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Abstract It is well known that subtropical shallow convection transports heat and water vapor
upwards from the surface. It is less clear if it also transports horizontal momentum upwards to
significantly affect the trade winds in which it is embedded. We utilize unique multiday large-eddy
simulations run over the tropical Atlantic with ICON-LEM to investigate the character of shallow
convective momentum transport (CMT). For a typical trade-wind profile during boreal winter, CMT
acts as an apparent friction to decelerate the north-easterly flow. This effect maximizes below the cloud
base while in the cloud layer, friction is very small, although present over a relatively deep layer. In the
cloud layer, the zonal component of the momentum flux is counter-gradient and penetrates deeper
than reported in traditional shallow cumulus LES cases. The transport through conditionally sampled
convective updrafts and downdrafts explains a weak friction effect, but not the counter-gradient flux
near the cloud tops. The analysis of the momentum flux budget reveals that, in the cloud layer, the
counter-gradient flux is driven by convectively triggered nonhydrostatic pressure-gradients and horizontal
circulations surrounding the clouds. A model set-up with large domain size and realistic boundary
conditions is necessary to resolve these effects.

Plain Language Summary The vertical profile of temperature and moisture is strongly
controlled by atmospheric moist convection as it mixes heat and water vapor upwards from the surface.
It is less clear if it also mixes horizontal momentum upwards to significantly affect the vertical profile of
winds. Past studies have found that the subtropical-shallow convection mainly transports momentum
down-gradient so as to reduce the vertical wind shear. We utilize unique multiday large-eddy simulations
run over the tropical Atlantic under the German HD(CP)? project to quantify the convective momentum
transport. We find that for a typical trade wind profile, convection acts like a friction on the surrounding
flow below cloud base while near cloud tops it transports momentum so as to enhance the vertical shear
in the mean wind. Detailed analysis of momentum fluxes indicates that the convectively driven turbulent
circulations around the clouds facilitate this transport. This mechanism of momentum transport is
typically not included in most climate models and may have fundamental implications for simulations of
the trade winds.

1. Introduction

It has been known since the 1960s that atmospheric convection transports water vapor and heat upwards in
the troposphere from the surface (Riehl, 1958). This happens as convection, acting through mesoscale and
sub-mesoscale updrafts and downdrafts, carries heat and moisture vertically. But it is still not clear to what
extent convection transports horizontal momentum upwards to either accelerate or decelerate the tropo-
spheric flows. Within the theme of cloud-circulation coupling, which has been identified as a key limiter in
our understanding of future climate changes (Bony et al., 2015), convective momentum transport (CMT)
is an unexplored mechanism. Here, we have investigated the processes that control the character of CMT
through subtropical shallow convection.

Understanding CMT is challenging because unlike heat or scalar field transport, horizontal momentum is
not necessarily conserved during mass transport. Instead, the momentum is continually exchanged with the
environment through other mechanisms such as pressure perturbations that trigger horizontal circulations
around updrafts and downdrafts and form drag.
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The measurements of pressure perturbations in and across convecting entities are difficult. Despite this
difficulty, some isolated observations have been made (e.g., LeMone, 1983; LeMone & Moncrieff, 1994).
LeMone (1983) observed CMT occurring through lines of cumulonimbus clouds. Her results suggested that
the flux of convective momentum was of similar sign as that of mean large-scale wind shear indicating a
counter-gradient transport. Traditionally, one thinks of “down-gradient” momentum transport as mixing
away of shear, while “counter-gradient” (or “up-gradient”) momentum transport is thought to enhance
wind shear. This implied that lines of cumulonimbus clouds favor nonlocal transport in the direction oppo-
site to the shear-driven, down-gradient turbulent mixing. A more comprehensive study later also presented
cases where down-gradient transport was stronger than the nonlocal CMT (LeMone et al., 1984). Similarly,
Wu and Yanai (1994) found down-gradient transport in their analysis of residues in the momentum budget
calculated from measurements obtained for deep convection during the TOGA COARE campaign. From
these handful of observational studies, it is not clear if shallow CMT is down-gradient or counter-gradient.

The landmark study of Schneider and Lindzen (1976) provided an initial impetus for the study and param-
eterization of CMT in general circulation models. They were motivated by the fact that moist convection
acts as a link between viscous flow in the turbulent boundary layer and relatively friction-free fast-moving
free tropospheric air above it. This led them to propose that clouds and convection originating near the
surface mainly act as a “cumulus friction” on the free tropospheric flow. Some researchers since then have
proposed parameterizations to account for this effect in climate models (Gregory et al., 1997; Romps, 2012;
Kershaw & Gregory, 1997; Wu & Yanai, 1994; Zhang & Cho, 1991). These studies mainly used conclusions
from observations (LeMone & Moncrieff, 1994) or cloud-resolving models (CRMs; ~1 km resolution) to
propose modifications to convective parameterizations that account for pressure perturbations. They did
not derive if clouds in general act as a cumulus friction on the surrounding flows and have focused only on
deep convection.

A significant body of literature has focused on parameterizing the observed “mesoscale organization” of
multilayered convective systems (e.g., Moncrieff, 1981, 1992, 2019). The momentum transport through “or-
ganized convection” such as shear-perpendicular or shear-parallel systems (Grant et al., 2020), is thought
to be fundamentally distinct from turbulent mixing, and has been shown to favor down-gradient or coun-
ter-gradient momentum transport in distinct atmospheric layers (Moncrieff, 1992). An archetypal model
based on slantwise overturning circulations associated with these systems has been proposed, as these are
typically not addressed by the traditional CMT parameterizations (Moncrieff, 2010; Moncrieff et al., 2017;
Moncrieff & Liu, 2006). When implemented in either weather or climate models, they have been shown
to improve the simulation of tropical convection. Recently, new geometries of purely shallow convective
organization such as “Fish”, “Gravel”, “Flower”, and “Sugar” have been identified in the trade wind regions
(Bony et al., 2020; Rasp et al., 2020; Stevens et al., 2020). It is an open question if these organized shallow
convective systems transport momentum similar to their deep convective counterparts.

