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ABSTRACT: In this study, we estimate bulk entrainment rates for deep convection in convection-permitting simulations,

conducted over the tropical Atlantic Ocean, encompassing parts of Africa and South America. We find that, even though

entrainment rates decrease with height in all regions, they are, when averaging between 600 and 800 hPa, generally higher

over land than over ocean. This is so because, over Amazonia, shallow convection causes an increase of bulk entrainment

rates at lower levels and because, over West Africa, where entrainment rates are highest, convection is organized in squall

lines. These squall lines are associated with strong mesoscale convergence, causing more intense updrafts and stronger

turbulence generation in the vicinity of updrafts, increasing the entrainment rates. With the exception of West Africa,

entrainment rates differ less across regions than across different environments within the regions. In contrast to what is

usually assumed in convective parameterizations, entrainment rates increase with environmental humidity. Furthermore,

over ocean, they increase with static stability, while over land, they decrease. In addition, confirming the results of a recent

idealized study, entrainment rates increase with convective aggregation, except in regions dominated by squall lines, like

over West Africa.
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1. Introduction

Over the last decades, the progress in reducing key uncer-

tainties in climate models, in particular in convective precipi-

tation, has been frustratingly slow (e.g., Hawkins and Sutton

2011; Fiedler et al. 2020). One of the main reasons is that,

because of the coarse resolution of typical climate models,

moist convection must be parameterized, which can lead to

substantial intermodel differences (e.g., Stevens and Bony

2013). Within convective parameterizations, one of the main

sources of uncertainty is the entrainment rate (e.g., Knight

et al. 2007; Collins et al. 2011). In many models, the concept of

entrainment arises from a bulk approach: convection is mod-

eled as a mass flux, whose properties are distinct from its en-

vironment. The entrainment rate usually defines the amount of

environmental air that is mixed into the updraft over a certain

height range. Thus, the entrainment rate directly affects the

characteristics of the updraft, in particular its buoyancy and

strength. In addition, the entrainment rate indirectly affects

the environment. For example, gravity waves bind the static

stability in the environment to the updraft temperature

profile, which in turn depends on the entrainment rate (e.g.,

Bretherton and Smolarkiewicz 1989). Determining what

factors control the entrainment rate is difficult, as it can

potentially be controlled by a combination of many differ-

ent factors. Here, we aim to identify those factors that en-

trainment rate is most sensitive to.

In previous work, large-eddy simulations (LES) have mostly

been used to better understand which environmental proper-

ties control entrainment rate (reviewed by deRooy et al. 2013),

or to quantify the entrainment rate at the updraft or

convective-system scale (e.g., Khairoutdinov and Randall

2006; Romps 2010; Dauhut et al. 2016, 2017). These simula-

tions are usually run on small domains, with prescribed large-

scale conditions. Many LES studies have shown that

entrainment rates are strong near the boundary layer, and

decrease with height in the free troposphere (e.g., Lin and

Arakawa 1997; Kuang and Bretherton 2006). Reasons are

versatile: first, only those updrafts with weaker entrainment

rates remain positively buoyant and grow deeper; second, up-

draft size increases with height, and larger updrafts are thought

to have smaller entrainment rates (e.g., Morton et al. 1956);

and third, updraft velocity increases with height, which is

thought to imply that more vertical kinetic energy generation is

needed to entrain environmental air into the updraft, resulting

in lower entrainment rates (Gregory 2001). In addition, an

updraft with higher vertical velocity has less time to interact

with the environment while rising to a certain height, which

thus is expected to lead to smaller entrainment rates (Neggers

et al. 2002; Lu et al. 2016). With respect to environmental

conditions, Böing et al. (2012) have shown in their idealized

LES studies that entrainment rates decrease in a moister and

more unstable troposphere, in association with deeper and

stronger convection. However, these dependencies are weak

compared to the decrease of entrainment rate with height, and

the general shortcoming of all of these LES studies is that the

small domain size does not allow for convection to properly

organize.

Mesoscale convective organization has the power to signif-

icantly alter the characteristics of convection and the entrain-

ment rate, and thus may mask the expected dependency

of entrainment rate on environmental conditions. There is

no consensus yet on the relationship between convectiveCorresponding author: Tobias Becker, tobias.becker@ecmwf.int
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organization, or more specifically convective aggregation,

and entrainment rate. Based on water tank experiments, en-

trainment rate is assumed to scale with the inverse updraft

size (Morton et al. 1956; Turner 1963), and thus is believed to

be smaller when convection is more aggregated (Siebesma

1996). In conflict with these findings, we found that, in idealized

simulations with a convection-permitting radiative–convective

equilibrium (RCE) model, the turbulence generation of nearby

updrafts in case of aggregated convection causes higher

entrainment rates, even though updraft dilution decreases

because entrainment efficacy is reduced as the aggregated

updrafts entrain air from their moist shell (Becker et al.

2018). The potential weakness of that study is that the re-

sults stem from an RCE approach, where boundary condi-

tions are homogeneous, large-scale forcing is inexistent, and

convection ends up aggregating into one blob, which is not

the case in reality.

In this study, we will take advantage of the Next-generation

Aircraft Remote Sensing for Validation (NARVAL) simula-

tions (Klocke et al. 2017), which are convection-permitting

simulations that were conducted on a large tropical domain,

including parts of the Atlantic, Africa, and South America. We

will use a bulk approach to analyze how bulk entrainment rates

for deep convection differ across and within different regions,

with a focus on how entrainment rates depend on environ-

mental properties and on convective organization. In this

context, we will investigate whether the RCE findings from

Becker et al. (2018) are also relevant under more realistic and

more diverse tropical conditions.

