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ABSTRACT

The authors analyze how modifications of the convective scheme modify the initiation of tropical de-

pression vortices (TDVs) and their intensification into stronger warm-cored tropical cyclone–like vortices

(TCs) in global climate model (GCM) simulations. The model’s original convection scheme has entrainment

and cloud-base mass flux closures based on moisture convergence. Two modifications are considered: one in

which entrainment is dependent on relative humidity and another in which the closure is based on the con-

vective available potential energy (CAPE).

Compared to reanalysis, TDVs aremore numerous and intense in all three simulations, probably as a result of

excessive parameterized deep convection at the expense of convection detraining at midlevel. The relative

humidity–dependent entrainment rate increases both TDV initiation and intensification relative to the control.

This is because this entrainment rate is reduced in themoist center of the TDVs, givingmore intense convective

precipitation, and also because it generates a moister environment that may favor the development of early

stage TDVs. The CAPE closure inhibits the parameterized convection in strong TDVs, thus limiting their

development despite a slight increase in the resolved convection. However, the maximum intensity reached by

TC-like TDVs is similar in the three simulations, showing the statistical character of these tendencies.

The simulated TCs develop from TDVs with different dynamical origins than those observed. For instance,

too many TDVs and TCs initiate near or over southernWest Africa in the GCM, collocated with the maximum

in easterly wave activity, whose characteristics are also dependent on the convection scheme considered.

1. Introduction

Variations in the large-scale environment may have

important impacts on tropical cyclone (TC) activity,

whether those variations occur on intraseasonal

[Madden–Julian oscillation (MJO)] or interannual [El

Niño–Southern Oscillation (ENSO)] time scales, or in

response to longer-term global climate change. The sen-

sitivity of TCs to the large-scale environment can now be

studied using global climate models (GCMs; see e.g.,

Walsh et al. 2016; Camargo andWing 2016). Cyclogenesis

is a complex process, however, and it is not trivial to

determine the causes of variations in TC activity, either in

nature or in aGCM. Considering early vortices’ initiation

and intensification processes separately can potentially

lead to a better assessment of the ability of GCMs to

correctly reproduce the sensitivity of TCs to the large-

scale environment.

A tropical cyclone may indeed form locally by con-

vective aggregation processes (not necessarily well

represented in a GCM), or it can be triggered dynami-

cally by preexisting disturbances or vortices. In the

‘‘vortex view’’ of TC genesis (Davis et al. 2008), the

vortices are seen as possible TC seeds that can be initi-

ated by tropical waves or by other mechanisms, related,

for example, to orography (Mozer and Zehnder 1996)Corresponding author e-mail: J.-P. Duvel, jpduvel@lmd.ens.fr
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well before their intensification to TC strength. If a high

percentage of TCs in a basin are initiated from these

vortices, then the physical source of these vortices be-

comes an important TC assessment criterion. By using

either GCM outputs or meteorological analysis com-

bined with TC observation databases, it is possible to

study the environmental conditions during the forma-

tion of vortices—referred to here as tropical depression

vortices (TDVs)—which can serve as TC seeds. For

example, previous studies (Liebmann et al. 1994; Duvel

2015) have shown that the MJO’s modulation of TC

frequency over the Indian Ocean is mainly due to its

modulation of the number of TDVs and only marginally

to its modulation of intensification processes. We are

interested here in applying the same approach to un-

derstand the sources of variability in TC characteristics

simulated by different GCM formulations. Over the

North Atlantic, African easterly waves (AEWs) are

known to be sources of cyclogenetic TDVs near the

West African coast (e.g., Landsea 1993; Dunkerton et al.

2009) and can be an important factor in the ability of

GCMs to simulate TC activity (Daloz et al. 2012). These

waves have long been studied (i.e., Carlson 1969; Burpee

1972, 1975; Reed et al. 1977), but GCMs still have dif-

ficulty in simulating AEWs, and there are still large

uncertainties regarding possible modifications of AEWs

due to global climate change (Martin and Thorncroft

2015). It is thus likely that part of the misrepresentation

of TCs in a GCM over the North Atlantic can be related

to the TDVs associated with AEWs.

With horizontal resolutions in the range of 0.18–18, a
GCM is able to simulate the initiation and intensification

of TDVs. Some TDVs may become very intense for part

of their path and have characteristics similar to observed

tropical cyclones, even if the cyclone mesoscale structure

is not well represented. It is possible to track the TDVs

in a GCM and also to select only TDVs with a tropical

cyclone–like vertical structure, as is done by the Camargo

and Zebiak (2002, hereinafter CZO2) algorithm, which

detects and tracks warm-core vortices. Previous studies

have analyzed the influence of the convection scheme on

the TC characteristics in GCMs with various spatial res-

olutions (e.g., Vitart et al. 2001; Zhao et al. 2012;

Murakami et al. 2012b; Stan 2012; Kim et al. 2012). In

particular, Murakami et al. (2012a) reported significant

differences in TC characteristics in a 20-km-mesh model

with two different versions of the convection scheme (one

based on anArakawa–Schubert scheme and one based on

the Tiedtke scheme). The greater TC intensity in the

Tiedtke-based scheme was mostly attributed to its stron-

ger inhibition of the convection, which increased the grid-

scale resolved convection (larger upward motion and

large-scale condensation) and the associated moisture

supply at low levels. A previous study by Vitart et al.

(2001) in a coarser model (T42) also showed that the in-

hibition of the convection enhanced the TC frequency,

but this was mostly attributed to the effect of this in-

hibition on the increase of the background CAPE. As

noted inVitart et al. (2001), it is possible that largerCAPE

is necessary to produce TCs when the resolution is lower,

to compensate for the inhibition of vertical motion by the

coarse resolution. This large CAPE can increase the

number of TCs, but the most important driver for the TC

intensity appears to be the horizontal resolution. Kim

et al. (2012) showed that in a low-resolution (28 3 2.58)
GCM, the TC frequency was reduced with a larger en-

trainment, while another factor—the rain reevaporation—

was found to increase the TC frequency. This ambiguous

influence of the entrainment on the convective inhibition

and TC number is perhaps consistent with the results of

Zhao et al. (2012), showing that the inhibition of the con-

vection favors TC genesis up to certain point but reduces

TC genesis when the entrainment is too strong. This was

attributed to the fact that the resolved convection at first

enhances the TC activity but then can also counteract the

formation of coherent vortices by favoring the spatial

noisiness of the convection.

