to 2008, for Era-Interim (left columng #re Unified Model (right column).

low levels. ConsistentlyReedet al. (1977) notes that baroclinic  Composites of potential vorticity anomalies indicate a @eepss
instability contributes more to wave growth in northernaae and narrower anomaly in ERA-Interim compared to the model
whereas further south baroclinicity is weaker and preaih (Figure 4, panels ¢ and d). As with the meridional wind, the:
heavier. Also the vertical structure of latent heating play anomaly is located in a wider region around the trough in the
role in defining the structure of the wave disturbance. idedl model, whereas in ERA-Interim it is positioned at or slightbrs
studies suggest that low-level latent heating supportsttzgric ahead of the trough. At around 800 hPa the PV anomalies extend
energy conversion and a more barotropic appearance of theegions behind the trough in both ERA-Interim and the UMza
wave, whereas a top-heavy heating profile favours baraclirdircumstance which is due to enhanced stability associattd 276
wave growth Padro 1973Craig and Cho 1988Thorncroftet al.  low-level cold advection in that area. 277

1994 Hsieh and Cook 2097 Zonal wind anomaly composites in ERA-Interim show thes

The horizontal structure of the meridional wind in ERA-Imte  slowdown of the easterly wind at the level of the AEJ (Figure
suggests that in the along-trough direction geostrophianice 4, panels e and f for ERA-Interim). The low-level monsoomo
is a good approximation (not shown). This makes the senfliew is strengthened somewhat ahead of the trough. Viewing
geostrophic conceptual framework Barker and Thorp€1995 the wave trough as a frontal system conceptually, as suggjest
attractive for the interpretation of the AEW dynamics (seet®n in Bainetal. (2011), an easterly ageostrophic low-level crossss
4). frontal circulation is identifiable which has its centre inet 2s4

(© 2017 Royal Meteorological Society Prepared usingjjrms4.cls
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Figure 4. Composites of meridional wind (panels a and b) and PV (panatgl d) anomalies conditional on the African Easterly Wasiadpdetected in the region SW,
for Era-Interim and the Unified Model. Panels e and f show amsitps of zonal wind anomalies at 700 hPa and 850 hPa for EfeXin, respectively. Black contours
indicate geopotential height anomalies (contour linestee+5, +4, +3, +-2, +1, and 0 m). Bottom row: composites of relative vorticity emaies at 700 hPa (panel g)
and 850 hPa (panel h) for ERA-Interim. The zero longitudeesponds to the trough location of the wave.

northern part of the wave slightly ahead of the front at 700 At 700 hPa the relative vorticity anomaly pattern tilts blig 294
hPa, and slightly behind the front at 850 hPa (Figdrganels from southwest to northeast, but not very markedly so (Figuss
e and f; the black contour lines indicate geopotential heigh, panel g for ERA-Interim). At the 850 hPa level there iss
anomalies). At around the AEJ, regions of westerlies cpoed a second vorticity centre to the north slightly ahead of the
to regions of southerlies, and regions of easterlies coorg$ main wave, a feature also described Rgedet al. (1977) and 298
to regions of northerlies, indicating that the wave tramspo Berry and Thorncroff2005 (Figure4, panel h for ERA-Interim). 299
easterly momentum northward. This suggests barotropicggneThis second vorticity centre is more pronounced in otheioregy soo
conversion from zonal kinetic energy to eddy kinetic eneagyy (not shown). 301

around the level of the AEJ, in agreement wibedet al. (1977).

(© 2017 Royal Meteorological Society Prepared usingjjrms4.cls
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2.3.2. Temperature and humidity convection parameterization, as demonstrated by the csitepaf 340
the convective specific humidity tendency (Figérganel h). 341

Comparing temperature anomalies between ERA-Interim laed £.4. Relation to precipitation and moist diabatic processe 342

UM (Figure 5, panels a and b) confirms the more baroclinic

Precipitation formation is intimately linked to latent heealease 343
structure of the wave disturbance in the model due to thegéo

in the atmosphere. A comparison of the location of TRMb
mean temperature gradients over the region. There are other

precipitation relative to the ERA-Interim wave trough ar tsss
important differences. In the model the southerly advectd

UM precipitation and respective wave trough is shown in Féguae
cold air is much stronger, and the wave has a cold core below

6, panels a and b. This reveals that precipitation is formed igu7
the level of the AEJ behind as well as in front of the trough. In

rather narrow band ahead of the trough in ERA-Interim, whress
ERA-Interim there are indications of a warm and a cold coovey

for the UM precipitation is distributed in a broader regionwnd 349
belt in the lower troposphere. Warm and dry air is drawn in

the trough and confined to more southern areas. In the maatel thso
from the north, cold air is advected from the south behind the

is a northern extension of the precipitation anomaly behired ss1
trough at around 850 hPa (Figuseblack contour lines in panel

trough related to strong positive moisture anomalies. 352
f for ERA-Interim). At 700 hPa the cold anomaly corresponds

The anomaly composite for vertical pressure velocity sis

to northerly winds, suggesting that cold air is partly iftéo

consistent with the precipitation characteristics in terofi the ssa
middle tropospheric levels in a conveyor belt circulatiGig(re

spatial position (Figuré, panels ¢ and d). It also shows a strongs
5, black contour lines in panel e for ERA-Interim). The anoynal

maximum at upper levels in case of the model whereas for ER#-
patterns in ERA-Interim agree well with whReedet al. (1977)