In section 2, we introduce our methods and model. In

section 3, we discuss general large-scale differences in atmo-

spheric and convective properties across the analyzed tropical

regions. In section 4, we compare the RCE findings to en-

trainment rates over theWest Atlantic. In section 5, we discuss

differences in entrainment rates across the tropics, with a focus

on environmental conditions (section 5a), convective aggre-

gation (section 5b), and the diurnal cycle (section 5c). This is

followed by a summary and our conclusions in section 6.

2. Method and model

To estimate bulk entrainment rates over different tropical

regions, we use the convection-permitting NARVAL simula-

tions, conducted by Klocke et al. (2017). These simulations

were run with the model Icosahedral Nonhydrostatic (ICON)

and cover the whole tropical Atlantic Ocean, as well as parts of

Africa and South America, from 108S to 208N and from 688W
to 108E. The simulations were run on a triangular grid with

3.8 km edge length (corresponding to a 2.5 km grid spacing on a

Cartesian grid). At this resolution, the main features of pre-

cipitation (location, spatial propagation, and diurnal cycle) are

well captured, and do not substantially differ from simulations

with hectometer-scale resolution or observations [see Figs. 8,

11 and 12 in Stevens et al. (2020)]. Even though the employed

horizontal grid spacing allows us to omit parameterizations for

subgrid-scale orography and convection, other parameteriza-

tions need to be retained: the Lin-type one-moment cloud

microphysics scheme (Lin et al. 1983; Baldauf et al. 2011), a

diagnostic cloud cover scheme (developed by Martin Köhler),
the Raschendorfer turbulence scheme (Raschendorfer 2001)

and the Rapid Radiation Transfer Model (RRTM) radiation

scheme (Mlawer et al. 1997; Stevens et al. 2013). The simula-

tions were run for December 2013 (December) and August

2016 (August), in support of the NARVAL-South flight cam-

paigns (Klepp et al. 2015; Stevens et al. 2016). The NARVAL

simulations were initialized daily at 0000 UTC from the at-

mospheric analysis of the EuropeanCentre forMedium-Range

Weather Forecasts (ECMWF). Each simulation was run for

36 h, nudged at the outer boundaries to the 3-hourly ECMWF

analyses. Like in other studies (e.g., Senf et al. 2018), we

analyze the last 24 h of each simulation, with 3-hourly out-

put. In addition, higher-resolution (1.9 km edge length)

simulations were performed in the region of the flight

campaign, in the tropical West Atlantic, defined by 48S–
188N, 648–428W. Those simulations, which are coupled by

two-way nesting to the outer-domain simulation, with an

update frequency of 3 h, are compared in section 4 to RCE

results from Becker et al. (2018). In all other sections, the

outer-domain simulations are analyzed.

To quantify bulk entrainment rate, a ‘‘radioactive tracer’’

was used in Becker et al. (2018), which was injected in the

lowest model level, and slowly decayed in the atmosphere with

an e-folding time scale of 4 days. Other studies have used

slightly differently defined ‘‘radioactive tracers’’ (Couvreux

et al. 2010; Romps and Kuang 2011) or a ‘‘purity tracer’’

(Romps 2010) to calculate entrainment rates. In the NARVAL

simulations, no external tracers are available. Instead, similar

to other studies (e.g., Del Genio and Wu 2010), we use frozen

moist static energy as a tracer. In Becker et al. (2018), we have

shown that frozen moist static energy leads to very similar bulk

entrainment rates as those obtained with a radioactive tracer.

However, frozenmoist static energy is not conserved above the

freezing level because frozen particles may precipitate. This

source of frozen moist static energy is not accounted for. Thus,

we limit all analysis in this paper to the lower troposphere,

below the freezing level.

We define frozen moist static energy (h) as

h5 c
p
T1 gz1L
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q
y
2L

i
q
i
, (1)

where cp is the isobaric specific heat capacity, T is temperature,

g is gravity, z is geopotential height, Ly is the enthalpy of va-

porization, qy is specific humidity, Li is the enthalpy of fusion,

and qi is specific cloud ice content (representing all non-

precipitating ice phases). Note that below the freezing level,

the contribution from ice to frozen moist static energy is neg-

ligible and one could have equivalently used moist static en-

ergy. In agreement with Becker et al. (2018), we calculate bulk

entrainment rate as follows: first, we filter the 4D-field of fro-

zen moist static energy for all updraft grid points, hu. Updraft

grid points are defined with a threshold on vertical velocity and

cloud condensate (w. 1m s21, q1 1 qi . 0.01 g kg21). Second,

we associate an environmental frozen moist static energy he
with every updraft grid point, by horizontally averaging over

all nonupdraft grid points (where w , 1m s21 or q1 1 qi ,
0.01 g kg21) located in a neighborhood of radius 10 km around
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each updraft grid point. Third, for each model level, we av-

erage hu and he over space and time (ĥu and ĥe). While doing

so, we also weight huwith the updraft mass flux, in accordance

with Hohenegger and Bretherton (2011) and Becker et al.

(2018). Finally, we calculate the entrainment rate � following

Betts (1975):

�5
2›

z
ĥ
u

ĥ
u
2 ĥ

e

. (2)

Bulk entrainment rates are calculated in five regions within the

NARVAL domain. The regions are chosen in a way that they

are dominated by precipitating deep convection (Fig. 1) and

that their comparison allows an investigation of land–ocean

differences, as well as differences with respect to the land type,

Amazon or Sahel. The five regions are theWest Atlantic (both

August and December), the Atlantic ITCZ (December), the

Atlantic ITCZ (August), Amazonia (December), and West

Africa (August). The regions consist of at least five subdomains

(size: 58 3 58) each, represented in Fig. 1 by colored squares.