It may be intuitive to expect that more vigorous deep convection promotes stronger CMT. However, it is
hard to overlook the fact that shallow convection is more frequent and all pervasive in the tropics. Interest-
ingly, indirect attempts to diagnose CMT support this view as well. Carr and Bretherton (2001) used rea-
nalysis data to compute the vertical profile of CMT as a residue in the large-scale budget of the horizontal
momentum. They found large residues only in the lower troposphere, suggesting that shallow CMT may
well have a larger role in the momentum budget of large-scale circulations than deep CMT.

There are a few recent studies that have used large-eddy simulations (LES, ~100 m resolution) with ide-
alized boundary conditions to analyze CMT through shallow convection. The LES has an advantage over
CRMs (~1 km resolution) because scales of shallow convective motions are better resolved in the former.
Brown (1999), using LES simulations of BOMEX at ~100 m resolution, showed that the vertical momen-
tum flux is a strong function of the background wind shear in their simulations. Zhu (2015) studied various
shallow convection cases (e.g., BOMEX, RICO, DYCOMS, and ASTEX) and reported that a significant CMT
occurs through the small-scale turbulent motions not resolved at 100 m resolution. However, contributions
from large-scale eddies were equally significant in their simulations. Furthermore, the relative contribu-
tions from small/large eddies changed depending on the case in their study. Schlemmer et al. (2017) noted
mainly down-gradient momentum fluxes in their simulations of RICO. In contrast, Larson et al. (2019)
found counter-gradient momentum flux in a thin layer near cloud base in their simulations of BOMEX.
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They showed that the counter-gradient flux is driven by the cross-correlations of buoyancy with the per-
turbation vertical velocity in their model. Badlan et al. (2017) used LES to simulate deep convection and
showed that convection simulated with idealized doubly periodic boundary conditions may not simulate
the natural growth of deep convective systems. Furthermore, they found that the properties of CMT were
sensitive to the domain size. This suggests that a proper aspect ratio of the domain is needed to adequately
simulate the convective circulations. Most of the LES studies focusing on shallow CMT utilized simulations
with idealized boundary conditions or were integrated over a small domain (~25 km). It is not clear how
such idealizations influence the conclusions they report.

This study aims to investigate the character of shallow CMT (downgradient or counter-gradient) using the
state of the art, large-domain, long-time integrations of the ICON large-eddy model (ICON-LEM) over the
tropical North Atlantic. These LES utilize a nested simulation strategy, derive boundary conditions from the
outer model domain, and are run for longer time periods than past studies. We first describe the ICON-LEM
simulation set-up and methods of analysis in Section 2. Then the results are presented in Section 3, and
finally discussion and conclusions are presented in Sections 4 and 5, respectively.

2. Simulations and Analysis

2.1. ICON-LEM Simulations

Under the German HD(CP)? (High-Definition Clouds and Precipitation for Advancing Climate Predictions)
project; simulations were run over the Atlantic ocean using the Icosahedral Nonhydrostatic model (ICON)
(Dipankar et al., 2015; Zingl et al., 2015) to study subtropical shallow clouds. This set of simulations was
run at multiple resolutions covering a wide area over the tropical Atlantic and served as a hind-cast for
the NARVAL (Next-Generation Aircraft Remote Sensing for Validation) observational expedition (Klocke
et al., 2017; Stevens et al., 2019). Within this cascade of simulations, the coarse model is run at cloud-resolv-
ing resolutions of about 1.25 km while the finest model is run at 150 m resolution in the innermost domain.

The simulations were run over 6 days from December 11 to 19, 2013 (11, 12, 14, 15, 16, December 20, 2013).
Each simulation was run for 27 h starting at 9 UTC. The first 3 h were discarded as spin-up on all days in the
presented analysis. The lateral boundary conditions were obtained from the outer LES run at coarser res-
olution and were nudged every hour using a one-way nesting. The boundary conditions for the outermost
model were forced using ECMWF reanalysis data (Dee et al., 2011). A time-step of 1.5 s was used for the
150 m resolution run. The LES runs used a binary cloud scheme and Smagorinsky sub-grid scale turbulence
scheme. The output for instantaneous fields every 15 min was made available on the Icosahedral grid which
was converted to a lat-lon grid using regridding functions available with the CDO package (weights for the
geographic grid were generated using “genycon” and then the output was remapped with “remap”) as rec-
ommended in the ICON manual (Prill et al., 2019).

We utilized the ICON-LEM with the finest horizontal grid resolution of 150 m which covers a 200 x 100 km?
area out of which we sampled from a 100 x 100 km? area centered at 13.1°N and 58.5°E with 150 vertical
levels. This area was selected to minimize the effect of lateral nudging at the longitudinal boundaries. To
test the effect of domain size on the analysis, we repeated the analysis sampling from increasingly smaller
domains centered on the same latitude and longitude (13.1°N, 58.5°E, 50 X 50 km? identified as “50 km” and
25 x 25 km? identified as “25 km”). Unless otherwise mentioned, the results are presented for the default
domain of 100 x 100 km? identified as “100 km”.