Interim strongest upward velocities occur at lower levédisad 357
found in observations. The temperature anomalies are also a

of the trough. In extra-tropical baroclinic waves latenatieg sss
result of the interaction between baroclinic growth and aiab

most strongly couples with the dynamics at low levels whese
heating from convection. Over the SW region, in the model the

temperature and moisture advection is strongest. As disdu® seo
latent heat release takes place mainly at the upper levels of

more detail below, in the AEW case convection and dynamies &t
the troposphere, whereas in ERA-Interim the latent heang

coupled most strongly through pre-frontal moisture cogeace se2
bottom-heavy and occurs throughout the free troposphere (s

and diabatic PV generation at lower mid-tropospheric &vieé. ses
Section2.4). The broad warm anomaly in the upper troposphere

between 850 to 500 hPa (Figude panel c, and Figur®, panel ses
around the trough in the model is thus partly a consequence of

c; see alsoBerry and Thorncroft(2012 and the discussion inses
latent heat release induced by the convection parametierizas

Section3.4). 366
shown by the temperature tendency anomaly from the comvecti

A robust diagnostic of latent heating which can also be

parameterization (Figur@ panel g).

calculated for the ERA-Interim reanalysis is the so-cadlpdarent ses

The height-longitude moisture anomaly composites show theat source anaietal. 1973. Let 7' denote temperature; 3o
anomalous moisture at and slightly ahead of the trough (Bigu geopotential heighty the gravitational constant, ang specific 70
panels c and d). In ERA-Interim there is a dry anomaly befed theat at constant pressure. From the budget equation fotatrg ss71
trough because moisture is transported out of this regiwards energys = ¢, 7" + gz it follows that approximately 372
the area at and in front of the trough where it feeds convectiv

development. The horizontal specific humidity anomalie85t or +V-(VT) = QRad 4 gtaent _

ot

9

o (W'T" (1) a3

hPa and 700 hPa correspond well to the temperature anomalies
(Figure5, panels e and f). In the UM a dry anomaly cuts througWwhereV denotes the three-dimensional wind vectgfi?diabatic 374

the trough at low levels. The wide dry region at low levelsum heating from radiation-®®"latent heating, anl.’T”) subgrid- 3

J

5

the trough in the UM is mostly caused by convective dryingh®y t scale turbulent heat fluxes in pressure coordinates. 376
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Figure 5. Composites of temperature (top row) and specific humiditynaadies (second row) conditional on the African Easterlyw®&/aeing detected in the region SW,
for Era Interim (panels a and c) and the Unified Model (panedadbd). Panels e and f: composites of specific humidity anies&r ERA-Interim at 700 hPa and 850
hPa, respectively. Black contours indicates correspanciimposites of temperature anomalies (contour lines-dret0.8,+0.6,+0.4,+0.2,40.1, and 0 K). The zero
longitude corresponds to the trough location of the wave.

Defining results byJaniga and Thorncro{2013 who also find maximum sz

R aT

Q1 =4 +V-(VT)

_ = _ QRad (2)

latent heat release in the lower mid troposphere at the ajasbs
West Africa, and top heavy heating profiles in eastern regions
thus provides an approximate expression for the sum of the
consistent with the analysis presented in Sectién 395
latent heating@-®®" plus the subgrid-scale turbulent heat flux
convergence term using rather robust large-scale ques)tihich Why does precipitation, and thus organised convectionyroces
are constrained by observations in ERA-Interim. preferentially at and slightly ahead of the trough? Anomaby
Indeed, wave composites @#i* anomalies agree well with composites of moist static energy (MSE) at 925 hPa show that
composites of convective heating tendency anomalies imtigel in the model there is a negative anomaly around the trough
(compare Figures, panel f, with panel g). For the South Wesin the region where precipitation forms (Figuige panel b). 00
region theR* anomaly composites are shown in Figar@anelse This is partly a result of convective drying (Figu panel ao
and f. The UMQ¥ composite shows a top-heavy deep convectiv®. But also in ERA-Interim the low-level MSE anomaly iso2
profile which is not very well aligned with the trough. In ERA-small in the area at and slightly ahead of the trough (Figuse
Interim the anomaly in the vertical gradient ¢ff* exhibits 7, panel a). This suggests that in AEWs convection is net
a maximum at around 700 hPa suggesting strongest diabatitnarily controlled by boundary layer moist static stébil 405
PV generation at around this height. This is in agreemertt wianomalies. Rather, convective activity is governed maiojy 4oe
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Figure 6. Composites of precipitation (top row), vertical pressuetuity (second row), an@; (third row) anomalies conditional on the African Easterywd/deing
detected in the region SW, for Era Interim (left column) anel Unified Model (right column). For the precipitation andyneomposite in panel a, TRMM rainfall data
is used. Panels g and h: composites of convective temperatt humidity tendency anomalies, respectively, for the UM zero longitude corresponds to the trough
location of the wave.

moisture convergence at lower mid-tropospheric levelguf&7, But the evidence suggests that lower mid-tropospheric ton@s 415

panels ¢ and d, for the 850 hPa level). In ERA-Interim thera isconvergence generated by the wave dynamics is key in tiigge#is

distinct convergence line ahead of the trough where pratiph  and organising convective cells. 417

's located. The area at and slightly ahead of the trough is the‘l’he convection parameterization in the UM shows too litdes

region of preferred moisture convergence in the anorﬁalcwmwsensitivity to the resolved dynamics of the wave and mogstute

circulation as discussed in more detail for the case predent anomalies in the middle troposphere. Also the fact thatsat

Section3 (see also the conceptual summary in Sect#pnOf 150 km grid spacing the model is not able to resolve the

course moisture convergence can partly be a result of ctamec . . .
mesoscale dynamics of the wave, and circulations relatedio