This is motivated by the following considerations: First, in each

geographical region, dividing into subdomains provides a

sample of different realizations of the entrainment rate, which

can be used to estimate uncertainties and variability. Second,

the subdomains are large enough to get statistically significant

estimates of entrainment rate, but small enough to ensuremore

homogeneous conditions than if the whole region were con-

sidered. And third, the small subdomain size enables us to

select those 58 3 58 squares where the majority of updraft grid

points are associated with deep convection rather than shallow

convection.

3. How do large-scale characteristics affect deep
convection in different tropical regions?

Throughout the tropics, the characteristics of deep con-

vective systems depend on the large-scale conditions they

are embedded in. In this section we give a brief overview of

the key characteristics of convection and its large-scale

environment for the five considered regions, before inves-

tigating variations in entrainment rate in the next section.

The NARVAL domain hosts squall lines over West Africa,

organized deep convective clusters associated with the

ITCZ over the central tropical Atlantic and, to a lesser

degree, over the West Atlantic and Amazonia, as well as

shallow convection in the surroundings. Figure 2 shows

that, in terms of updraft area fraction, deep convection

occurs the least frequently over the West Atlantic and the

most frequently over the Atlantic ITCZ region, while

Amazonia and West Africa lie in between. Figure 2 also

shows that the average updraft velocities are remarkably

similar in all regions except over West Africa, where up-

draft velocities are substantially higher.

In terms of large-scale environmental conditions, the marine

boundary layer over the Atlantic is moister than over land, in

particular in the Atlantic ITCZ region (Fig. 3). In this region,

deep convective systems are ubiquitous, and cloud fraction as

well as cloud liquid water content are the highest from the

investigated regions. Over theWest Atlantic, on the contrary,

deep convection is the least active (Fig. 2), in agreement with

free-tropospheric relative humidity, cloud fraction, and cloud

liquid water being the lowest from the investigated re-

gions (Fig. 3).

The different oceanic regions display a similar profile of

static stability, as shown in Fig. 3 by the change of virtual po-

tential temperature with height. Static stability is small in the

boundary layer, meaning that convective inhibition (CIN) is

small in contrast to the two regions over land (Table 1). In the

free troposphere, static stability is smallest over West Africa

and highest over the Atlantic ITCZ, reflected in the highest

value of convective available potential energy (CAPE) over

West Africa, and the smallest value of CAPE over the Atlantic

ITCZ. Over Amazonia and the West Atlantic, CAPE is simi-

lar, even though the vertical profile of static stability differs

significantly. Over Amazonia, static stability is lowest of all

regions between 900 and 750 hPa, in association with a strong

activity of shallow convection.

Over West Africa, the highest values of CAPE as compared

to the other investigated regions (Table 1) are paired with the

highest updraft velocities. However, as updraft buoyancies are

the weakest (Fig. 4a), the high updraft velocities cannot be

explained by buoyancy forcing alone. Instead, they are forced

by a strong mesoscale convergence in the lower troposphere

(Fig. 4b). In all regions except over West Africa, updraft

FIG. 1. Precipitation averaged over (top) December 2013 and

(bottom) August 2016. The colored squares indicate the different

analyzed regions: the two groups of purple and blue squares

represent the Atlantic ITCZ region in December and August,

green squares represent Amazonia (December), yellow-red

squares represent West Africa (August), and the remaining

group of eight squares (two in December, 6 in August) represent

the West Atlantic. The last group of squares is in the nested

domain with the locally refined grid (1.9 km edge length), as

illustrated by the gray shading.
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velocity scales with updraft buoyancy (Fig. 5a). In contrast to

this, a large fraction of convection is triggered dynamically

over West Africa, which explains why a significant fraction of

updrafts have negative buoyancies (Fig. 5b) and why updraft

velocity may increase with increasingly negative updraft

buoyancy (Fig. 5a). The dynamic forcing results from a very

strong activity of squall lines, which propagate westward

and also affect the convective activity in the Atlantic ITCZ

region in August. As a consequence, in the Atlantic ITCZ

region above 700 hPa, convective activity is stronger in

August than in December, paired with a weaker static sta-

bility and a higher relative humidity (Fig. 3).

In summary, West Africa has the highest updraft velocities,

the Atlantic ITCZ is very moist with very high cloud fraction

and cloud liquid water content, the West Atlantic has rather

suppressed conditions and in some respects, conditions over

Amazonia resemble those over the Atlantic more than those

over West Africa.

4. How do entrainment rates over the West Atlantic
compare to entrainment rates in RCE simulations?

Idealized model setups are very useful for process under-

standing, but a legitimate question is always to which extent the

processes identified in the idealized frameworks are also rele-

vant in the real world. In this section, we therefore compare the

RCE entrainment rates from Becker et al. (2018) with en-

trainment rates derived over the West Atlantic. In this region,

the grid spacing is locally refined (1.9 km edge length), and is

thus comparable to the grid spacing in Becker et al. (2018)

(1 km edge length). The West Atlantic region is particularly

suitable for this comparison because its large-scale vertical

FIG. 2. Vertical profiles of (left) updraft area fraction, (center) updraft velocity, and (right) updraft mass flux,

averaged over all updraft grid points (wherew. 1m s21 and q11 qi. 0.01 g kg21) in the respective regions within

the NARVAL domain (Fig. 1).