To analyze the vertical momentum transport, the anomalous vertical flux of zonal (u'w’) and meridion-
al (VW' ) momentum was computed following standard Reynolds decomposition. Unless specified other-
wise, quantities presented are averaged over the simulation period (except spin-up) and averaged over the
domain.

2.1.1. Simulated Convective Regime

The ICON-LEM simulations are dominated by the shallow convective systems over the Atlantic trade wind
region as observed during the NARVAL-I campaign (Stevens et al., 2019). In these simulations, organized
shallow convective systems typically propagate along the north-easterlies. They occur in various spatio-tem-
poral scales and geometries, although we did not attempt to assign them to a particular group of organi-
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zation (either classically well studied “Cloud streets” or recently identified “Fish”, “Flower”, “Gravel”, or
“Sugar”) in these simulations (Figure 8). We also noticed a significant amount of gravity waves propagating
across the domain.

Here, we do not aim to identify organized systems and associated momentum transport but instead focus on
explaining the domain averaged momentum transport which we hypothesize to be a net effect of organized
convection, gravity waves, and unorganized turbulent transport.

2.2. BOMEX and RICO Simulations Using DALES

In addition to the aforementioned ICON-LEM simulations, the Dutch Atmospheric Large Eddy Simula-
tion (DALES) model (Heus et al., 2010) was used to simulate the shallow convective cases from BOMEX
(Siebesma et al., 2003) and RICO (VanZanten et al., 2011). This model has a horizontal domain size of
12.8 x 12.8 km* with 512 grid points in each direction and 12.5 m resolution in vertical with 224 levels. A
second-order advection scheme was used and the sub-grid eddy diffusivities were calculated by a prognostic
turbulent kinetic energy (TKE) scheme. The simulations were run for 8 h and the first couple of hours were
rejected from the analysis as a spin-up. More details about these simulations can be found in (de Roode
et al., 2012).

2.3. Terminology
2.3.1. Apparent Friction

o(u'w")
4
“background”) winds, we refer to it as apparent friction. Here, the sign of vertical flux convergence tendency
is opposite to that of domain mean winds. For the typical trade wind profile (see more discussion later in
o(u'w")

When the total vertical flux convergence (— ) acts to decelerate the domain mean (also referred to as

Section 3) with u < 0, positive values of the tendency (- > 0) indicate apparent friction.

In the description of results, we simply refer to “apparent friction” as “friction” while keeping in mind that
this is an effect on the surrounding flow due to turbulent mixing at smaller scales and not due to relative
motion between two surfaces.

2.3.2. Counter-Gradient Fluxes
When the sign of vertical momentum flux is similar to the sign of domain mean vertical wind shear, we
refer to it as counter-gradient flux. For example, a counter-gradient zonal flux layer is identified where

Wg—u > 0 . In contrast, the down-gradient flux layer has WZ—M < 0. A similar definition was adapted in
Z 4
past studies (e.g., Larson et al., 2019).

3. Results
3.1. Counter-Gradient Momentum Transport

The tropical wind profile during boreal winters is typically characterized by north-easterly trade winds in
the boundary layer that turn to become westerlies somewhere in the free troposphere. There is negative

(backward) shear (a—u > 0) in these winds which can be explained through the thermal wind equation, giv-
Z
en the negative meridional temperature gradients. The mean zonal winds during the 8 days of ICON-LEM

simulations during December 2013 are consistent with this picture (Figure 1a), except for stronger near-sur-
face easterly winds compared to the climatology (~—7 m/s; Brueck et al., 2015). The mean zonal wind
profile shows a jet with an extremum of —14 m/s at 1 km altitude which is about 500 m above the mixed
layer top and the mean cloud base height (Figure 1d). Because winds near the surface are slowed down, the
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Figure 1. The domain averaged vertical profiles of, (a) zonal (green) and meridional (red) winds (m s™"), (b) zonal (green) and meridional (red) component of
vertical momentum flux (m*s™2), (c) zonal (green) and meridional (red) vertical flux convergence tendency (m s~2) and (d) fraction of area covered by Cloudy
region (blue), Cloudy updrafts (cyan) and Strong downdrafts (magenta). More details about the identification method for the convective entities can be found in
Section 3.4. All values were averaged over the length of ICON-LEM simulation, see details in Section 2.1.

ou
jet introduces a change in vertlcal shear in the mean profile. The shear is negative (— < 0) below the jet
extremum and turns positive (— > 0) above the jet extremum at around 1 km from the surface.

To analyze the role of momentum transport in setting this wind profile, we look at the zonal component
of momentum flux ('w’). The flux is positive near the surface consistent with the positive surface stress
imparted by the ground on the easterly winds. As the turbulent fluxes in the near-surface layer were not
available in the output, we analyzed only the “resolved” fluxes at a resolution of 150 m (referred to as
fluxes here-onwards). It can be safely assumed that the zonal momentum flux smoothly increases to the
near-surface value by the unresolved turbulent fluxes consistent with Helfer et al. (2021). The zonal flux
maximizes at around 250 m and smoothly reduces to zero near 2 km above which the flux is small. The flux
is down-gradient below the jet extremum as the flux acts to diffuse the mean wind shear, while it is coun-
ter-gradient above the jet extremum from 1 km until 2 km. Analysis of time series of momentum flux (not
shown) suggests that the counter-gradient momentum flux is an ubiquitous feature in these simulations.
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These features are consistent with the recent study by Larson et al. (2019) who found counter-gradient
momentum transport in a thin layer (250 m layer) near the jet-extremum in their simulation. In our simu-
lations, the counter-gradient transport occurs over a significantly thicker layer (1,000 m) penetrating all the
way until 2 km. Interestingly, other past studies using LES (e.g., Brown, 1999), have not reported significant
counter-gradient transport of momentum. These are discussed later in Section 4.