(© 2017 Royal Meteorological Society Prepared usingjjrms4.cls



423

424

425

426

427

428

429

430

431

432

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

456

457

458

459

460

461

The interaction between moist diabatic processes and cirdation in AEW propagation 11

organised convection, sufficiently well contributes to dedicient northeast (Figur&, panel c). The vertical pressure velocity shows
representation of the convection-circulation interactiothe UM. a very distinct maximum at low levels, below the AEJ (Fig8re 463

panel e), reflecting the stable environment at upper leVéls. is 464

2.5. Differences among regions a feature of the waves over all the northern regions NW, N@, ass

In this paragraph we briefly summarise the climatologicaiwi NE. Diabatic processes also peak at low levels (Fighrpanel as6

on the convection-circulation interaction in AEWs for twther 9)- The strong low-level centre of vertical motion is thugely 467

regions, the North West and the South East (Figjrdhe mean a combination of strong low-level baroclinic energy comsi@n a4es

state of the atmosphere varies across regions, such asionatid together with latent heating from relatively shallow MC&#&jch 469

temperature, humidity, and zonal wind gradients, and ttsitipa are capped by a stable upper troposphei@ige 1983 Generally 470

of the AEJ. These aspects impact the structure of the waekthan energy supply by latent heat release is overall weaker in the

relative importance of different energy conversion preess An drier northern region than further south where moisture @semarz

indirect effect of the mean state of the atmosphere, togeitib abundant. 4
orographic features, is the differing importance and attersstics !N the SE (see Figuré) the AEJ is located further southzs
of mesoscale convective systems (MCSs) and related lat6ffnpared to the coastal region, meaning that the AEJ ispos 475
heat release. For instance, in the northern part predipitas OVer the area. But the AEJ is considerably weaker here, many©
scarcer due to the drier environment, and organized cdmectthe AEWSs are initiated around the Darfur Mountains. Memdib 477
systems related to the AEWSs are embedded in more stable-upf@iPerature and moisture gradients are weak f66nNorth to 47
tropospheric environment$ipuze 19892004). This has in turn about13° North because there is no sea to the south as onathe
an impact on the AEW structure. West Coast. 480
Mean cross sections for the eastern longitudes (not shown)n accordance with the AEJ being weaker, the wave anomalies
show that the AEJ is positioned further south compared to thethe meridional wind are smaller (Figudgpanel b). Also, since ss2
coastal region, and is weaker. The monsoon, as indicatetiey the AEJ is located over the region, there is a stronger irhjfin 4s3
low-level moisture and temperature gradients and the wetl the AEJ in the composite compared to the SW region, and he
westerlies, reaches less far north in the central and eaateas anomalies are contained mainly to the middle troposphérereT 4ss
compared to the West Coast, only to aboéft North. Low-level IS rather little baroclinic structure at low levels, in $taontrast ase
temperature gradients over the SE region are however sitoila t0 the NE region where the positive meridional wind anomalyaé

the gradients over the SW because the southern part of the &@nfined to levels below the AEJ, and shows strong baroclirie

is warmer and drier in the SE due to the absence of the sesff@racteristics (not shown). 489
the south. Strongest humidity gradients are located anarbsf Temperature and specific humidity anomalies in the SE loek
North. rather similar to the corresponding anomalies in the SW (aat

The height-longitude meridional wind anomaly composite feshown). The negative temperature anomaly is somewhatggtroms2
ERA-Interim reveals that the waves are more baroclinicégiNiv  around the trough in the SE because the positive temperature
compared to the SW because meridional temperature gradigtiiomaly due to warm advection from the north does not peteetre:
are much stronger in the northern coastal area (Figugganel as far south as in the SW. 495
a). This is also evident in the temperature and specific hitynid There seems to be a certain contradiction between dide
anomalies (not shown), which are strongest in the more eorth precipitation composite and the vertical pressure velociéz
parts of the waves. The area starting from about 2 to 3 degreesnposite in the SE region (Figurg panels d and f). Theaos
longitude in front of the trough is dominated by the southdvarainfall composite appears to indicate that there is a rdduse 499
advection of warm and very dry air from the north. Accordingl association between precipitation formation and the AEWdh. soo

the precipitation composite slants somewhat from southwees Both the vertical pressure velocity as well as th¢ anomaly so:
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Figure 7. Moist static energy (MSE) anomaly composite at 925 hPa fohffRerim (panel a) and the Unified Model (panel b). Moistdigergence anomaly composite
at 850 hPa for ERA-Interim (panel ¢) and the Unified Model @at). The zero longitude corresponds to the trough locaifahe wave.

composite (Figures, panel h) suggest otherwise, and show a The orography in eastern regions might play a certain rolesig
deep-convective profilelaniga and Thorncrof2013 also report decoupling the rainfall from the AEW trough, and the AEWsderz7
top-heavy latent heating profiles in eastern parts of theystuto be in a developing phase, and weaker in the East compazed
region, in contrast to more bottom-heavy profiles at the Wetst the West Coast, and therefore less likely to force MCSs
Coast and over the Atlantic ocean. In most part of the SE negi¢Fink and Reiner 2003 However, we did not find evidence for aso
moisture availability and mean rainfall is high. Since thEMX systematic relative position of MCSs behind the trough stem@ ss31
are typically rather weak dynamically in the area, and meeeo parts of North Africa. 532
are in a developing phase, we conjecture that the ERA-interi

reanalysis struggles to place the AEWSs at the exact riglatilog. 3. Case study of a strong African Easterly Wave -
This is also confirmed in the AEW case study presented belowpfom the climatological analysis in the previous sectionsa
Section3. Therefore the composite produced using the TRMMntative picture of the convection-circulation intefast in sss
rainfall observation data appears to some degree incensisiAEWs emerges, which hints at an important role of moistute
with the passage of the wave. The rainfall composite contputgonvergence and convective development at and slightipcaher
with precipitation from the ERA-Interim reanalysis itssfows a of the trough. But the statistical perspective does nomafior sss
strong signal and is quite well aligned with the trough (fa8n), demonstrating a causal relationship between the AEW dysmanaie
in accordance with the vertical wind aatf* composite. The weak and moist diabatic processes. A case study is therefore tosedo
rainfall signal derived based on the TRMM rainfall data mighnyestigate the two-way interaction between diabatic @sses sa1
therefore partly be due to the fact that the exact timing endtion and the atmospheric circulation in AEW propagation in greatsz
of the AEW developments are somewhat inaccurately captur@tail and with a process-based focus. 543
in ERA-Interim due to the limited availability of observaitis

in the region. But as suggested Bynk and Reine (2003 and 3.1. Case study description .