FIG. 3. Vertical profiles of (left to right) virtual potential temperature change with height (stability), vertical velocity, relative humidity,

cloud fraction, and cloud liquid water averaged over the different tropical regions.
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velocity profile is close to zero (Fig. 3), resembling large-scale

conditions in RCE.

To a first order, we find similar bulk entrainment rates over

the West Atlantic and in the RCE simulations (Fig. 6). The

main discrepancy is that entrainment rates are constant with

height in RCE, while they decrease with height over the West

Atlantic. Below 800 hPa, the entrainment rates aremuch larger

over the West Atlantic than in the RCE simulations. This re-

flects the presence of much more active shallow convection

over the West Atlantic than in the RCE simulations because

shallow convection is associated with higher entrainment rates,

as will be further discussed in the following. Over the West

Atlantic, the freezing level is located between 600 and 550 hPa,

and in the RCE simulations at 600 hPa. Between the freezing

level and 800 hPa, updraft area fraction is relatively constant

with height over the West Atlantic (Fig. 2), indicating that

the majority of updrafts penetrate through these layers. From

this characteristic we conclude that bulk entrainment rate es-

timates for deep convection are most reliable between 600 and

800 hPa, and thus we will limit all following entrainment rate

analysis to this height range in the lower free troposphere.

Note that, since saturation vapor pressure strongly decreases

with height, differences in specific humidity between updraft

and environment can only be large in the lower troposphere.

Thus, entrainment can only have a significant impact on up-

draft buoyancy in the lower troposphere. Between 600 and

800 hPa, the bulk entrainment rates in RCE are 1.53 1024m21

for unaggregated convection and 1.9 3 1024m21 for aggre-

gated convection. Over the West Atlantic, the bulk entrain-

ment rate (1.4 3 1024m21) is similar to RCE with

unaggregated convection. With a coarser grid spacing (3.8 km

edge length), the bulk entrainment rate is higher

(1.8 3 1024m21).

The main results from Becker et al. (2018) were that ag-

gregated updrafts have higher entrainment rates than un-

aggregated updrafts (higher entrainment efficiency), but that

buoyancy reduction weakens with aggregation because ag-

gregated updrafts are surrounded by a shell of moist air

(smaller entrainment efficacy). However, these RCE results

stem from simulations with either completely aggregated or

completely unaggregated convection, while in the NARVAL

simulations, the atmosphere is usually in a state between ag-

gregated and unaggregated convection. To distinguish be-

tween unaggregated and aggregated convection in the real

world, we quantify the degree of convective aggregation based

on updraft size, using the idea that wider (hereafter ‘‘larger’’)

updrafts represent more aggregated convection, which we

confirmed in Becker et al. (2018). To sample for updraft size,

we count the number of horizontally connected updraft grid

points. This method is used after nearest-neighbor remapping

from the triangular ICON grid with a locally refined 1.9 km

edge length (over the West Atlantic) to a Cartesian grid with

approximately 1.4 km grid spacing. Grid points are considered

connected if they share a border (so-called four connectivity).

The updraft grid points are divided equally into three groups,

‘‘small,’’ ‘‘medium,’’ and ‘‘large’’ updrafts, according to

TABLE 1. Convective available potential energy (CAPE) and

convective inhibition (CIN) of a mean surface-layer parcel (Doswell

andRasmussen 1994) (in J kg21) as well as bulk entrainment rate (�),

vertically averaged from 800 to 600 hPa (inm21). CAPE, CIN, and

� are averaged over the respective regions within the NARVAL

domain (Fig. 1).

Region CAPE CIN �

West Atlantic 735 16 1.8 3 1024

ATL ITCZ DEC 550 7 2.0 3 1024

ATL ITCZ AUG 521 7 2.0 3 1024

West Africa 958 51 3.0 3 1024

Amazonia 728 32 2.4 3 1024

FIG. 4. Vertical profiles of (a) updraft buoyancy relative to the 10 km neighborhood and (b) mesoscale con-

vergence in 30 km distance from each updraft grid point, averaged over the longitudinal and latitudinal direction, in

the different tropical regions.
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the three terciles of the updraft size distribution in each

subdomain.

Just like in RCE, the aggregated (large) updrafts over the

West Atlantic have higher entrainment rates than unag-

gregated (small) updrafts (Fig. 7a). More precisely, large

updrafts have 33% higher entrainment rates than small up-

drafts, especially noticeable in the two subdomains for

December 2013. Nonetheless, updraft buoyancy reduction

through entrainment stays approximately constant (Fig. 7b)

because aggregated updrafts have a moister environment

(Fig. 7c), and thus entrainment efficacy is reduced, in line with

the RCE results in Becker et al. (2018). However, this effect is

weaker than in the RCE simulations, in which the pro-

nounced moist shell overcompensates the higher entrainment

rates, resulting in a weaker updraft buoyancy reduction in

case of aggregated convection. Note that our results do not

show any significant dependency on resolution because, in the

simulations with 3.8 km edge length, large updrafts have 21%

higher entrainment rates than small updrafts in the sub-

domains over the West Atlantic (not shown).

As mentioned before, the NARVAL domain also hosts

shallow convection. At kilometer-scale resolution, shallow

convection is underresolved, with the consequence that its

characteristics are significantly different compared to

simulations at hectometer-scale resolution (Stevens et al.

2020). To check whether our entrainment rate estimates for

deep convection are affected by the presence of shallow

convection, we now only consider those updraft grid points

where there is an updraft at 550 hPa as well. As the updraft

might be tilted, we relax this condition to updrafts within a

10 km neighborhood. When using this approach to sub-

sample for deep convection, only ;15% of the updraft grid

points remain at 800 hPa. The entrainment rate decreases less

strongly with height, while the average value (between 600 and

800 hPa) increases to 1.7 3 1024m21. However, this does not

change the dependency on updraft size. Larger updrafts still

have higher entrainment rates.