3.2. Friction

The decreasing positive zonal momentum flux introduces a friction on the mean winds (Figures 1b and 1c).
In the layer below 500 m where clouds are absent (Figure 1d), the friction mainly occurs through the un-
saturated thermals. Disregarding unresolved turbulence below 250 m, the peak in the friction effect through
CMT occurs at the base of the transition layer where clouds start to form, at around 500 m. The cloud
fraction peaks near 800 m, where the friction effects are minimum and are around 25% of their value just
below the cloud base (500 m). In the counter-gradient flux layer above 1 km, the friction effects moderately
increase and diminish at around 2 km consistent with the diminishing constant momentum flux at that
altitude. In this sense, the CMT acts as a strong friction only below the bulk of the cloud base, is minimum
near peak cloud and is moderate near cloud-tops. Hence the notion of “cumulus friction” driven by clouds
is contrary to expectation in these shallow convective cases.

It is instructive to discuss the frictional effect in light of previous LES studies. Brown (1999) and Helfer
et al. (2020) analyzed the effect of mean shear on convection using LES of marine cumulus convection.
Amongst many cases of forward and backward shear they analyzed, they did not report any counter-gradi-
ent momentum flux in their simulations. They found friction through CMT in the lower and middle cloud

P

layer. In the top layer, the effect of imposed shear was most pronounced. Only the forward shear (a—u <0)
o Z

case showed friction near cloud tops while the backward shear (6_14 > 0) case indicated wind enhancement

through CMT. Zhu (2015) and Schlemmer et al. (2017) mainly analyzed backward shear cases and found
friction in the cloud layer only near the jet extremum. As pointed out by Larson et al. (2019), Schlemmer
et al. (2017) also simulated a small counter-gradient flux in the cloud layer, but did not discuss it in detail.
The same is true for Brown (1999) and Helfer et al. (2020). It is clear from the above discussion that differ-
ent LES simulations seem to suggest different conclusions about the presence of counter-gradient flux and
friction through CMT.

To facilitate the direct comparison, we compared ICON-LEM simulations with the BOMEX/RICO shallow
convective cases simulated with the DALES model. Both RICO and BOMEX simulations were forced with
similar mean winds (Figure 2b) and produced strong friction near cloud base and counter-gradient momen-
tum flux in a relatively thin layer near the jet extremum (Figure 2a). At the jet extremum, the momentum
fluxes are roughly 0.01 m? s~%, which is a sixth of their peak values of roughly 0.06 m* s~ near 100 m from
the surface. In comparison, about twice as much flux is present near and above the jet extremum in the
ICON-LEM simulations, where the flux near the extremum (1,000 m) is about 0.03 m? s, which is closer
to a third of its peak value of 0.11 m? s~ near 200 m.

The ICON-LEM simulations clearly have more surface momentum flux than RICO/BOMEX due to stronger
mean winds, but they also have a larger fraction of the surface momentum flux that is still present at the
base of the cloud layer than in the RICO/BOMEX simulations. More vigorous convection in the ICON-LEM
simulations could be responsible for this, but evidently the ICON-LEM simulations also have much more
wind shear below and above the jet extremum. Hence, we would also expect a larger influence of local
mixing producing negative (down-gradient) momentum fluxes in the lower cloud layer. To disentangle the
effects of convection from the wind-shear in the momentum flux production, we next analyze these pro-
cesses in detail.

3.3. Budget of Momentum flux

The contribution of different processes in producing momentum flux can be analyzed effectively by cal-
culating the budget of the momentum flux. We calculate the momentum flux budget following LeMo-
ne (1983). The budget for the zonal component of vertical flux ('w’) can be written as,
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Figure 2. Comparison of domain averaged vertical profiles simulated in BOMEX (red), RICO (green), and ICON-LEM (blue) shallow convective cases.
(a) Zonal component of vertical momentum flux (m?s~2), (b) zonal winds (m s™), (c) meridional component of vertical momentum flux (m*s™2) and (d)
meridional winds (m s™"). All values were averaged over the length of simulation, see details in Section 2.1.
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horizontal flux convergence (Horizontal transport, “H.Trans.”) is calculated as a residue so as to close the
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o(u'w")

budget assuming a steady state for the fluxes ( = 0). To test this, we calculated the temporal tendency

of the flux with 15 min output (Figure S1). The temporal tendency was found to be significantly smaller
than all other terms over a 100 km domain. It is comparable to the small H.Trans term over a 25 and 50 km
domain. We expect that the instantaneous tendencies would be even smaller than those calculated with
15 min output. This justifies our assumption of negligible temporal tendencies.

A brief description of terms contributing to the Horizontal transport is provided in Appendix A. The Co-
riolis terms (C = fv'w') arise due to action of the Coriolis force on the meridional component of vertical
momentum flux. All gradients were calculated using a finite difference scheme. A vertical profile of the
density was available and was used in the calculation of profiles of momentum flux budget terms.

Our main goal is to identify the mechanism that induces a positive momentum flux generation tendency
in the counter-gradient layer, but we also use this framework to analyze tendencies in the other layers. We
first describe the physical processes associated with each of the terms. The diffusive effect of background
wind shear on the momentum flux is captured in the S term. This term is representative of down-gradient
diffusion acting through the local wind gradients, which would generate negative momentum flux when
vertical wind gradients are positive. This term hence cannot explain the counter-gradient fluxes. The nega-
tive tendencies through the diffusive S term need to be compensated by one or a set of other terms to induce
a positive momentum flux tendency.