Other factors can also play a role in theTC frequency and

intensity. For example, Stan (2012) showed that an explicit

representation (the so-called superparameterization) of

cloud processes in a low-resolution T42 GCM increases

the TC activity compared to a conventional parameteri-

zation, by increasing the moistening of the lower tropo-

sphere (850–700hPa). Reed and Jablownowski (2011)

showed that the growth of an idealized vortex (early stage

TDV) depends on both the spatial resolution and the

manner in which the CAPE (defining the closure of the

convection scheme) is calculated. Using the same ap-

proach, He and Posselt (2015) showed that among 24

different parameters, the convective entrainment rate has

the largest role in TDV intensification with larger in-

tensification for the smaller entrainment rate (i.e., an in-

verse effect compared to TC intensification due to the

convective inhibition effect of the entrainment).

Here we use the Laboratoire de Météorologie Dy-

namique zoom model (LMDZ) to study the sensitivity

of TDV characteristics to different entrainment and

closure formulations of the convection scheme. This

study uses the zoom capability of the LMDZ GCM

with a resolution of about 0.758 over a large region of the
North Atlantic and West Africa. We use the Tiedtke

convection scheme either with entrainment formulation

and overall closure based on moisture convergence or

with an entrainment based on the relative humidity of

the environment, as well as a closure based on CAPE.

Each configuration is run for 10 yr between 2000 and
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2009 with prescribed observed SST. The aim is to analyze

the impact of the convection scheme on the initiation stage

of the TDVs and on their probability of surviving and in-

tensifying over the African continent and over the ocean.

The assessment of the different GCM configurations is

done by first comparing TDV characteristics (such as ini-

tiation, duration, strength) to those extracted from the

ECMWF interim reanalyses [ERA-Interim (ERA-I); Dee

et al. 2011]. The approach introduced in Duvel (2015) is

used to define TDV characteristics at the same horizontal

resolution of 0.758 for both LMDZandERA-I. In parallel,

the CZ02 tracking algorithm is used to assess more spe-

cifically the activity of mature tropical cyclone–like storms

in the GCM in comparison with IBTrACS observations

(Knapp et al. 2010).

Section 2 presents succinctly LMDZ, the zoom con-

figuration, and the different closure and entrainment

formulations of the convection scheme. The two tracking

algorithms and some metrics are presented in section 3.

The distributions of TDV and TC characteristics (fre-

quency, duration, intensity) are analyzed in section 4. The

initiation locations, the tracks, and the intensity distri-

butions are analyzed in section 5, and the seasonal and

interannual variations in section 7. Potential physical

sources of the differences between the simulations are

analyzed in section 7, and section 8 contains a summary.

2. Model simulations

The simulations are performed using version 4 (v.4) of

LMDZ, as described in Hourdin et al. (2006). We use the

Tiedtke (1989) bulkmass flux scheme formoist convection

instead of the Emanuel (1991) convection scheme used in

the standard LMDZ v.4 because it allows us more flexi-

bility in modifying the closure (i.e., the cloud-base mass

flux) and entrainment formulations. We use the zoom ca-

pability of LMDZ (see, e.g., Yang et al. 2016) with a res-

olution of about 0.758 over a wide area covering the North

Atlantic and part of West Africa. The domain encom-

passes West Africa, since this region has been shown to be

important for TC simulations (Caron and Jones 2012). The

model is free to run in a large central part of the zoomed

region, while it is totally constrained to remain close to the

ERA-I meteorological reanalyses outside of this region.

There are intermediate relaxation times in the buffer zone

around the zoom region (Fig. 1). The regular westward

decrease of the nudging intensity over West Africa gives a

smooth boundary condition (compared to a sharp lateral

boundary forcing) for AEWs and TDVs generated over

West Africa and that are susceptible to enter the Atlantic

Ocean. This nudging also ensures comparable lateral

boundary conditions for the three simulations and thus

reduces differences that could be due to biased large-scale

conditions around the zoomed region.

The guidance from ERA-I is applied to the wind,

temperature, and humidity fields. For a field x, the time

evolution is given by

›x

›t
5

�
›x

›t

�
GCM

1
x
era

2 x

t
x

, (1)

where the first right-hand-side term is the tendency

given by the GCM and the second right-hand-side term

is the relaxation toward its value in ERA-I (xera) with a

relaxation time tx. Based on this principle, a relaxation

increment dx52ax(x2 xera) is applied every five dy-

namical time steps. The relaxation factor ax is defined as

a
x
5 (12 e25dt/tx) , (2)

where dt 5 45 s is the model time step for dynamical

processes.

FIG. 1. Model grid points in the zoomed region (dots) and relaxation time tu in days for the wind (contours) for tu smaller or equal to 10

days (tu continues to increase in the zoomed region, but the model may be considered as already free to run for tu greater than 10 days).
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For the wind, the relaxation time is set to a very large

value in the heart of the zoomed region and is at a mini-

mum value of 30 min outside the zoomed region (Fig. 1).

The relaxation factor au is computed with an analytical

function of the horizontal resolution with near-zero

values at the center of the zoomed region and a value of

0.12 outside. The same process is applied to temperature

and humidity, but with larger values of the minimum re-

laxation time (6h and 3 days, respectively) in order to

limit the nudging impact on thermodynamic variables

over West Africa and to avoid model instabilities outside

the zoomed region. For synoptic time scales of interest

here, the relaxation is negligible for relaxation times

greater than 10 days and is already weak for relaxation

times around 2 days. We may thus consider that the wind

is not significantly influenced locally by the nudging over

theAtlantic and near theWestAfrican coast. As intended

by our nudging approach, there is a substantial nudging of

the wind near and east of the Greenwich meridian where

AEW and some TDVs are initiated, giving realistic seeds

for possible westward TDV and TC developments in the

three LMDZ simulations. For temperature and humidity,

one may consider that the nudging is negligible west

of 108E.
The vertical redistribution of water and energy in the

Tiedtke convection scheme is based on one single satu-

rated updraft profile and one single downdraft profile

extending from the free sinking level to the cloud base.