All in all, we were able to reproduce the findings from a

previous RCE study (Becker et al. 2018) over the West

Atlantic, even though dependencies are quantitatively weaker

than in RCE. We find that aggregated updrafts have higher

entrainment rates than unaggregated updrafts. However, ag-

gregated updrafts are also surrounded by a moister environ-

ment, compensating for the higher entrainment rates and

leading to a similar buoyancy reduction as in unaggregated

updrafts.

5. How do entrainment rates differ across the tropics?

We have shown in the last section that, to a first order,

bulk entrainment rates and their dependence on convective

aggregation are similar over the West Atlantic and in RCE

FIG. 6. Vertical profiles of bulk entrainment rates over the

tropical West Atlantic in the NARVAL simulations (both with 1.9

and 3.8 km edge length). Estimates are calculated for each sub-

domain over the West Atlantic (Fig. 1) individually, and the av-

erage over all subdomains and one standard deviation range

(shaded) are shown here. For comparison, bulk entrainment rates

in RCE simulations with 1 km grid spacing (Becker et al. 2018) are

shown as well. All entrainment rate estimates are based on frozen

moist static energy as a conserved variable.

FIG. 5. (a) Updraft velocity vs updraft buoyancy, at 1023 m s22

intervals, showing only the values that are averaged overmore than

100 updraft grid points. (b) Histograms of updraft buoyancy, with a

bin size of 1023 m s22. In both panels results are shown for all

variables at 800 hPa, and updraft buoyancy is calculated relative to

the 10 km neighborhood. Results are shown for the different

tropical regions.
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simulations. In this section, we investigate how bulk entrain-

ment rates differ across the tropics, and how entrainment rates

depend on the environment that convection is embedded in

(section 5a), convective aggregation (section 5b), and the di-

urnal cycle (section 5c).

a. Dependence on environmental conditions

In the NARVAL simulations, entrainment rates are higher

over land (West Africa and Amazonia) than over ocean

(Atlantic ITCZ and West Atlantic; now using 3.8 km edge

length for a better comparability), as illustrated both in Fig. 8

and Table 1. Over land, the entrainment rates are the highest

overWest Africa, whereas over the three oceanic domains, the

entrainment rates are more similar. Entrainment rates de-

crease with height in all regions except overWest Africa below

800 hPa, where bulk entrainment rate estimates are artificially

reduced because updrafts that start at higher levels have higher

frozen moist static energies than the updrafts starting below.

This happens because one of the main assumptions of the bulk

approach, that the majority of updrafts penetrate through

the analyzed layer, is not fulfilled below 800 hPa anymore.

Differences in entrainment rate across the regions could either

reflect the sampling of different convective phenomena, for

example deep versus shallow convection, or reflect different

environmental conditions, for example in terms of static sta-

bility and environmental humidity, two atmospheric properties

that are often mentioned to control the entrainment rate (e.g.,

Böing et al. 2012). These different options are investigated in

the following.

The influence of shallow convection on the bulk entrainment

rate estimates can be investigated by subsampling for deep

convection, using the method introduced in section 4. Over

West Africa, this method does not work properly because,

even above 800 hPa, the aforementioned assumption of the

bulk approach, that the majority of updrafts penetrate through

the analyzed layer, is not fulfilled anymore, and bulk entrain-

ment rate estimates are artificially decreased. In the other re-

gions, the average bulk entrainment rate (between 600 and

800 hPa) increases to 2.122.2 3 1024m21 over the ocean re-

gions and to 2.53 1024m21 over Amazonia. Hence, compared

FIG. 7. (a) Vertical averages (600–800 hPa) of bulk entrainment rates, (b) change of updraft frozen moist static energy with height, and

(c) frozenmoist static energy difference between updraft and 10 kmneighborhood, in all subdomains over the tropicalWestAtlantic (with

1.9 km edge length). Results are ordered by updraft size, where ‘‘small,’’ ‘‘medium,’’ and ‘‘large’’ correspond to the first, second, and third

tercile of the updraft size distribution. The black crosses represent the mean value, averaged over all subdomains for each updraft size

category.

FIG. 8. Vertical profiles of bulk entrainment rates, computed as in

Fig. 6, but for the different tropical regions (with 3.8 km edge length).
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to Table 1, the entrainment rates in the different regions be-

come slightly more similar, which is a result of smaller en-

trainment rates below 700 hPa over Amazonia compared to

when not subsampling for deep convection. The increase in

similarity indicates that below 700 hPa, the higher entrainment

rates over Amazonia compared to over ocean (Fig. 8) are, at

least to some degree, related to differences in shallow con-

vection. More specifically, the higher entrainment rates over

Amazonia can stem from shallow convection being more fre-

quent, being more efficient in entraining environmental air, or

growing deeper than over ocean. The latter would be in line

with small static stabilities between 750 and 900 hPa (Fig. 3,

discussed in section 3).

In terms of static stability, low (unstable) static stability has

been shown to be associated with deeper and stronger con-

vection and with a slightly smaller entrainment rate in ideal-

ized LES studies (Böing et al. 2012). In the NARVAL

simulations, unstable environments are only associated with

smaller entrainment rates over ocean, while the dependency

over land is opposite (Fig. 9).