Among other terms, the Tr term signifies the transport which redistributes momentum flux vertically. This
term is neither a sink nor a source when considered over the whole convective column. The B term shows
the effect of correlated changes in wind and buoyancy perturbation in flux generation. The HP and VP
terms show the effect of horizontal and vertical pressure gradients on the flux generation while the HTrans
term mainly signifies the effect of horizontal circulations in vertical flux generation. The Coriolis force term
is significantly smaller than the other terms and is not shown.

In past studies, it was generally assumed that the effect of horizontal perturbation pressure gradients is
mainly to bring the flow back to isotropy. This would happen when the horizontal pressure gradients act to
reduce horizontal density gradients. While this is very likely true in the mixed layer on account of isotropic
turbulence, it is less likely to be true in the cloud layer where asymmetric horizontal circulations emerge
surrounding the clouds. Some previous investigators have found a very important role of horizontal pres-
sure gradients in sheared environments (e.g., Rotunno & Klemp, 1982; Wu & Yanai, 1994). With this back-
ground, we explicitly evaluate this term in our simulations.

Similarly, in past studies, the effect of vertical perturbation pressure gradients is assumed to reduce the
buoyancy. This stems from the finding that the dominant balance in the vertical momentum budget is
between vertical advection, pressure gradients, and buoyancy, with a much smaller role for lateral entrain-
ment of mixing (de Roode et al., 2012). There is a significant body of literature discussing the validity of
this assumption (e.g., Houze Jr, 2014; de Roode et al., 2012). We explicitly calculate the vertical perturbation
pressure gradient as well.

3.3.1. Hydrostatic Balance on Mesoscales

The dominant balance affecting the momentum fluxes in ICON-LEM is that between the buoyancy term
and the vertical pressure gradient term (Figure 3b), in essence establishing hydrostatic balance. The buoy-
ancy term is positive below the cloud layer accounting for the momentum carried by unsaturated boundary
layer thermals. This term turns negative near cloud-base, where instead a vertical pressure gradient leads to
positive momentum fluxes. In the main cloud layer where effects of latent heating create positively buoyant
updrafts again, the buoyancy term turns positive (note that this is also in the counter-gradient momentum
flux layer), and the B term peaks just above 2 km where momentum fluxes are small. The momentum flux
is thus mainly controlled by the close balance between the buoyancy term (B) and the vertical pressure
gradient term (VP).

TR @
T,

p 0z
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Figure 3. The domain averaged vertical profiles of (a) zonal component of vertical momentum flux (m?s~2), (b) flux tendency due to Buoyancy term B (red),
vertical pressure gradient term VP (blue), and sum of all other terms in the zonal momentum flux budget (green) (All in (m? s ™), see Equation 1) and (c) flux
tendency due to individual terms (shear driven turbulence term S (green), vertical transport term Tr (magenta), horizontal pressure term HP (cyan)) in the

budget when compared to the buoyancy residue (BR, red) and horizontal transports HTrans (blue) (m

2 572). See the text for definitions.

Numerous authors studying vertical velocity of updrafts have indeed suggested that rather than looking
at absolute buoyancy, buoyancy should be interpreted as the “statically forced part of the locally non-hy-
drostatic, upward pressure gradient force” in other words, an “effective buoyancy” equivalent to the sum
of absolute buoyancy and the vertically oriented buoyancy pressure gradient force (see the discussion in
Peters [2016] and also Doswell and Markowski [2004] and Romps and Charn [2015]).

To find out what really drives differences in momentum fluxes, we should compare the small residue be-
tween the pressure and buoyancy term (which is a result of the nonhydrostatic pressure perturbations)
with the other terms in the budget to draw a comparison. In the flux budget we study here, we define the
buoyancy residue (BR) as:

BR = 2u'T, _wop 3)
TV

p 0z

The BR is positive in the transition layer near the cloud base. In the sub-cloud and transition layer, shear
also helps to generate a positive flux. In the counter-gradient flux layer on the other hand, the BR is essen-
tially zero (Figure 3c). In the counter-gradient flux layer, shear instead plays an important role in diffusing
the momentum flux, while the horizontal transport term and horizontal pressure gradients act to enlarge a
positive (thus counter-gradient) momentum flux. The most dominant term inducing the positive flux ten-
dency in the counter-gradient flux layer is the momentum transport through horizontal circulations. The
flux transport through horizontal circulations is also significant in the sub-cloud layer below 500 m signi-
fying that the resolved scale circulations (such as cold-pool driven gust fronts) also significantly influence
flux generation in this layer.

These results are notably different from recent LES simulations by Larson et al. (2019). They found that the
dominant balance in their simulations was between the buoyancy term, the vertical transport term, and the
vertical shear term. The buoyancy and transport terms induced the positive (thus counter-gradient) flux in
their simulations, while the vertical shear diffused them. In contrast, in the present simulations, the domain
averaged zeroth-order balance is between vertical pressure gradient and buoyancy term, which signifies a
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Figure 4. The domain dependence of zonal momentum flux (m?s~2) (a) and the budget terms in Equation 4: BR (red), H Trans (Blue), and Other terms (Cyan)
in 50 km (b) and 25 km (c) domain sampling (m*s>).

hydrostatic balance (Equation 2). The first order balance driving the tendency of momentum flux is domi-
nated by the flux transport through horizontal circulations (H.Trans > BR).