The mass flux at the top of the downdraft is a constant

fraction (0.3) of the convective mass flux at the cloud

base. The downdraft remains saturated by evaporating

precipitation. This scheme does not consider convective

momentum transport, but previous studies by Reed and

Jablownowski (2011) and He and Posselt (2015) showed

that it has a small effect on TC intensity for models with a

comparable horizontal resolution. The activation of the

moist convection scheme depends on the buoyancy of the

lifted parcel at the first grid level above the condensation

level. In its original formulation (noted TIE here), both

the closure (i.e., the value of the mass flux at the cloud

base) and the entrainment of environmental air above the

cloud base depend on the moisture divergence profile.

Here, the scheme was modified progressively by first

considering an entrainment that depends on the envi-

ronmental relative humidity following the formulation

described in Bechtold et al. (2008). With this new en-

trainment (noted ENT), the entrainment rate is larger in

drier environments, inhibiting the convection, and smaller

in humid environments, favoring the convection. ENT

thus increases the contrast between dry and wet environ-

ments and the variability of the convective/precipitation

rate compared to TIE. An additional modification

(noted CAPENT) uses a closure based on CAPE, as

described in Bechtold et al. (2014), but without ac-

counting for the imbalance between boundary layer

heating and deep convective overturning. With this new

closure, the primary convective strength (i.e., prior to the

modulation due to entrainment) does not depend on the

low-level moisture convergence (as for TIE and ENT)

but on the static stability of the column.

When active within a TDV or TC, the convective

scheme dries and warms the atmospheric column and

reinforces the vortex intensity. The surface friction under

the vortex generates a low-level convergence that plays

an ambiguous role in the original Tiedtke scheme (TIE)

by increasing both the entrainment above the cloud base

(convection weakening by mixing with the drier envi-

ronment) and the mass flux at the cloud base (convection

strengthening). With the new entrainment (ENT) the

convection will be at the first order inhibited in dry vor-

tices and favored in wet vortices; one may thus anticipate

stronger convection and vortex intensity with ENT for

strong vortices (associated with large low-level moisture

convergence) with nearly saturated centers over the

ocean. With the new closure (CAPENT), there is a dis-

connect between the low-level moisture convergence and

the primary convective intensity. This disconnect is far

from total, however, since in a vortex, the low-level con-

vergence is associatedwith a resolved upwardmotion that

tends to increase the temperature gradient and the

CAPE.After strong convective episodes, one may expect

that smaller CAPE tends to inhibit the convection for the

following time steps in CAPENT. If the inhibition of the

convection is too large, the center of the vortex is not

dried out and may become saturated. This can lead to an

unexpected resolved convection in the center of the vor-

tex with excessive upward motion and low-level moisture

convergence compared to the parameterized convection.

The three versions of the convection scheme de-

scribed above—TIE, ENT, and CAPENT—are used for

three AMIP-type simulations with the zoomed grid and

with 39 vertical levels (only 22 levels below 20 km). We

performed 10-yr simulations between 2000 and 2009

forced with ERA-I fields and observed SST. It is thus

possible to study the interannual variability of the TDV

activity related to interannual variability of SST and of

large-scale lateral conditions. As shown below, it is not

trivial to identify the convective scheme giving the best

TDV/TC simulation, since the score can depend onwhat

criteria are used to evaluate the statistics of the TDVs

and TCs detected by the two tracking algorithms.

3. Tracking algorithms

The TDV tracking is based on the approach described

in Duvel (2015). For each time step (here, every 6 h), a
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TDV area is defined as an ensemble of continuous grid

points with geopotential height anomaly (Df) at 850hPa
lower than a given threshold. Term Df is defined as the

difference between f and the average f over a region of

67.58 (here 610 grid points). As in Duvel (2015), an

empirical threshold Df0 5 280m2 s22 is set as the mini-

mal geopotential perturbation considered. This relatively

weak threshold allows for the detection of TDVs at an

early stage, but stronger TC-like systems have a too large

TDV area at Df0 with ill-defined characteristics. The

TDV area is thus computed for a series of deeper

thresholds (i.e., ,280m2 s22), and the first threshold

giving an equivalent radius of the TDVarea lower than 38
of latitude–longitude is retained. For developed cyclones,

this threshold may be less than 21200m2 s22.

The tracking of a given TDV is performed by con-

sidering the overlap between TDV areas in two con-

secutive time steps. If several TDVs are overlapping,

then only the TDVwith the largest overlap is considered

for the continuity of the tracking. Each TDV is thus

represented by a time series of characteristics of over-

lapping TDV areas (barycenter, maximum surface wind,

maximum vorticity at 850 hPa, maximum Df, minimum

surface pressure, etc.).

Here, since we are mostly interested in simulating TC

activity over theNorthAtlantic Ocean, we consider only

TDVs that are initiated south of 408N and that spend at

least 2 days over the tropical North Atlantic waters.

These TDVs are called Atlantic TDVs, or simply TDVs

here. This means that TDVs that initiate over West

Africa but dissipate before reaching the Atlantic are not

considered. Because of the chosen nudging configura-

tion, TDVs initiated near and east of the Greenwich

meridian (see Fig. 1) are partly forced by the wind

nudging toward ERA-I. However, the dissipation or the

maintenance of these TDVs as they propagate westward

toward the African west coast and over the Atlantic is

fully determined by LMDZ.