In terms of environmental humidity, it can be easily under-

stood that in moist environments, updrafts are stronger and

grow deeper because entrainment efficacy is smaller, so the

same amount of entrainment causes a smaller reduction of

updraft buoyancy (e.g., Derbyshire et al. 2004). However, this

does not say anything about the actual dependency of en-

trainment rate on environmental humidity. In their LES study,

Böing et al. (2012) have shown that environmental humid-

ity and entrainment rate are weakly negatively correlated,

consistent with other studies (e.g., Derbyshire et al. 2011),

while some observations indicate a positive correlation (Lu

et al. 2018). In Bechtold et al. (2008), entrainment rate is pa-

rameterized to increase in a dry environment, and this change

to the convective parameterization has been shown to increase

the overall performance of the IFS model. In all NARVAL

regions, the opposite is actually true, i.e., a dry environment is

associated with low bulk entrainment rates (Fig. 9). One could

argue that this strong positive correlation between entrainment

rate and relative humidity is an artifact of our bulk approach: a

dry environment means that ĥu 2 ĥe, the denominator in

Eq. (2), increases. On the other hand, convective parameteri-

zations use a bulk approach as well, and might suffer from

similar problems. One could also argue that the buoyancy-

sorting effect, which only allows for a biased selection of data

points to show up in the updraft (e.g., Taylor and Baker 1991;

de Rooy et al. 2013), explains why a dry environment is asso-

ciated with small bulk entrainment rates: only the most buoy-

ant updrafts survive in a dry environment, which means that

ĥu in the level above is biased toward high values, decreasing

the bulk entrainment rate. Thus, based on the theoretical

concept of buoyancy sorting, bulk entrainment rates are indeed

expected to increase with environmental humidity.

Can the differences in environmental conditions explain the

differences in entrainment rates across the regions and espe-

cially the much higher entrainment rates over West Africa?

The significantly higher entrainment rates over West Africa

cannot be explained by the dependency of entrainment rate on

environmental humidity because humidity over West Africa

FIG. 9. Vertical averages (600–800 hPa) of bulk entrainment rates, ordered by (left) static stability and (right)

relative humidity (both averaged over the 10 km neighborhood of each updraft), in the different tropical regions.

Subdomains are numbered from west to east. The crosses represent the mean value, averaged over all subdomains

for each region and environmental condition.
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strongly resembles humidity over the Atlantic ITCZ region,

both on the large-scale (Fig. 3), and with respect to the 10 km

neighborhood (not shown). The other discussed environmental

property, free-tropospheric static stability, is low over West

Africa (Fig. 3). At least in that region, it is in line with higher

entrainment rates, but the dependency between stability and

entrainment rate is inconclusive across regions (Fig. 9).

Moreover, from Gregory (2001), who proposed to relate

entrainment rate to buoyancy and inversely to the squared

updraft velocity, small entrainment rates would be expected

over West Africa given the high updraft velocities and small

buoyancy. Thus, none of the discussed dependencies on

environmental conditions are able to give a convincing ex-

planation why entrainment rates are significantly higher

over West Africa than over the other regions.

Instead, the high entrainment rates over West Africa are

more dependent on the form of convective organization that

dominates in this region, i.e., dynamically forced squall lines.

They are associated with strong mesoscale convergence, and

the high updraft velocities generate strong turbulence, also

because the squall lines are very large and aggregated. This is

illustrated in Fig. 10, which shows the horizontal turbulence

kinetic energy (TKE) in the vicinity of the updrafts, calculated

in analogy toBecker et al. (2018). OverWestAfrica, horizontal

TKE is more than twice as high as in the region with the second

highest value of horizontal TKE, the Atlantic ITCZ in August.

Note that this region is also affected by squall-line activity.

In summary, we find that across the NARVAL simulations,

the higher entrainment rates over land compared to over ocean

are at least to some extent related to both a stronger activity of

shallow convection (over Amazonia), and, in the case of West

Africa, to a stronger turbulence generation associated with

squall lines. In addition, entrainment rates increase with static

stability over ocean and decrease with static stability over land,

while in all regions entrainment rates increase with environ-

mental humidity.

FIG. 10. Cross sections of average horizontal turbulence kinetic energy (TKE) in a specific zonal distance (x) to each updraft (marked as

‘‘center’’), within the central 58 3 58 subdomains of the different regions. Horizontal TKE is calculated as in Becker et al. (2018) [see their

Eqs. (2) and (3)], including a subtraction of the kinetic energy of the mean flow and mirroring the field to remove transient motion. As a

consequence, horizontal TKE is zero at the ‘‘center.’’
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b. Dependence on convective aggregation

In this section, we investigate whether the dependency of

entrainment rate on convective aggregation, as found over the

West Atlantic and in RCE simulations (Becker et al. 2018), is

visible over the remaining regions and could explain differ-

ences in entrainment rates across regions. Again, we measure

convective aggregation based on updraft size, in accordance

with section 4. Table 2 lists the mean values for the three ter-

ciles of the updraft size distribution in the different regions,

showing that convection is the least aggregated over the West

Atlantic, and the most aggregated over West Africa. Likewise,

entrainment rates are smallest over the West Atlantic, and

highest overWest Africa (Table 1). Hence, generally speaking,

regions with more aggregated convection have higher en-

trainment rates, in line with the RCE findings from Becker

et al. (2018).

However, within the individual regions, the dependency of

entrainment rate on convective aggregation is not always in

line with Becker et al. (2018) and our previous findings over

the West Atlantic (section 4). Even though, in accordance

with expectations, entrainment rates increase with updraft

size over Amazonia and over the December Atlantic ITCZ

region, they slightly decrease with updraft size over the

August Atlantic ITCZ region, and strongly decrease over

West Africa (Fig. 11a).