In conclusion, the horizontal circulations primarily drive positive counter-gradient momentum flux ten-
dency while vertical transport and horizontal pressure terms lead to small increases in the flux. The (large)
shear overall reduces the momentum fluxes through turbulent diffusion.

3.3.2. Domain Size Dependence

One potential reason for the different momentum flux in the ICON-LEM simulations compared to those
discussed by Larson et al. (2019) is that the domain in the present case (100 x 100 km?) is significantly larg-
er than the one in Larson et al. (2019) (25 X 25 km?). We chose this domain to ultimately derive statistics
suitable for improving the convective parameterizations in climate models. To test the effect of domain size,
we repeated the budget calculation over smaller subsets of our domain. Figure 4 shows a simplified form of
the momentum flux budget,

BR + HTrans + (S +Tr + HP) =0 (@)

where (S + Tr + HP) are referred as “Other terms”. When Sampled over 50 km, the zeroth-order balance is
hydrostatic; similar to the one in the 100 km, except that the buoyancy residue (BR term) is non-negligible
in the counter-gradient flux layer (Figure 4b). The vertical transport and horizontal pressure terms are
similar as in the 100 km domain (not shown explicitly) but the effect of horizontal circulations is smaller.

A similar picture is seen in the 25 km domain with even a larger buoyancy residue (BR) indicating signifi-
cant nonhydrostatic pressure perturbations (Figure 4c). When sampled over comparably smaller domains;
the first order balance becomes similar to the one observed by Larson et al. (2019) for RICO. Remember
that zeroth-order balance is still significantly different from Larson et al. (2019). To test if our results are
sensitive to the placement of smaller domains within 100 km domain, we repeated this analysis in four sets
by placing the center of 25 and 50 km domain either close to or far away from the lateral boundaries (Fig-
ures S2 and S3). The results were found to be insensitive to the exact placement.

It is clear from this analysis that positive momentum flux tendency is mainly induced by the buoyancy term
at cloud cluster scale (~25 km) but is mediated by associated horizontal circulations when considered over
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alarger domain (~100 km). This is expected to have significant implications for the CMT parameterizations
and the so-called top-hat (or bulk plume) approximation. This approximation assumes that a significant
transport of a quantity occurs mainly through strong updrafts and downdrafts while the rest of the turbu-
lent flow accomplishes relatively smaller transports. This is an excellent approximation for the heat or sca-
lar transport (Siebesma & Cuijpers, 1995) as these properties are mostly confined to the convecting entities
(like updrafts and downdrafts, etc.) but momentum transport, in contrast, is also altered by the pressure
gradients that drive horizontal circulations on larger areas, where the existence of the latter depends on the
simulation domain.

3.4. Transport Through Clouds

To evaluate what part of the total momentum and momentum flux is actually carried through different
convecting entities, we applied the following objective-based definitions to identify them in the 3D ICON-
LEM fields,

1. Cloudy: refers to average over all grid-points with positive cloud liquid water (cld > 0).

2. Updrafts: refers to average over all grid-points with positive vertical velocity (w > 0, which can locate in
the cloud or sub-cloud layer).

3. Cloudy updrafts: refers to average over all cloudy grid-points with positive velocity (w > 0 and cld > 0).

4. Strong downdrafts: refers to average over all grid-points with stronger than 0.5 m s™" negative vertical
velocity (w < —=0.5ms™").

3.4.1. Momentum Transport

In the cloud layer above 500 m, the cloudy updrafts have significantly slower zonal speeds as compared to
their environments inducing a cumulus friction (Figure 5a). Above 1,500 m, the cloudy updrafts have faster
speeds than the environmental wind. The unsaturated updrafts below the cloud base have slightly slower
speeds. The strong downdrafts have similar speeds as the environment except in two layers: (1) In the sub-
cloud layer, the downdrafts move at significantly faster speeds inducing friction on the background flow.
This is likely an effect of asymmetric cold-pools, as symmetric cold pools are less likely to have any domain
mean net influence. (2) In the layer between 1,500 and 2,500 m, the strong downdrafts have slightly faster
horizontal speeds inducing weak friction.

In the meridional direction, the cloudy updrafts have faster speeds than the environmental wind (opposite
to “cumulus friction”) while the downdrafts fall at similar speeds inducing negligible effect (Figure 5b).
The updrafts below the cloud base have slower speeds than the environment contributing to friction on the
background flow.

3.4.2. Momentum Flux Transport

The cloudy updrafts have a non-monotonic momentum flux profile (Figure 5c). Their momentum flux
increases starting from low values near cloud base to significantly larger values near the jet extremum at
1,000 m. In this layer, the flux convergence of the cloudy updraft flux suggests a significant reduction in the
cumulus friction. In fact, in this layer, the contribution from cloudy updrafts is to enhance (opposite to the
notion of “cumulus friction”) the winds below the jet extremum. This is consistent with the sharp decrease
in cumulus friction effect near the cloud fraction maximum discussed before (Figure 1). Above the altitude
of the jet extremum at 1 km, the flux through cloudy updrafts sharply turns negative indicating no contri-
bution to the counter-gradient (positive) momentum flux through cloudy updrafts above 1.3-1.5 km. This
is consistent with the findings from the momentum flux budget that the buoyancy residue (BR) is approxi-
mately zero above 1 km (Figure 3).