Janiga and Thorncro{2016), the connection between AEWS and, ¢ following a wave disturbance is studied which is dieasss

MCSsis likely weaker over the Soudanian region compareliéio {yetectable starting from 18:00 UTC on July 7, 2010, over Nosts

coast of West Africa. Africa. In order to investigate the case in detail, simaas with s47
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Figure 8. Composites of meridional wind (top row), precipitationgsed row), vertical pressure velocity (third row), a@d (bottom row) anomalies for the NW region
(left column) and the SE region (right column). The compssire based on Era-Interim reanalysis. In the precipitatimnposites (panels c and d) TRMM rainfall data
is used. The zero longitude corresponds to the trough tmtafithe wave.

the UM in the global configuration GA7 were performed at N1288cheme is enabled in all of the subsequent hindcast sirondatisse
resolution, corresponding to a grid size of about 10 km in thdid-level convection treats convective cells which haveirthss?
midlatitudes. Forecasts were initialised with ECMWF as@y root not in the boundary layer but originate at levels abdwe tss
at six start times: 00:00 UTC on July 7, 18:00 UTC on July &oundary layer, which is the predominant type of convectign
00:00 UTC on July 10, 00:00 UTC on July 11, 18:00 UTC oencountered in organised convection related to AEWs. 560
July 12, and 00:00 UTC on July 14. To minimize issues related t

the inability to correctly simulate the diurnal cycle of eection

by the convection parameterization, only the mid-levehMeation
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3.2. Development of the wave the yellow shading in the Hovmuller plots). TRMM now showso
distinct organized precipitation ahead of the trough atiadol2 so1
Figure 9 shows outgoing longwave radiation fromx<L1 degree to 18 degrees North where the main centre of the wave distoebaoz
resolution CERES satellite observations (left column) #nel s |ocated (Figurel0). This is consistent with CERES sceness
model reference simulation at different stages of the wabe. which exhibit signatures of corresponding MCSs (Figug@s sos
black vertical line indicates the position of the wave tfous This association between precipitation and the wave trdsghos
diagnosed from the meridional wind of the ECMWF operationdompletely absent in the model at this stage, even at fdreeas
analysis. For the first three snapshots the model is inigéli |ead times of about 24 hours, a common problem in models with
at 00:00 UTC on July 7, for the scene on July 11 the modghrameterised convectioBKinner and Diffenbaugh 20)1.3n the eos
is initialized at 00:00 UTC on July 10, and for the last scen@odel, convection is not sufficiently supported overnidfikely soo
the model is initialized at 00:00 UTC on July 11. Figut® this is key to the existence of organised systems in the megfioszo
shows corresponding precipitation from TRMM (left columnjnd ahead of the trough. Crucially, the wave does not sthengts1
and the reference model simulation (right column) at theesamgynamically over the period of July 9 and July 10 in the UM
times and using the same forecast initial times as in Figufeigure 11, panels b and d). This demonstrates the pivotal rele
9. Figure 11 contains Hovmuller plots of meridional wind andof moist convection and associated latent heating in imeitjag 14
potential vorticity from the operational analysis and thed®l, and sustaining the wave. 615
and rainfall from TRMM and the model. For the Hovmuller plots There is a second strengthening phase, starting at abaut alsl
of meridional wind, potential vorticity, and precipitatiothe data 12 18:00 UTC, when again TRMM shows large MCSs ahead
was averaged between® to 20° North. of the wave trough (Figurél, panel e). At this stage the waveis
The dynamics of the wave is rather weak over the first 30 howlisturbance is already strong and the model, when inigélizis
after detection, i.e. until about 00:00 UTC on July 9 (Figlife correctly, manages not only to simulate the wave disturbareo
panels a and c). CERES images show large cloud clustersdarobut also to develop associated rainfall and reproduce tluvied 621
the trough, and TRMM exhibits organized precipitation fronstrengthening of the dynamics (Figutd, panels b, d, and f).es22
MCSs in the vicinity of the trough starting from late afteomo However, this only happens when the wave is vigorous enouagh
on July 8 (Figurell, panel e). Although the model producego force convective precipitation at the right time and toma 624
cloud clusters in the region, they are not clearly associaffu (Figurell, panel f). Note that the erroneous diurnal cycle sigrad
the dynamics of the wave, and there is hardly any precipitatias well as the eastward propagating systems are now abse#s in
at or ahead of the trough (FigurEl, panel f). In fact, at this the reference simulation of the UM in this phase, and thefaHins2z
stage the model mainly produces precipitation at aroun@012:is dominated by the propagating wave. This stage also a®Bsck2s
UTC, and precipitating cloud clusters unrealistically pagate with the wave reaching the Guinea Highlands. Here, with the
eastwards probably due to convectively generated grawvitye® strong orographic forcing and moisture fluxes from the ocdan s3o

(Figurell, panel f). model is more likely to sustain convection overnight. 631

Note that the wave trough location is slightly different ret

] . 3.3. Theinteraction between circulation and latent hegtin 632
analysis compared to the model although the UM is initiaize

from the analysis (solid and dotted red lines in Figliiepanels The reference simulation with the UM does not reproduce the
b, d, and f). This confirms the supposition expressed in 882t  first crucial strengthening phase of the wave because of dhe
that there can be uncertainty about the exact position ofvhe  ghsent interaction of the circulation with moist convestitn the s
trough in the early stage of the wave development. UM convection is represented by a mass flux parameterizati@n
Starting about July 9 03:00 UTC a crucial strengthening @haased originally onGregory and Rowntre€1990), with further e37

of the wave occurs, which lasts for about 2 days (indicated bigvelopments. In the GA7 configuration used here the coweeciss

(© 2017 Royal Meteorological Society Prepared usingjjrms4.cls



639

640

641

642

643

644

645

646

647

648

649

650

651

The interaction between moist diabatic processes and cir¢ation in AEW propagation 15