In Becker et al. (2018), we have shown that aggregated up-

drafts have higher entrainment rates because horizontal TKE

strongly increases when convection aggregates. Here we also

find an increase of horizontal TKE (measured as in Fig. 10)

with aggregation in all regions, even over West Africa, but the

relative increase of horizontal TKE with updraft size is less

strong than in RCE. Instead of a sixfold increase with aggre-

gation in RCE, the NARVAL regions show on average a

doubling of horizontal TKE for large updrafts relative to small

updrafts, with the strongest relative increase (a tripling) over

West Africa. Thus, even though high values of horizontal TKE

may be one explanation why entrainment rates are generally

high over West Africa (section 5a), this metric cannot explain

why entrainment rates decrease with aggregation over West

Africa and over the August Atlantic ITCZ.

Instead, the differences in mesoscale organization through-

out the regions can explain the distinct dependency of en-

trainment rates on updraft size. Over West Africa, convection

is characterized by squall lines: medium and large updrafts

consist of squall lines entirely, while small updrafts consist both

of nonconnected fragments of squall lines, and of any other

kind of convection. Thus, unlike in RCE and in most of the

other regions, updraft size does not quantify the size of indi-

vidual updrafts in a classical sense, but rather the length of

squall lines, which can be hundreds of kilometers long. As

squall lines are forced by a strong mesoscale convergence, they

are associated with very high updraft velocities, in particular

for large updraft sizes (Fig. 12). The strong mesoscale con-

vergence, which dominates any thermodynamic response, is

also the reasonwhy updraft velocity does not scale with updraft

buoyancy over West Africa (Fig. 5a), as already discussed in

section 3. Thus, even though below 750 hPa, updrafts over

West Africa are the least buoyant from all the investigated

regions (Figs. 4a and 12a), large updrafts (long squall lines)

have very high updraft velocities at 750 hPa (Fig. 12c), in as-

sociation with a very strong mesoscale convergence (Fig. 12b).

Thus, the decrease of entrainment rate with updraft size over

West Africa is in line with the Gregory parameterization

(Gregory 2001), which assumes that a high updraft velocity

and a low updraft buoyancy leads to a low entrainment rate.

Squall lines that form overWest Africa propagate westward,

which explains why convection over the August Atlantic ITCZ

region tends to show the same characteristics as over West

Africa (though to a lesser extent). For example, updraft sizes

are higher than in the other regions, particularly for large up-

drafts (Table 2), and the entrainment rate slightly decreases

with updraft size (Fig. 11a).

Updraft buoyancy reduction through entrainment is almost

independent of convective aggregation over the Atlantic ITCZ

andAmazonia (Fig. 11b), which is in line with the findings over

theWest Atlantic. The largest updrafts have the smallest value

of ĥu 2 ĥe (Fig. 11c), indicating a significant intensification of

the moist shell and a decrease of entrainment efficacy, in par-

ticular over Amazonia, but also over the December Atlantic

ITCZ region. Over West Africa, the moist shell does not in-

tensify from medium to large updrafts, which is another indi-

cation that convection that organizes in squall lines has

substantially different characteristics than convection that or-

ganizes in RCE.

In summary, our earlier RCE findings (Becker et al. 2018),

which demonstrated that the entrainment rate increases as

convection becomes more aggregated, do not hold true in all

tropical regions studied here. Results can be reproduced in

those regions where the dynamic and thermodynamic condi-

tions resemble those in RCE, over the West Atlantic, the

December Atlantic ITCZ and Amazonia, while we find the

opposite relationship between updraft size and entrainment

rate in those regions that are dominated by squall-line activity,

in particular over West Africa.

c. Dependence on the diurnal cycle

In general circulation models, a too weak entrainment rate

can be responsible for convective precipitation peaking too

early during the day over land compared to observations, as a

few studies have already shown (e.g., Del Genio andWu 2010).

A solution would be an entrainment rate that is variable in

space and time, high in the morning and low in the afternoon

TABLE 2. Number of connected updraft grid points for the

first, second, and third terciles of the updraft size distribution at

700 hPa, averaged over the respective regions within the NARVAL

domain (Fig. 1).

Region

Tercile

First Second Third

West Atlantic 3 9 23

ATL ITCZ DEC 5 12 29

ATL ITCZ AUG 5 16 50

West Africa 7 49 241

Amazonia 4 11 33
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when convection grows deeper (over land), which was artifi-

cially tested in Hohenegger and Stevens (2013), and which is

in agreement with LES studies (e.g., Dauhut et al. 2016).

Figure 13 shows that a time-dependent entrainment rate is in

line with our findings as well: entrainment rates are weak in the

afternoon over land and in the early morning over ocean, so at

times of day when deep convection is expected to be very ac-

tive. However, even though the time of the lowest entrainment

rate coincides with the diurnal precipitation maximum over

Amazonia and all ocean regions, this is not the case over West

Africa, where the diurnal precipitation maximum occurs dur-

ing the night (not shown), again indicating that mechanisms are

more complicated over West Africa. Also note that at all times

of day, entrainment rates are higher over West Africa than

over the other regions, making the dependence on the diurnal

cycle a dependency of less importance.

6. Summary and conclusions

In this study we used a bulk approach to estimate bulk en-

trainment rates for deep convection in five tropical regions,

which are subdomains of the convection-permitting NARVAL

simulations: the West Atlantic (both August and December),

the Atlantic ITCZ (December), the Atlantic ITCZ (August),

FIG. 11. (a) Vertical averages (600–800 hPa) of bulk entrainment rates, (b) change of updraft frozenmoist static energy with height, and

(c) frozenmoist static energy difference between updraft and 10 km neighborhood, ordered by updraft size as in Fig. 7, but in the different

tropical regions. Subdomains are numbered from west to east. The crosses represent the mean value, averaged over all subdomains for

each region and updraft size category.