The strength of a given TDV is characterized by ac-

cumulated cyclone energy (ACE) computed on the basis

of the maximum surface wind ymax in the TDV area at

each time step. The values in the model are not directly

comparable to the observed ACE, since the maximum

surface wind perturbations in the simulation and in the

reanalyses are far weaker than the maximum sustained

winds in real observed TCs. The formulation is, how-

ever, the same,

ACE5 1024�y2max , (3)

where the sum is defined over every 6 h during the TDV

lifetime and ymax is themaximum surface (10m)wind speed

in the TDV area expressed in knots (1kt 5 0.5144ms21).

Note that this definition differs from the standard ACE

in that the latter considers only steps with storm in-

tensities larger than 35 kt (Bell et al. 2000; Maue 2009),

whereas we include all steps in which the TDV is de-

fined by the tracking scheme. The strongest TDVs will

be defined using this ACE metric on a per-storm basis.

To inspect the TDV strength spatial distribution, we

will also sum the ACE over all the TDVs crossing a

particular region.

Tropical cyclone–like vortices are detected and tracked

using the CZ02 algorithm. This tracking algorithm first

identifies TC-like features with a maximum local relative

vorticity (850hPa), minimum surface pressure, and a

warm core (defined by the local temperature anomaly). To

be considered as a possible TC-like storm, these features

must last at least 2 days (nonconsecutive). Once these

potential TCs are identified, in the second part of the al-

gorithm, these storms are tracked using a relaxed vorticity

threshold (i.e., lower than in the first part of the algorithm)

by connecting the vorticity centroid every 6h. This algo-

rithm has been extensively used in global (Camargo et al.

2005;Camargo andBarnston 2009;Camargo 2013; Shaevitz

et al. 2014) and regional climate models (Landman et al.

2005; Camargo et al. 2007a). Here, we considered the

same thresholds in all LMDZ simulations, namely, a

minimum of 7.5 3 1025 s21 (vorticity), 8.5m s21 (wind

speed), and 1.5K (temperature anomaly over a 5 3 5

gridpoint box) for detection, and 4.53 1025 s21 vorticity for

the tracking part of the algorithm.

The CZ02 scheme was initially developed to identify

TC-like vortices in low-resolution models, recognizing

that the simulated interannual variations of the activity in

such models could be simulated well enough to be useful

for prediction and some research purposes even when

their intensities are well below those observed in real

TCs. At the resolution considered here, many of the

systems detected by the CZ02 algorithm are weaker than

observed TCs and so the phrase ‘‘TC-like vortices’’ is still

to some extent appropriate.We nonetheless denote them

as ‘‘TCs’’ here, for brevity. The distinction we make be-

tween TCs and TDVs is that the former are defined

using a wider range of criteria appropriate (qualitatively

if not quantitatively) to real tropical cyclones, including a

warm core, while TDVs here are defined using simpler

and less restrictive criteria that allow, for example, cold-

core systems and early stage vortices.

4. TDV and TC statistics

LMDZ tends to generatemore TDVs than doesERA-I

with a maximum obtained for ENT (Table 1). Consider-

ing the same constraints (systems lasting more than

2 days over ocean south of 408N), there are 139 TCs in
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IBTrACS between 2000 and 2009. The CZ02 approach

tracks fewer TCs than observed for TIE and more than

observed for CAPENT and ENT. Despite the different

tracking algorithms and/or the different data sources for

observations, the agreement between the TC and the

TDV tracking is fairly good. TC tracks with at least half of

the points in common with a given TDV track represent

more than 89% of the TC tracks for the simulations and

92% for observations (despite the very different tracking

process for TDVs in ERA-I and TCs in IBTrACS). The

TCduration varies between 69%of the TDVduration for

CAPENT and 80% for TIE compared to 77% in obser-

vations. This variability is partly related to the duration of

the pre-TC phase and thus also depends on the genesis

location for both TDVs and TCs.

Since the number of systems diagnosed by the track-

ing schemes can increase dramatically if some thresholds

are relaxed (e.g., if the minimum duration is reduced

from 2 days to 1 day), average TDV characteristics tend

to be biased toward themore numerous weaker systems.

It is therefore interesting to examine how average TDV

characteristics change as the ensembleN (20#N# 200)

of the strongest TDV (largest ACE) increases. The

ACE is overestimated in LMDZ compared to ERA-I

and is 3 times larger for ENT forN5 20 (Fig. 2a). This is

partly due to overestimated maximum wind speed

(Fig. 2c) and duration (Fig. 2f). For N , 100, the

strongest ACE is obtained for ENT and TIE (Fig. 2a).

The duration, the distance covered by the TDVs, and

the ACE decrease, however, faster with N in TIE

compared to ENT and CAPENT. This is mostly related

to a longer (shorter) duration for strong (weak) TDVs in

TIE (Fig. 2f). The ACE also decays much more rapidly

with N in IBTrACS than in ERA-I or LMDZ (Fig. 2a),

mostly because of the strong TC intensity contrast

TABLE 1. Statistics on the number of TDVs and TCs in obser-

vations and for the three LMDZ simulations. A match between

a TC and a TDV track means that at least 50% of the TC locations

are at a distance smaller than 38 from a given TDV.

ERA-I/

IBTrACS TIE ENT CAPENT

No. of TDVs (NTDV) 616 693 988 871

No. of TCs (NTC) 139 96 241 152

No. of matching

TC tracks (MTC)

128 92 219 136

TC ratio (NTC/NTDV) 0.23 0.14 0.24 0.17

Match ratio (MTC/NTC) 0.92 0.96 0.91 0.89

Duration TC/duration TDV 0.77 0.80 0.74 0.69

Pre-TC duration (days) 2.3 2.6 3.4 4.4

FIG. 2. TDV characteristics averaged or integrated over theN systems with the largest ACE as a function ofN for (a) ACE, (b) number

of TCs, (c) maximum wind speed, (d) distance, (e) TDV speed, and (f) duration. The results are also shown for the observed TCs [with

ordinates on the right axis for (c)].
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between the strongest TDVs and the others (Fig. 2c).