The clouds (cloudy samples) carry at least a 3-4 times larger positive momentum flux in the lower part of
the counter-gradient flux layer, but sharply turn negative at around 1,500 m consistent with their speeds,
suggesting lack of cloudy contributions to the counter-gradient flux above 1,300 m up to 2,000 m (Fig-
ure 5c). The strong downdrafts carry a significant positive momentum flux in the mixed layer below 500 m
and near cloud-tops above 1500 m (Figure 5c). This is consistent with their slower speeds than the environ-
ment as noticed before (Figure 5a).
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Figure 5. The domain mean vertical profiles of winds and vertical momentum fluxes along with the contributions from Cloudy updrafts and Strong
downdrafts (See Section 3.4 for definitions), (a) zonal wind (m s™*), (b) meridional wind (m s™), (c) zonal component of vertical momentum flux (m*s™2), and
(d) meridional component of vertical momentum flux (m?s™2).

The meridional momentum flux shows that both clouds and cloudy updrafts carry significant negative flux
(Figure 5d). This flux is partly compensated by the environmental momentum flux (not shown) to ultimate-
ly render a weak negative momentum flux profile in the cloud layer (Figure 1).

The consistency between conditionally sampled momentum flux and previously discussed momentum flux
budget further bolsters our finding that in the main cloud layer and near cloud tops (between 1 and 2 km),
mesoscale horizontal circulations predominantly lead to the transport of extra positive momentum flux.

DIXIT ET AL. 12 of 20



Y Yed N | . K
NI Journal of Advances in Modeling Earth Systems 10.1029/2020MS002352
Mass flux (m/s) w (m/s) Area fraction
3000 4 —e— Cloudy updrafts 3000 4 —e— Total 3000 4 —#«— Cloudy updrafts
—#— Strong downdrafts = —#— cloudy updrafts 5 —— Strong downdrafts
updrafts b ez Strong downdrafts updrafts
2500 2500 updrafts 2500 -
b
_ 2000 2000 i 2000
E
f‘% 1500 + 1500 + 1500 +
1000 1

500 1

1000 % I f,. 1000 -
500 500

Ly LA ¥

—0.025 0.000 0.025 0.050 0.075 0.100 -0.5 0.0 0.5 1.0 0.0 0.1 0.2 0.3 0.4 0.5

Figure 6. The domain mean vertical profiles of (a) mass flux (m s™"), (b) grid mean w wind (m s™") and (c) grid mean area fraction through objectively sampled
Cloudy updrafts (green), strong downdrafts (blue), and updrafts (cyan).

3.5. Testing Mass-Flux-Based Parameterizations

In some climate models, the shallow CMT is represented by the traditional mass-flux-based parameteri-
zations. It is useful to evaluate if these parameterizations represent the counter-gradient flux contribution
near cloud tops and the weak friction effect throughout the cloud layer that we observed in our simulations.

To facilitate the evaluation, we follow Gregory et al.’s (1997) decomposition to calculate the contributions
from cloudy updrafts and strong downdrafts to the total momentum flux. Furthermore, we also calculate
contributions from updrafts in setting the momentum flux below cloud-base. This later contribution is often
not represented in many traditional parameterizations (e.g., Gregory et al., 1997).

u'w' ~ M., + M, + M, (5)

curcu

Here, M., My, and M,, are mass fluxes in the cloudy updrafts, strong downdrafts, and updrafts respectively.
They are calculated as a product of vertical velocity and area fraction using objective-based definitions (see
Section 3.4). u.,, u; and u,, are the relative zonal (or meridional) velocities in the cloudy updrafts, strong
downdrafts, and updrafts with respect to the background velocity, respectively. Before we evaluate the total
contribution to the momentum flux, we first analyze the profiles of mass flux.

3.5.1. Profiles of Mass Flux

The vertical profiles of mass flux have a peculiar vertical structure (Figure 6). The maximum mass flux
through updrafts is observed below the cloud base, decreases in the cloud layer and remains constant in the
counter-gradient flux layer near cloud-tops (between 1 and 2 km, Figure 6a). The mass flux through strong
downdrafts peak near cloud-tops (around 2.5 km) where either the entraining air or subsiding shells likely
play an important role (Heus & Jonker, 2008).

We further analyzed the contribution to mass flux from vertical velocity and area fraction of the drafts (Fig-
ures 6b and 6¢). The updraft velocities peak below cloud base but have relatively smaller area fraction. In
comparison, the velocities in cloudy updrafts peak near cloud-tops (near 2 km) but have a maximum area
fraction in the transition layer (near peak cloud) at around 800 m. In effect, their net contribution to the
mass flux peaks in the transition layer. In contrast, for strong downdrafts, vertical velocities as well as their
area fraction both peak near cloud-tops (near 2 km). This further corroborates a possible role of subsiding
shells in generating strong mass flux near cloud-tops in these simulations.

3.5.2. Mass Flux-Based Contribution to Momentum Flux

Now we calculate the mass flux-based contribution to the total momentum flux. Consistent with the lack
of clouds below 500 m (Figure 1d), the contribution of cloudy updrafts to the total momentum flux is insig-
nificant in the sub-cloud layer (Figure 7a). Near the upper part of the cloud layer (~1 km), the cloudy up-
draft contribution is positive. This cloudy updraft contribution sharply becomes negative at around 1,500 m
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Figure 7. The domain mean vertical profiles of total momentum flux (m* s~%) in ICON-LEM (blue) and total flux carried through objectively sampled Cloudy
updrafts (red), strong downdrafts (green), and updrafts (cyan) for (a) zonal component and (b) meridional component.

consistent with faster cloudy updraft speeds noted before (Figure 5c). Below the cloud layer, a significant
contribution (around 35% of the total flux) to the flux occurs mainly through the unsaturated updrafts.