FIG. 12. Vertical profiles of (a) updraft buoyancy relative to the 10 km neighborhood, (b)mesoscale convergence in 30 km distance from

each updraft grid point, averaged over the longitudinal and latitudinal direction, and (c) updraft velocity in the different tropical regions.

Dotted lines indicate the first tercile of the updraft size distribution, dashed lines indicate the second tercile, and solid lines indicate the

third tercile.
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Amazonia (December), andWest Africa (August). The goal of

the study was to investigate variations in entrainment rates

across regions and their dependency on environmental

conditions. A special focus was on the dependency between

entrainment rate and static stability, humidity, TKE, and

convective aggregation, all factors that have been mentioned

in previous (mostly idealized) studies to affect entrainment

rate. We estimated bulk entrainment rates using the conserved

variable frozen moist static energy and a bulk approach (Betts

1975). The disadvantage of using a bulk approach to estimate

entrainment rates is that results are only trustworthy within the

height range that the majority of updrafts penetrate through,

which in our study is between 800 and 600 hPa. However, the

advantage of using a bulk approach is that bulk approaches are

also used in most convection schemes, allowing for an easy

comparison to such parameterizations.

We found that entrainment rates are higher over land (West

Africa and Amazonia) than over ocean (West Atlantic and

Atlantic ITCZ). This is true at all times of day except in the

afternoon, when convective activity is strongest over land.

Over Amazonia, entrainment rates are generally higher than

over ocean because shallow convection increases the bulk en-

trainment rate below 700 hPa, while entrainment rates above

that level are similar to those over ocean. Over West Africa,

entrainment rates are the highest of all considered regions

because in this region deep convection forms in squall lines.

The squall lines are associated with strong mesoscale conver-

gence and high horizontal turbulence kinetic energy. Over the

ocean, where squall lines are mostly absent, entrainment rates

are generally smaller because horizontal turbulence kinetic

energy is weaker. Updrafts are less intense and their velocities

scale with updraft buoyancy, indicating that updraft velocity is

primarily controlled by thermodynamic effects. Over the West

Atlantic, the regionally averaged bulk entrainment rates are

slightly smaller than over the Atlantic ITCZ region in August

andDecember, but differences are smaller than the differences

between entrainment rates over land and over ocean.

In fact, with the exception ofWestAfrica, regionally averaged

entrainment rates differ less than entrainment rates within each

region, subsampled with respect to different environmental

conditions. The dependence on static stability is opposite over

land and ocean, entrainment rates increase with static stability

over ocean, while entrainment rates decrease with static stability

over land. In addition, in contrast to convective parameteriza-

tions that make their entrainment rates larger in drier environ-

ments (e.g., Bechtold et al. 2008), entrainment rates strongly

increase with environmental humidity in all regions. Such a

dependency is consistent with buoyancy sorting arguments.

We also investigated the dependency of entrainment rate on

convective organization. In RCE, aggregated convection is

associated with higher entrainment rates than unaggregated

convection (Becker et al. 2018). Here we were able to quali-

tatively reproduce this finding in the NARVAL simulations by

using updraft size as a measure of convective aggregation:

entrainment rates increase with updraft size in all regions ex-

cept those that are dominated by squall lines (West Africa and,

to a lesser degree, the Atlantic ITCZ region in August).

Quantitatively, entrainment rate increases by 33% for large

relative to small updrafts over the West Atlantic, which is the

region with the strongest dependency of entrainment rate on

updraft size. This is also the region that most closely resembles

RCE conditions. Moreover, in accordance with the RCE re-

sults, aggregated (large) updrafts are surrounded by a stronger

moist shell, meaning that entrainment efficacy is reduced.

However, this effect is less strong than in RCE and can only

roughly balance the higher entrainment rates, with the

consequence that, overall, the reduction of updraft buoy-

ancy through entrainment does not change much with con-

vective aggregation in the NARVAL simulations.

With respect to parameterization development, some of the

isolated dependencies are in line with entrainment relation-

ships used in convective parameterizations. For example, en-

trainment rates decrease with height and entrainment rates are

larger for shallow convection than for deep convection. But

other dependencies are also opposite to what is assumed in

convective parameterizations. For example, entrainment rates

increase with environmental humidity, and unlike in Gregory

(2001), the region with the highest updraft velocities (West

Africa) also has the highest entrainment rates. In analogy to

parameterizations, where the properties of the entrained air

depend on the grid spacing, some of our results may also de-

pend on the chosen radius around updrafts that is used to es-

timate the properties of entrained air, in particular with respect

to themoist shell. As the processes that govern convection, and

entrainment rate in particular, strongly differ across the ana-

lyzed regions, we were unable to identify a single variable that

entrainment rates are most sensitive to. Thus, we conclude that

it will remain very challenging to develop an accurate param-

eterization of convection that is valid across a wider range of

convective phenomena. This speaks for the use of alternate

approaches, such as machine learning (e.g., Gentine et al. 2018;

O’Gorman and Dwyer 2018) or global storm-resolving simu-

lations (e.g., Stevens et al. 2019).

FIG. 13. Vertical averages (600–800 hPa) of bulk entrainment

rates with respect to the local time of the day, in the different

tropical regions. Subdomains are numbered from west to east. The

crosses represent themean value, averaged over all subdomains for

each region and local time.
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