The relatively low horizontal resolution used in LMDZ

and ERA-I does not lead to such a large intensity con-

trast, even for those TDVs selected by the CZ02 algo-

rithm. In fact, as shown in Fig. 2b, the first 60 TCs

detected by the CZ02 algorithm in LMDZ are almost

identical to the first 60 TDVs.

The average TDV speed is larger for ERA-I com-

pared to LMDZ simulations (Fig. 2e). This speed re-

flects both the average large-scale steering flow and the

b effect that gives a displacement speed proportional to

the square root of the vortex surface wind (e.g., Smith

1993). Figure 2e shows, interestingly, that this speed is

quite comparable in ERA-I and IBTrACS despite the

very different vortex wind speeds in the two datasets.

This suggests that this speed is probably nudged by the

assimilation procedure in ERA-I.

The larger number of TDVs for ENT and CAPENT

(Table 1) means that the new entrainment enhanced the

initiation ofAtlantic TDVs, due to either amodification of

the atmospheric background conditions (averagemoisture

profiles, average steering flow, wind shear, etc.) or local

processes within early stage vortices. The proportion of

TCs is also larger for ENT and CAPENT compared to

TIE (Table 1), showing that the intensification of these

TDVs is also favored by the new entrainment. However,

themaximum intensity reached by aTDV is very similar in

the three simulations, as shown by average ACE and

maximum 10-m wind along the track (Fig. 2), suggesting

that the new entrainment mostly favors the intensification

of early stage vortices.

Some of the strongest TDVs are initiated in the heart

of West Africa, in relation to African easterly waves

(Martin and Thorncroft 2015) or depressions due to the

orography (Fig. 3). There are large differences in the

TDV genesis density between ERA-I and LMDZ and

between the different versions of the convective scheme.

As expected, the primary region of TDV genesis is near

the African coast around 108N. For LMDZ, this region

concentrates the genesis of many of the 140 strongest

TDVs and even the 20 strongest TDVs (Fig. 4). For TIE,

the majority of the strongest TDVs form inland near the

coast and further east over theGuinean region.With the

new entrainment, TDV and TC initiation near the

FIG. 3. Genesis density (No./2.58 region) of (left) Atlantic TDVs for ERA-I and LMDZ simulations and

(right) TCs for IBTrACS and LMDZ simulations for June–November 2000–09 (colors). The fields are

smoothed by a 33 3 average filter for better legibility. The genesis locations for the 140 TDVs with the largest

ACE are shown (black dots).
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African coast is also exaggerated, but more TDVs and

TCs are initiated over the ocean, in better agreement

with observations. In LMDZ, there is a general lack of

TDV and TC initiations in the western part of the do-

main, except for TDVs generated north of Panama.

In ERA-I, there is a secondary genesis density maxi-

mum, including some of the strongest TDVs, downwind

of the Hoggar Mountains (Fig. 3), prolonged south-

westward by an ‘‘initiation corridor’’ until the African

coast. It is outside of the scope of this study to analyze in

detail the genesis process for these TDVs, but it could

be related to the low pressure area downwind of the

Hoggar Mountains and thus related to the strength of

the harmattan (a dry northeasterly wind blowing at low

levels over the Sahara). In LMDZ, there are fewer

TDVs forming over this region despite the relatively

strong wind nudging (tu , 1) near the Hoggar Moun-

tains. This could indicate that TDVs generated in this

region dissipate rapidly in LMDZ in the dry environ-

ment of the Sahel region and are thus not detected in our

analysis due to the criterion requiring that the TDVs

exist for 2 days over the ocean. In ERA-I, seven of the 20

strongest TDVs are initiated over continental regions of

West Africa, including 5 in the initiation corridor be-

tween the Hoggar Mountains and the coast (Fig. 4). For

ENT and CAPENT, most of the 20 strongest TDVs are

initiated over the ocean, but for TIE, the 20 strongest

TDVs all form over the continental Guinean regions

around 108N. Because of the substantial wind nudging

over the eastern Guinean region, it is likely that part of

these TDVs are initiated by the wind nudging but are

more persistent in TIE (even compared to ERA-I) while

they move westward across the African coast.

The TDV ACE (Fig. 4) is maximum over the western

AtlanticOcean and larger for LMDZ (around 0.12) than

for ERA-I (around 0.07). In ERA-I, the maximum is

obtained over the Gulf of Mexico and north of 358N
toward the midlatitudes. The maximum TDV energy is

obtained near Florida for TIE and is shifted northeast-

ward in ENT and CAPENT, in better agreement with

ERA-I. Near the African coast, the TDVs are moving

northwestward in TIE and more westward in ERA-I

FIG. 4. Average ACE in 2.58 regions of (left) Atlantic TDVs for ERA-I and LMDZ simulations and (right) TCs

for IBTrACS and LMDZ simulations for June–November 2000–09 (colors). The scale is threefold for IBTrACS,

and fields are smoothed by a 33 3 average filter for better legibility. Also shown are trajectories (black lines) and

genesis locations (white circles) for the 20 TDVs/TCs with the largest ACE.
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and CAPENT (even southwestward for some TDVs

generated in the initiation corridor in ERA-I). In TIE,

TDVs are thus driven away from regions with the

highest SST, which may limit their growth and thus their

number. The observed TC energy is an order of mag-

nitude larger than the TDV energy in ERA-I and it

maximizes over the Gulf of Mexico (around 0.6) and

around 608W, south of the TDV energy maximum. The

TC energy is stronger than the TDV energy in LMDZ,

but the spatial distributions are very similar. This is ex-

pected, since the TCs detected by the CZ02 algorithm

are indeed mostly the strongest TDVs, as shown in

Fig. 2b. The TC energy is locally larger for TIE com-

pared to ENT and CAPENT, confirming that the small

TDV and TC numbers in TIE are mostly due to the

initiation and intensification of early stage TDVs and

not to the intensification of developed TDVs.