July 8, 18:00

CERES outgoing longwave radiation

N
EN

latitude
latitude
R

longitude longitude Wi 1

CERES outgoing longwave radiation

Model July 9, 03:00

N
=

latitude
latitude

=

oA G RN SESP
-30 -15 0 15 30
longitude longitude W/ 1

CERES outgoing longwave radiation

Model July 9, 18:00

N
=

latitude
latitude

1
1

0 0 - 25
longitude longitude W/m? 1

CERES outgoing longwave radiation

Model July 11, 18:00

latitude

latitude
s N
(=] S

o
=
N
v

-30 —15 0 30
longitude longitude W/m? 1

CERES outgoing longwave radiation Model July 13, 18:00

24

latitude
I
N
=
S
w

latitude

—15 0
longitude longitude w/m* 1

Figure 9. Outgoing longwave radiation from the Clouds and the Eaf@sliant Energy System (CERES) x 1° satellite product (left column) and the UM N1280
(10km) simulation (right column) at five different times.&model is initialized on July 7 at 00:00 UTC, on July 10 at @0OTC, and on July 11 at 00:00 UTC from
ECMWEF analysis. Vertical black lines indicate the wave glolocation as derived from ECMWF analysis.

available potential energy (CAPE) closure includes a dégecy the wave properly, only two forecast initial times are used sz
of the CAPE timescale on the grid-mean vertical velocityt bthe subsequent Hovmuller plots: July 7 00:00 UTC and July ¢k4
generally the CAPE timescale is around half an hour. 00:00 UTC. The lack of precipitation along the wave trackd aes4

. - . the failure to intensify the wave through moist diabaticqasses, s
In the following results from a sensitivity experiment, désd bt g .

. . . . . . is clearly evident in the reference simulation. In stark tcast, ese
“long CAPE timescale” simulation, are described in whicle th y

the long CAPE timescale simulation exhibits strong MCSsadhe
CAPE timescale is fixed and increased to 3 hours. This reduces 9 9 o

. . of the trough, and the wave intensifies over the course of Jug
the parameterised convective mass-flux and the paranesteris g y

. . . 9 and 10. The precipitation along the wave track is somewat
consumption of CAPE in the model, so that convection can precip ¢

. . . . . overestimated in the long CAPE timescale simulation, ared ¢ko
be sustained longer, with weaker intensity. Figur2 shows

. . . otential vorticity Hovmuller plot suggest that the wavslightl
Hovmuller plots of potential vorticity at 700 hPa and raihfak P ty P 99 Sty e

0o fast (Figurel2, panel b). This indicates that latent heat release
the reference simulation (panels a and c¢) and the long CAII-"Ig (Fig P )

. . . . ahead of the trough may increase the wave speed, consistent
timescale simulation (panels b and d). In order to bring ootten

clearly the fact that the reference simulation is not ableustain
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Figure 10. TRMM (left column) and UM N1280 (10km) simulated precipitat (right column) on the days and times shown in Figtirgertical black lines indicate the
wave trough location as derived from ECMWF analysis.

with the fact that the wave travels faster in the later stagerw precipitation scheme responds directly to the resolveauayes, s77
associated rainfall becomes intense. unlike the convection parameterisation which does notl|”feers

convergence directly. 679
Other sensitivity experiments have been carried out, dioty

a simulation with the convection parameterization turnéd o Figure 13 shows cross sections of the mean temperatese
completely. However, omitting the convection paramet¢iora tendency of the convection parameterization (panels a andsb
entirely leads to unrealistic stationary precipitationtfees. A and the temperature tendency of the sum of the convectin
certain limited amount of parameterized subgrid conveatiass parameterization and the large-scale precipitation seh@amnels ss3
flux is beneficial. Nevertheless, the main difference betwe c and d) along the wave track for both the reference simulaties
reference simulation and the long CAPE timescale simuiago and the long CAPE timescale simulation. Mean PV is overlaid
that in the reference simulation precipitation is handlédost as black contours. Longitude zero corresponds to the fwtati ese
exclusively by the convection parameterization, whereatheé the wave trough. For PV, qualitatively the finding is very g&m es7
long CAPE timescale simulation rainfall is mainly generalbyd to the results presented in Secti@r8. The PV signature in thesss
the large-scale precipitation scheme (not shown). Theelaogle long CAPE timescale simulation is deeper, narrower, andemess
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Figure 11. Hovmuller plots of meridional wind (top row), potential vimity (middle row), and precipitation (bottom row) based the ECMWF operational analysis
(panels a and c), TRMM rainfall data (panel e), and the UM NIL@E®km) reference simulation (panels b, d, and f). The réid $ioe indicates the wave trough track
as diagnosed from the analysis, the red dotted line as dieedrfrom the UM simulation. Blue and green lines indicateeotwaves which are not considered here. All
forecast initial times are used for the UM (see Sec#fidl). Horizontal dotted lines indicate forecast initialisatitimes, horizontal dashed lines indicate from which time
on the data of a new forecast are used.

strongly confined to the area at and slightly ahead of thegtioln  where strongest updrafts develop. This suggests thatphiedavy e9s
the reference simulation the PV signature is weaker, broade heating profile of the deep convection parameterizatiooudised 699
more restricted to the level of the AEJ. The temperaturegrogl in Section2 is not per se problematic. The main issue is the faat
of the convection parameterization in the reference sinmnat that the convection parameterization does not activateeatight 7o1
does not well align with the trough. In the long CAPE timescaltime and location relative to the dynamics of the wave, asaaly 702
simulation most of the latent heating comes from the larghypothesized in Sectioh 703
scale precipitation scheme, which is more intimately cedpb

the resolved circulation. It occurs slightly ahead of theugh
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Figure 12. Hovmuller plots of potential vorticity (top row) and predggion (bottom row) for the UM reference simulation (leflomn) and the UM long CAPE timescale
sensitivity experiment (right column). The red solid limelicates the wave trough track as diagnosed from the asatp& red dotted line as determined from the UM
reference simulation. Only the forecast initial times Ju0:00 UTC and July 11 00:00 UTC are used. The horizonta¢dditte indicates the second forecast initialisation
time, the horizontal dashed line indicates from which timetee data of the second forecast are used.