The seasonal distribution of occurrence and intensity of

the 140 TDVs with the largest ACE is quite well repro-

duced by LMDZ with the largest genesis occurrence in

September (Fig. 5). The results are similar consideringTCs

detected with the CZ02 approach. Such a good agreement

has been noted in previous studies, even in low-resolution

models in some basins [see, e.g., Camargo and Sobel

(2004) for the western North Pacific region]. In LMDZ,

the number of TDV initiations is overestimated in Octo-

ber, but these TDVs have a relatively small ACE com-

pared to August and September. The interannual

correlation coefficients with observations are highest for

TIE (even larger than ERA-I). These coefficients are not

significant at the 0.95 confidence level for the number

of systems (except TIE), but they are significant for the

ACE. The interannual distribution of the TDVoccurrence

in LMDZ shows some agreement with the observed

IBTrACS and ERA-I distributions. LMDZ reproduces in

particular the maxima in 2005 and 2008. Skill in re-

producing aspects of Atlantic TC interannual variability in

SST-forced AGCMs has already been noted in many

studies (see, e.g., Roberts et al. 2015) and is certainly fa-

vored here by the wind nudging over West Africa, which

gives more realistic eastern boundary conditions. How-

ever, the relatively large observed TC ACE in 2003 and

2004 are not depicted in either ERA-I or LMDZ. Some

intensification processes, responsible for the strong TC

ACE values in September and for years 2003–05, are

clearly not represented in LMDZ and ERA-I. This sug-

gests that TC intensification related to seasonal and in-

terannual forcing is not taken into account in the

simulations, possibly because of the absence of partic-

ular mesoscale processes.

5. Potential physical sources of the differences
between the simulations

Analysis of the relative humidity (RH) profiles is used

to diagnose how the different configurations of the

convective scheme redistribute the water in the TDV

column and in the environment. For three large regions

FIG. 5. Interannual and seasonal variations of the 140 strongest Atlantic TDVs and IBTrACS TCs for (top) the

number of storms in IBTrACS, ERA-I, and LMDZ simulations; (bottom) the ACE of these systems. The numbers

in brackets are the linear interannual correlation coefficients betweenERA-I/LMDZand IBTrACS for the number

of TCs and ACE.
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(delineated by the boxes on the TIE field in Fig. 3), RH

profiles in the TDVs are estimated by computing the av-

erage RH in squares of plus or minus three grid points

around the TDV center. The associated background pro-

file is computed by averaging the corresponding monthly

mean profiles on the same grid points, giving a basic state

weighted by the geographical and seasonal TDV occur-

rence. In Fig. 6, the TDV profiles are computed for TDVs

with ymax between 24 and 27ms21 for thewesternAtlantic

region; between 12 and 15ms21 for the eastern Atlantic

region; and between 3 and 6ms21 for the Guinean region

(the surface drag coefficient is larger for this continental

region compared to ocean). These thresholds correspond

to the largest ymax interval of 3ms21 with at least 10 TDVs

for each simulation and for ERA-I.

For the western Atlantic, which is the region with the

strongest simulated TDVs, with many strengthening into

TCs (Fig. 4), the average moisture profiles for ENT and

CAPENT are in good agreement with ERA-I, but the

TIE profile is drier between 850 and 400hPa (Fig. 6a).

This suggests that the smaller number of TDV genesis

events over the western Atlantic Ocean for TIE could be

related in part to the drier environment that inhibits

convection, as discussed in Stan (2012), in a comparison

to a model with a convective parameterization and one

using ‘‘superparameterization.’’ A limitation on such in-

terpretations is that when the large-scale environment

changes in response to a model physics change, it also

results in changes to the dynamics of the disturbances

(i.e., TDVs or TCs) and their sensitivities to the envi-

ronment. One cannot necessarily assume thatmodel–model

environmental differences translate straightforwardly

to differences in TDV or TC statistics, and environmental

differences between low-resolution models has been

previously found not to be predictive of differences in the

statistics of TC-like disturbances (Camargo et al. 2007b).

That said, convective inhibition associatedwith drier air in

TIEmay prevent the deepening of some early stageTDVs

and thus limit their duration to less than 2 days, so they do

not enter our sample. For developed TDVs (24# ymax #

27ms21), the TDV RH is too strong above 250hPa for

the three LMDZ simulations compared to ERA-I. This

shows that the altitude and the strength of the convective

moisture detrainment in the central part of strong TDVs

are overestimated by all three versions of the model (due

to either resolved or parameterized convection). The

TDV RH between 700 and 300hPa is larger in ERA-I,

especially compared to TIE. The TDV moistening (i.e.,

the RH contrast between the background and the TDV)

in the lower troposphere has a maximum near 600hPa for

ENT, CAPENT, and ERA-I, and below 700hPa for TIE.

The larger TDV moistening at low levels in TIE is con-

sistent with the fact that some ‘‘premoistening’’ is proba-

bly necessary for the disturbance to become sufficiently

moist to prevent the convective entrainment (related to

the moisture divergence in TIE) from inhibiting the deep

convection and the TDV growth.

Over the eastern Atlantic Ocean, developed TDVs

come from the Guinean region in TIE (Figs. 3 and 4).

Here, the average TIE moisture profile is closer to

that of ERA-I with a relatively dry layer between

700 and 900 hPa (Fig. 6b) that presumably inhibits

FIG. 6. Background andTDVRHprofiles for the three regions defined in Fig. 3 and for the three simulations (TIE, ENT, andCAPENT)

and ERA-I. Perturbed profiles (dotted lines and solid markers) are calculated by averaging the RH profiles over a square of 62.258
(63 grid points) around the TDVcenter for TDVswith ymax between 24 and 27m s21 for thewesternAtlantic; between 12 and 15m s21 for

the eastern Atlantic; and between 3 and 6m s21 for the Guinean region. Background RH profiles are calculated by averaging monthly

mean profiles for the same grid points (solid lines and open markers) for all TDVs.
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convective development in this region. For developed

TDVs (12 # ymax # 15ms21), the moistening has a

maximum near 850hPa for the three simulations and for

ERA-I with the largest moistening occurring for ERA-I

and TIE. The TDV RH is too large above 300hPa in all

three simulations compared to ERA-I, suggesting again

an excessive moisture detrainment at these levels in

LMDZ at the expense of lower levels, and thus excessive

deep convection at the expense of convection detraining

at midlevel.

Over the Guinean region, TIE generates more At-

lantic TDVs compared to ERA-I, ENT, and CAPENT.

The lower troposphere is slightly moister on average in

LMDZ compared to ERA-I but not significantly dif-

ferent in TIE. In the TDVs (3# ymax# 6ms21), the RH

below 600hPa is also very similar among the three

simulations and ERA-I (Fig. 6c), but the RH above

400hPa is larger for TIE and smaller for ENT and

CAPENT compared to ERA-I. This suggests excessive

deep convection in TIE and inhibited deep convection

with the new entrainment that is larger in a dry envi-

ronment. Because of the relatively large wind nudging in

the easternGuinean region, the TDVgenesis is certainly

similar for the three simulations there (this is a desired

effect of the progressive wind nudging over West Africa).

However, temperature and humidity are not substantially

nudged, and differences in the convective scheme give

indeed significant differences in the TDV evolution. The

TDVs are sustained from their genesis over the Guinean

region up to theAtlantic Ocean (where they spend at least

2 days based on the definition of the TDVs) for TIE, while

they are more realistically inhibited with the new en-

trainment. This shows that, beyond the entrainment itself,

the moisture content above West Africa may have a large

influence on the origin of Atlantic TDVs.

One hypothesis evoked in the introduction is that the

inhibition of the parameterized convection favors the

triggering of resolved convection and gives higher TDV

occurrence and intensity. This is analyzed in Fig. 7

by looking at the TDV/TC occurrence and TDV/TC

FIG. 7. (a) TDV occurrence as a function of ymax for the western Atlantic region for the three simulations. (b) As

in (a), but for the rainfall rate from the convective parameterization (CP; line andmarker) and from the large-scale

condensation process (LSP; line). The rainfall rate is averaged in a square of 62.258 (63 grid points) around the

TDV center. (c),(d) As in (a),(b), but for TC-like vortices.
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rainfall as a function of ymax over the western Atlantic

region. Compared to TIE, there are more TDV occur-

rences in ENT and CAPENT for ymax , 20m s21

(Fig. 7a). For ymax . 20ms21, the occurrences are,

however, similar for TIE and CAPENT and slightly

larger for ENT. This shows that the new entrainment

increases mostly the number of TDV initiations over

this region but not the intensification into stronger sys-

tems (forming inside or outside the region). For the

three simulations, the TDV number ratio between

LMDZ and ERA-I tends to increase exponentially with

ymax, confirming the overestimation of TDV intensifi-

cation in LMDZ. Despite its lower TDV number, TIE is

not in better agreement with ERA-I, since it gives too

many strong TDVs (ymax . 20m s21) at the expense of

weak and moderate TDVs.

The comparison between the rainfall rate due to the

convective parameterization (CP) and the large-scale

condensation process (LSP) gives information about the

potential impact of the resolved convection on the TDV

intensification (the hypothesis is that LSP rainfall results

mostly from the resolved deep convective overturning in

the heart of a TDV and not from low-level stratiform

cloudiness). Figure 7b shows that the LSP remains weak

for the three LMDZ simulations for TDV with ymax ,
20ms21. The LSP then increases more sharply and

reaches a level comparable to that of the CP for ymax .
30ms21. The new entrainment formulation is not asso-

ciated with larger LSP, showing that the difference in

TDV numbers is not related to a higher occurrence of

resolved convection. On the other hand, CP is larger for

the new entrainment (ENT and CAPENT compared to

TIE), especially for weak TDVs (ymax , 20ms21). This

could explain why more TDVs can be sustained and

reach the 2-day threshold with the new entrainment, with

the larger CP favoring the deepening of weak TDVs. For

CAPENT, CP tends to saturate for ymax . 20ms21 and

the rainfall rate intensification is mostly due to LSP. This

suggests that the CAPE closure, in contrast to the low-

level moisture convergence closure, gives more convec-

tive inhibition for intense TDVs and TC. For ENT, this

saturation of the convective rain also occurs, but for

larger values of ymax. Therefore, the resolved convection

is probably not the main reason for the larger TC and

TDV numbers with the new entrainment. On the other

hand, the new entrainment rate decreases when RH in-

creases, leading to less diluted updrafts, larger CP, and

larger convective heating, which could deepen the TDVs.

The moisture confinement effects of the TDVs lead in-

deed to large RH values close to the TDV center. In

summary, the dry low-level troposphere in TIE may in-

hibit the convection and limit the deepening of early

TDVsover theAtlanticOcean.When theTDV is already

developed, the large entrainment rate based on the

moisture convergence above the cloud base limits the

convective precipitation and thus the convective heating

compared to the small entrainment rate based on RH

(Fig. 7b). Selecting only TC-like vortices gives very sim-

ilar results (Figs. 7c and 7d), showing that in LMDZ,most

TDVs with ymax . 10ms21 have a TC-like structure

with a similar distribution of CP and LSP as a function of

the vortex strength.