704 3.4. Potential vorticity analysis divergence. The divergent part of the circulation may beria

result of diabatic processes like convectidoérling 1992. It 717
705 In order to better understand the interaction between moist

is therefore not possible to completely separate out insffaoin 718
706 diabatic processes and the circulation a potential vyticiew

adiabatic and diabatic processes on PV evolution. Noreghglrio

707 is adopted. Recall that potential vorticiiyis defined as . . )
equation {§) provides a useful framework for assessing the rolezof

1 various diabatic sources of PV. Decomposing the diabaticcgo 721
708 P=—.vp (3)

p terms Sy and Sy into a sum over different subgrid processes

- o like convection, radiation, or boundary layer turbulentximg, 723
709 wherep denotes density;?*° absolute planetary vorticity, ardl

. equation {) can be written as 724
710 potential temperature. Ertel’s TheoreBrigl 1947 states that
DP
DP ¢ Vo —_— = Z dPVtrag (5) 725
71 Dt (_) -VSp + 7 -V X Su “4) Dt parameterized
process?

712 Here Sy and Sy represent sources of diabatic heating and
713 friction, respectively. That is, the change of PV along an ai
714 trajectory is determined by the different diabatic soureems.

715 On the mesoscale, PV can change due to convergence and
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Figure 13. Mean longitude-height cross sections along the track ®témperature tendency from convection (top row), and tégature tendency from convection
plus large-scale precipitation (bottom row) for the UM refece simulation (left column) and the UM long CAPE timescsgnsitivity experiment (right column). Black
contours indicate corresponding mean PV along the traaki¢co lines aret0.7,4-0.6,+0.5,40.4, and+0.3 PVU). Longitude O corresponds to the trough location of
the wave.

Integrating both sides of the equation along a resolved flaweated at and ahead of the trough by the large-scale prmpi 745

trajectoryz(¢) of the model from timésart to timet gives scheme which contributes to intensifying the wave distuckbanas

(Figure14, panel d).

747

t pp

——ds= Y  PVtracef(t)

parameterized
processt

(6) In principle convergence of PV could substantially contré 74s

Jstart
to the wave development. Panels e and f in Figlifeshow 749
The individual terms PVtracerare called PV tracers, angHovmuller plots of the advection of the initial PV distrilom 750

were calculated along the model simulation in other costexty e resolved flow at 620 hPa, i.e. around the AEJ level

in previous studies Gray 2006 Chagnon and Gray 2009 It shows that PV convergence does not substantially canéilrs2

Chagnoretal. 2013. Thus, as implied by equations) the to the intensification of the wave. If anything, PV tends tes

individual PV tracers are initialized with the value zerotlg¢ be transported away from the wave trough by the large-scale

beginning of each forecast, and were calculated onlinengutie advection, especially in the long CAPE timescale simulatias

model runs. (Figurel4, panel f). Advection to a position ahead of the trough b

the resolved flow might play a certain role in keeping thetieda 757

Figure 14 shows Hovmuller plots for PV tracers at 620 hPa fdPcation of MCSs relative to the trough where they conteblat 7ss
the convection parameterization and the large-scalepitagon Wave sustainment. 759
scheme for the reference simulation (panels a and c) andtige | Thus latent heat release that occurs at and slightly aheadsof
CAPE timescale simulation (panels b and d), again using twlee front is the main cause of the crucial strengthening ef th1
forecast start times. In the reference simulation the cdimrec dynamics of the wave. The results of Sectibprovided evidence 762
parameterization does not generate high-PV air that ends thpt anomalous moisture convergence throughout the loviebr mss
ahead of the trough. Rather, the PV generated by the coamectiroposphere initiate convection and updrafts in the regibead 764
parameterization tends to trail the trough (Figlite panel a). In of the trough. InParker and Diop-Kan€017, Section 3.1.4.1.4)7es

the case of the long CAPE timescale simulation, high-PV sair it is suggested that the synoptic-scale vertical wind geeerby 766
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Figure 14. Hovmuller plots of the PV convection tracer (top row) and BAémicrophysics tracer (middle row) at 620 hPa. The bottomsbows Hovmuller plots of the
advected initial PV. Left column corresponds to the UM refere simulation (left column), right column to the UM long BB timescale sensitivity experiment. Only the
forecast initial times July 7 00:00 UTC and July 11 00:00 UT€ ased. The horizontal dotted line indicates the secoretémst initialisation time, the horizontal dashed
line indicates from which time on the data of the second faseare used.

the waves are not strong enough to cause convective tniggeriand the anomalous wave circulation. Figdfeshows the large- 776
However, Wilson and Robertg2006 reported that almost all scale precipitation tracer in the long CAPE timescale satioth 777
MCSs considered in their study over the continental UniteedeS during the crucial strengthening phase of the wave. Theaisisf 778
were initiated at convergence lines, either at lower or rmigtls high-PV air at and ahead of the trough associated with czganiz7e
(see alsaCrook and Moncrieff(1988). So what exactly induces convection exhibit a scale that is much smaller than theesafdhe 780

convective activity at the crucial location at and slighdlyead of wave disturbance. They are embedded in small regions oPgw-s1

the trough? air. Only when the wave becomes more vigorous and the dysamig
. o . feeds back onto convection more strongly, the high-PV #ires 7e3
In order to answer this question it is instructive to look at

. . . . et more coherent and grow in scale (bottom panel in Fig&ye
the horizontal structure of the interaction between latergting g g ( P geye e
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This suggests that convection is initiated, and feeds bacthe there is reduced influence from both processes due to the esld

dynamics, in intense vortices on small scales. air advection. Throughout the wave development boundamr lasze