The difference between the TDVmaintenancewest of

the Guinean region for the TIE simulation could be due

to the representation of AEWs in themodel. TheAEWs

in the simulations are analyzed using a local mode

analysis (LMA; Goulet and Duvel 2000) with the mul-

tivariate approach (Duvel and Vialard 2007), which

makes it possible to determine the perturbation pattern

of a secondary parameter in regard to a reference pa-

rameter. The LMA analysis is done considering running

time windows of 30 days and spectral harmonics 3–15

(i.e., periods of 2–10 days). The aim here is not to inspect

in detail the LMA results but just to extract the average

pattern of the AEWs by considering the meridional

wind at 700 hPa (V700) as the reference parameter and

precipitation as the secondary parameter. Each average

pattern shown in Fig. 8 is obtained from around 30AEW

events with an average period around 4.5 days and a

westward propagation speed around 9m s21, which

corresponds well to observations, possibly thanks to the

progressive wind nudging giving realistic boundary

conditions to the east. Figure 8 shows average amplitude

patterns for the three LMDZ simulations and for ERA-I

(precipitations from GPCP). The wind pattern is quite

realistic in the three simulations with a maximum near

the African coast around 158N. The AEW signal is

overestimated over the ocean for TIE and ENT in both

V700 and precipitation, and is closer to ERA-I for

CAPENT. In LMDZ, the AEW precipitation near the

east African coast is overestimated compared to that in

GPCP, in possible connection with the overestimated

TDV initiation here (Fig. 3). The AEW amplitude for

wind and precipitation are stronger west of the Guinean

region for TIE compared to ENT and CAPENT. This

suggests that the larger number of TDVs generated in

the Guinean region and reaching the tropical Atlantic in

TIE is related to the larger AEW signal near the coast,

possibly because of a better phasing between the AEW

dynamical and convective perturbations that deepen the

TDVs associated with the AEWs. Further studies are

required to determine how this could be related to the

TIE entrainment. The continuity of the TDVs between

the continent and the ocean is stronger for TIE than for

ERAI probably because of the larger AEW amplitude

near the coast. Note that for ERA-I, a larger number
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of TDVs are generated near the Hoggar Mountains,

possibly related toAEWs, but this is beyond the scope of

the present study.

6. Summary and concluding remarks

We used the zoom capability of LMDZ, with a typical

resolution of 0.758 over a large region of the North At-

lantic and West Africa, to analyze the sensitivity of sim-

ulated tropical cyclone activity to entrainment and

closure formulations used in the convection scheme. Two

tracking approaches were used, one that detects tropical

depression vortices (TDVs; Duvel 2015) and another that

detects vortices exhibiting amore complete set of tropical

cyclone (TC) characteristics, including a warm core

(CZ02). The main advantage of the first approach is to

provide continuous tracking of each TDV from a very

early stage (over the ocean as well as over the African

continent) up to its eventual extratropical transition, with

very few a priori requirements on the TDV characteris-

tics. From a methodological point of view, the TDV

tracking technique is thus quite different from those used

more traditionally for TC tracking and it is interesting to

note the good agreement between the two approaches

(Table 1). To a first approximation, the TCs detected by

the CZ02 tracking scheme are also detected by the TDV

tracking. A future possible development could be to join

both approaches by adding structural criteria to detect

TCs in the TDV tracks.

In most of the statistics evaluated from the distribu-

tions of simulated TDVs, the differences between

LMDZ and ERA-I are larger than the differences be-

tween the three LMDZ simulations. The main differ-

ence among the three LMDZ simulations is the number

of TDVs and TCs. In particular, the TIE simulation

generates fewer TDVs and many fewer TCs compared

to ENT and CAPENT. In the western Atlantic, the re-

gion of largest observed ACE, the TDV intensity dis-

tribution is, however, also clearly shifted toward intense

TDVs in TIE (Fig. 7a). More generally, LMDZ over-

estimates the number of intense TDVs compared to

ERA-I. In the western Atlantic, for example, the num-

ber of TDV occurrences is the same in ENT and ERA-I

for ymax 5 10ms21, but there is a factor of 13 difference

for ymax 5 25m s21. This exaggerated deepening of the

TDVs in LMDZ is probably related in part to excessive

deep convection at the expense of convection detraining

at midlevels (Fig. 6). A striking result is that the weaker

TDV intensity in ERA-I is associated with a larger

propagation speed. Considering only the b effect, weak

TDVs in ERA-I should have smaller propagation speed

compared to LMDZ and to observations. The large and

realistic propagation speed in ERA-I could thus be due

to either the more realistic steering flow or the assimi-

lation procedure that tends to rectify the ERA-I TDV

speed to the observed speed.

Our analysis suggests two factors that may explain the

difference between the TDV intensity distributions in the

different LMDZ simulations. First, the TIE simulation

tends to dry the lower troposphere compared to the new

entrainment. This dry lower troposphere, in better

agreement with ERA-I over the easternAtlantic, is likely

to inhibit the convection in early stages of the TDV life

cycle and thus decrease the number of TDVs reaching the

2-day duration threshold that are able to further intensify

over the North Atlantic. Second, the parameterized

convection in developed TDVs is stronger with the new

entrainment for all TDV intensities, because it gives

smaller entrainment rates for the high RH values that

characterize the heart of the TDV. This parameterized

convection ‘‘saturates’’ for relatively strong TDVs

(20ms21 for CAPENT and around 25ms21 for ENT)

FIG. 8. Amplitude of the AEW signal for the three 10-yr LMDZ simulations between June and August for the

meridional wind at 700 hPa (contours) and rainfall rate (gray levels).
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but is still more active than the resolved convection. The

higher TDV intensity with the new entrainment is thus

not due to the inhibition of the parameterized convection.

The TDV tracking also gives an estimate of the differ-

ent potential sources of TCs over the North Atlantic and

the sensitivity of these sources to the convective param-

eterization. The TDV sources are very different between

TIE and the two other simulations despite the wind

nudging over West Africa. The genesis of TDVs over the

Atlantic is very rare in TIE, while the number of TDVs

generated over West Africa and reaching the tropical

Atlantic is much larger in that simulation than in the

others (or in ERA-I); interestingly, the 20 strongest

TDVs are all generated over West Africa in TIE. This

appears to be related to a larger AEW activity in TIE,

which could be related to a better phasing between the

convective activity and the wave trough over conti-

nental regions.

Our analysis shows the complexity involved in di-

agnosing the differences in the TDV distribution among

different versions of a model. Differences arise not only

from the modification of the physical processes in the

TDVs and TCs themselves but also from differences in

the average thermodynamic and dynamic structures of

the atmosphere. These differences may play a role in the

TDV and TC genesis location and frequency, as well as

in the intensification and maintenance processes. This

demonstrates that the separation between TC initiation

and intensification processes may help to understand the

sources of TC activity biases in a model and to interpret

the differences among models.
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