This is confirmed when looking at a particular time in mor&lixing and radiation balance each other to a large degeee.
detail, namely July 10 18:00 UTC. Panel a of Figlifsshows the However, adding the two tracers reveals that there is streigh s2s
wind anomalies at 700 hPa in the long CAPE timescale sinmulatithe sum of the two tracers that potentially plays a certalie for - s2o
(colour shading indicates the meridional component of thelyy the wave dynamics. 830
and panel b the precipitation. Organised convection ismicgu ~ Judging from the temporal development of the boundary layar
just ahead of the trough. When examining cross sections @¥&cer, the pocket of high-PV air at the wave trough at aralaid ss2
degrees longitude ahead of the trough, i.e. where pretigita North is not solely due to advection from the north. The baugd ss3
develops, the instantaneous picture turns out to be censisith layer parameterization contributes to the tracer durimgddly of ss4
the results of the composite analysis from SecfioBelow the July 13. The dynamics of the wave lifts the boundary layer tep
level of the jet there is a cold anomaly (panel c), strongesstare causing the boundary layer parameterization to mix deeper &s
accumulation happens at lower mid-tropospheric levelsboia More vigorously at and ahead of the trough where upward motier
800 to 500 hPa. The moisture anomalies (panel d) corresmond€curs. However, convection as well as precipitation happere sss
regions of strongest vertical velocities (panel e), which ery 10 the south between about 12 and 16 North. So to what deggeesth
localized. What is remarkable is that vertical velocitiesl¢ur generation of high-PV air by northerly advection and dry imix s4o
shading in panel e) do not correspond to areas of horizontdthe northern part of the disturbance is important for tfevev ss
convergence of the wind exactly (black contours in panel élynamics needs further investigation. 842
Rather, strongest horizontal convergence is observecdcadhes  Cross section plots of the four most important PV tracess
of the mesoscale convective system, whereas the updrafts €tow that only in the long CAPE timescale simulation does the
located in its centre. Thus density effects are dominatimg tcontribution of latent heating at and slightly ahead of tioeigh s
dynamics of the central region of organised convectionePfin contribute significantly to the wave dynamics (Figur@). The s
shows profiles of potential temperature and equivalentrpiate PV contribution from the large-scale rainfall scheme oscat s47
temperature at around the centre of the mesoscale corwectie level of the AEJ or above. The integrated PV incremests
system, between2° to 13° North. The difficulty here is that from the boundary layer parameterization and radiationuoce:s
profiles are partly a result of convective activity and hawe fnostly at lower levels. They largely balance each other asd
be interpreted with care. Nevertheless, the equivalererpial have their maxima further ahead of the trough, where wasmn
temperature profile suggests that moist instability is tbahove air advection from the north is strongest. The potentiaé rof ss2
the boundary layer in the lower mid-troposphere, and is IpairPoundary layer mixing ahead of the trough therefore requises
due to moisture effects. Thus local moisture convergenasezh further investigation. 854
by the wave, and to some degree warm air advection from

) ) ) 4. African Easterly Waves as diabatic wave disturbances  sss
the north at mid-tropospheric levels, contribute to srsalile

local organized convection and latent heat release whi¢chrm The composite analysis based on objective AEW trackisg
reinforce the wave circulation. presented in Sectio@ together with the more detailed analysis?

That pockets of warm and stable air might play a role in wavxef a strong wave in Sectior8 allows for a conceptualsss
sustainment is indicated by the PV tracers for boundaryrlaygicture of the interaction between moist diabatic processes
and radiative processes. Figuté shows PV tracers associatecand the atmospheric circulation in AEW propagation. Figuse
with the boundary layer and radiation parameterizations atl9 shows two schematics which include the most importasi
stage where the wave is fully developed and has reached #ispects. As discussed in Secti@nand pointed out in otherss2

coastal region, i.e. on July 13 at 18:00 UTC. Behind the trougtudies (e.g.Janiga and Thorncroft 20),&he relative importancesss
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Figure 15. PV tracer for microphysics for the long CAPE timescale satioh during the strengthening phase of the wave at 700 Hiasfart time of the forecast is July
7 00:00 UTC.

of various features varies depending on the specific regiCSs and AEWSs is more loose and sporaditnk and Reiner s71
and the corresponding climatological mean state. Also, tR603. 872

particular structure of AEWSs can differ considerably from

case to case (e.gerry and Thorncroft 2005Bain et al. 2011 A starting point of a conceptual view on AEW propagaticns

Ventrice and Thorncroft 2033 and in the AEW presented in's the notion of a diabatic Rossby wave introduced dm

Section3 the relationship between moist convection and the Wa\l;’earker and Thorp€L999. Apart from barotropic aspects relateds

dynamics is particularly strong. Typically the interactioetween to the instability of the AEJ, and possible extratropicéluences, s7s

AEWSs have a fundamental baroclinic structure due to the mean
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Figure 16. Wind anomalies (panel a) and precipitation (panel b) froenltmg CAPE timescale simulation for July 10, 18:00 UTC. Thkar shading in panel a shows
meridional wind. The trough location is indicated by a blaektical line. Panels c to e: Corresponding cross sectibtengperature and specific humidity anomalies, and
vertical velocity, respectively. The cross sections acated 0.5 degree longitude ahead of the trough where theisegbprecipitation is located. Anomalies are computed
with respect to the mean over 9 days, and, in the case of tiss seztions, the mean ovens° longitudes around the trough location. The black contaupanel e indicate
horizontal divergence of the wind (contour lines &ré4.5,+3, and+1.5 10~ *s~'). Panel f: Temperature profiles 0.5 degree longitude ahkte ¢rough, averaged over
latitudes 12 to 13, where the organised precipitation iatied.

meridional temperature and humidity gradient in the regiaronvergence line, and which triggers and feeds conveatiatsy. sos
(Parker 2008 In the present paper it is demonstrated that diabafi®ie moisture convergence at and slightly ahead of the troagh
moist processes at and slightly ahead of the trough inteftts&f is combined with mid-tropospheric warm air advection frdme tse7
dynamics of the wave. The main result of the study consists riorth. These processes contribute to generating smdd-aceas sss
showing that the wave circulation in turn organises conwect of large potential vorticity in which strong convective upfls s
preferentially at and slightly ahead of the trough througiisture and latent heating occur. The latent heat release feedsdveck soo
convergence in the lower mid troposphere as sketched ifl pan¢he circulation and intensifies the potential vorticityregure of g1
of Figure19. the wave. The anomalous wave circulation in turn is conacie2
0 advecting organised convection from the wave centresdo

. . . . . Lt
A three-dimensional view of the convection-circulation

interaction in AEWSs includes other aspects (panel b of RjguIrocatlons slightly ahead of the trough, where it supportstward 904

19). Cooler and moister air is transported northward behired gfrave propagation. The interaction between moist conveelid sos

trough, warmer and drier air is advected southward in frmqy namics is thus fundamentally two-way in nature. %00

of the trough. As discussed in Sectidh) there is a cross- The present study hence highlights two important aspeais.
frontal circulation which transports moisture to the aread Firstly, the coupling of moist convection with the baroain sos
slightly ahead of the trough. The most important featureehedynamics of the waves occurs not within, but above the
is the lower to middle tropospheric moisture convergence ladundary layer, and mainly through moisture effects. $fesh o0

and slightly ahead of the trough which resembles a preditontnoisture convergence occurs in the lower mid-troposphete,
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Figure 17. PV tracers for the boundary layer (panel a), the radiatiamébb), and the sum of the boundary layer and the radiaticanpeterizations (panel c) in the case
of Jul 13, 18:00 UTC, at 700 hPa for the reference simulafidve forecast was initialised on July 11, 00:00 UTC.

roughly between 850 and 500 hPa. The wave is mainly cold coreOne might ask to what degree the crucial convection at ard
at around these heights, in contrast to the situation deetri slightly ahead of the trough has to be considered forcedeation 927
in Parker and Thorpg1995. At lower levels there are warmin a conditionally unstable environment, or whether cotieec 928
anomalies at and ahead of the trough only in the dry northeée generated mainly by moist static instability and buoyanes
part of the domain. Furthermore, and this is the second itapor forcing. Clearly both aspects are intertwined, and thdardison 3o
result of the present study, the cores of the MCSs whichagief is not clear-cut. Moisture and temperature advection by the
the wave through latent heating and corresponding upsdéle 8ynoptic-scale dynamics of the wave and related conveegenc
generation have a substantially smaller scale than thepsigno can lead to local moist instability and vice versa. Howeves;
scale baroclinic wave dynamics. Locally, however, the gyico the evidence of the present study points at an important rahe
scale wave may generate mesoscale convergence and nufishid-tropospheric convergence lines or centres, i.e.oswde 935
instability which leads to convective activity ahead of trmugh. circulations which lead to moisture convergence, in initigit ose
Convection then feeds back onto the dynamics by latentrdgatand organizing convection at and slightly ahead of the tnougp?
and associated generation of strong PV anomalies, reinfpthe  Also Wilson and Robert¢2006) reported that almost all MCSsss
convective development and organization. considered in their study over the continental United Statere 939

initiated at convergence lines, either at lower or mid Isvedao
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Figure 18. Mean longitude-height cross sections along the track Pl convection tracer (first row), the PV microphysics trdsecond row), the PV boundary layer
tracer (third row), and the PV radiation tracer (bottom rolgft column corresponds to the UM reference simulatioghtricolumn to the UM long CAPE timescale
sensitivity experiment. Longitude O corresponds to thagiolocation of the wave.

And the case study presentedBainet al. (2011) confirmed the the trough which potentially reinforce the PV signature ab
important role of convergence, which lined the vorticitphches the wave disturbance. However, this potential mechanismosaf
of the wave, for convective development. In the case ingatd wave maintenance, indicated by our PV analysis, needseiurths
by Bartheet al. (2010 both CAPE and convective inhibition wereinvestigation. 955
poor predictors of MCSs ahead of the AEW trough, pointing at

the important role of mesoscale circulations associated thie Most current convection parameterizations in numericalef® ose

AEW in generating moist instability as well. are based on parcel theory and a diagnostic test parceltaseen
which neglects pressure gradients and considers only dthe
Advection of warm and stable air from the northern partsuoyancy force. The parameterisations are designed tmalag sse

of the Sahel and the southern Sahara together with enhangsast instability and remove it. Moreover, most deep cotieac gso
boundary layer mixing around the wave trough may resyarameterizations assume that convection is surfacedand o61

in small-scale structures of high-PV air at and ahead odoted in the boundary layer. These assumptions lead tedias
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Figure 19. Panel a: horizontal perspective on the AEJ-AEW systemoregof strongest moisture convergence are located at ajidiglahead of the wave trough. This
is the area where organised convection preferentially $offanel b: schematic of a three-dimensional view on thetmoisvection - dynamics interaction in African
Easterly Wave propagation. Cool, moist air is advectedhmaatd behind the trough, warm and dry air is transportedhseautd in front of the trough. A cross-frontal
circulation provides the region at and slightly ahead ofttbegh with moisture. The lower mid-tropospheric moistaosvergence at and slightly ahead of the trough
triggers and organises convection. Strong updrafts in suege convective systems slightly ahead of the trough gémeotential vorticity through vortex stretching and
support the wave propagation.

in the representation of tropical convection in many sitwet Acknowledgements 973
(Birch et al. 2014). Since according to our study convection is

at least partly forced by local vorticity and convergencaties,

this would explain why current convection parameterizagio

in numerical weather prediction and climate models striggl
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to correctly simulate the interaction between moist diabat
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