Also consistent with Figure 5a, the strong downdrafts induce positive momentum flux below 500 m possi-
bly through asymmetric cold-pools (Figure 7a). The downdrafts have a small negative flux contribution in
the cloud layer and in the lower part of counter-gradient flux layer. Interestingly, although the difference
between the downdraft velocity and environment was found to be small above 1.5 km (Figure 5a), their
net contribution to the momentum flux is significant (Figure 7a). This suggests that contributions to the
momentum flux are dominated by the profile of mass flux in strong downdrafts near cloud-tops. In fact,
the significant positive contribution from strong downdrafts almost cancels the negative contribution from
cloudy updrafts inducing a small flux above 2 km.

A similar picture emerges for the meridional momentum flux (Figure 7b). The cloudy updrafts carry nega-
tive momentum flux above the cloud layer. The downdrafts carry negative momentum flux in the transition
layer but carry small momentum flux above it.

To conclude, mass-flux-based estimations of the momentum flux capture the right sign of the momentum
flux in the transition layer near cloud base but severely underestimate it. The representation of the thick
positive counter-gradient flux layer is not captured by the mass-flux-based parameterizations. Furthermore,
contributions from unsaturated updrafts are significant below the cloud base and need to be included in the
mass-flux-based parameterizations.

3.6. Shallow Convective Organization and Counter-Gradient Momentum Flux Transport

Our analysis of momentum flux budget suggested that the counter-gradient flux transport is orchestrated
by the horizontal circulations surrounding the cloud-tops with spatial scales large enough not to be fully
captured in small domains. Further analysis confirmed that the momentum flux carried by the objectively
sampled cloudy updrafts, downdrafts do not account for the counter-gradient flux. Instead, as suggested
in the literature, the gravity waves and different geometries of convective organization may lead to coun-
ter-gradient momentum transport (Larson et al., 2019; Moncrieff, 1992).

To visualize the horizontal circulations, their spatial extent, and their relation to shallow convective organ-
ization we analyzed maps of zonal momentum flux (u'w") and cloud liquid water in the counter-gradient
flux layer (Figure 8). The clouds organize in different geometries starting from individual cloud clusters to a
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Figure 8. The maps of distribution of zonal momentum flux (u'w’ m

2 572, shaded) and cloud liquid water (contours with interval 0.5 g kg™") at four randomly

sampled time stamps within the counter-gradient flux layer at 1.5 km altitude.

mesoscale shallow convective system that known to occur in tropical doldrums (Klocke et al., 2017; Stevens
et al., 2020). Although, a large positive (counter-gradient) momentum flux typically occurs in the vicinity of
a cloud cluster, interestingly a significant momentum flux can be seen as far away as 25 km from the cloud
cluster. It is likely that the horizontal circulations triggered by nonhydrostatic pressure gradients quickly
carry momentum flux farther away from the cloud cluster (see the animation generated from 15 min output
in supporting information S7). This is also observed in the peak cloud layer (Figure S4), where clouds occur
more frequently throughout the domain. In the mixed layer below cloud base, the updrafts are seen to be
organized in a linear fashion (like cloud streets) although significant momentum flux can be seen farther
away from them (Figure S5).

4. Discussion
4.1. Mechanism of Flux Generation

Our analysis of momentum flux budget revealed new processes driving counter-gradient momentum
flux near cloud-tops in these simulations as compared to past studies (Larson et al., 2019; Schlemmer
et al., 2017). It is worth doing a detailed scrutiny of the physical mechanism controlling these. We begin by
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distinguishing the mechanisms that produce positive (counter-gradient) momentum flux and friction, and
later discuss how divergent horizontal circulations contribute to flux generation.

As a friction depends on the convergence of momentum flux, the mechanisms that produce positive (and
hence counter-gradient) momentum flux act against the friction effect. Hence, these mechanisms weaken
the friction in the transition layer and instead distribute it over a thicker layer by weakening the gradients
of momentum flux.

The dominant mechanisms of momentum flux generation strongly depend on the relative magnitude of
pressure terms, buoyancy terms, and horizontal circulation terms. The importance of these terms depends
on the ability of the simulation to generate realistic balances in the vertical momentum equation and corre-
lations of horizontal momentum fluxes with vertical winds. The dominant balance in the vertical momen-
tum equation is not understood completely and is still an active research topic with unresolved paradox-
es and enigmas (de Roode et al., 2012; Hernandez-Deckers & Sherwood, 2016; Morrison, 2016; Romps &
Charn, 2015; Sherwood et al., 2013).

It is useful to discuss this complexity using an example of a buoyant thermal similar to previous classical
studies (e.g., Doswell IIT & Markowski, 2004; Houze Jr, 2014). A buoyant thermal can rise up pushing away
the fluid above it laterally. Consequently, as the thermal rises up other fluid has to occupy its space below to
satisfy mass continuity. This implies that high pressure must develop above the thermal and low pressure
below it. If this pressure gradient exactly balances the buoyancy force, then during the motion the thermal
faces no vertical acceleration. In this situation, significant horizontal accelerations may still get generated
(Das, 1979; List & Lozowski, 1970).

In this case, hydrostatic balance is established in the effective area of influence over which the thermal is
able to push fluid laterally. If a small area surrounding the thermal is considered then the buoyancy residue
(buoyancy force not balanced by vertical pressure gradients) can be large as only a part of the fluid pushed
away by the thermal would be under consideration. But if an adequately large area surrounding a thermal
is considered then the buoyancy residue is likely to be zero as all the fluid involved in the horizontal mass
movement would be accounted for. In that latter case, even though the system would be in hydrostatic bal-
ance as a whole, the impact of buoyancy is manifested in terms of the generation of horizontal circulations.

This is likely the case in our 100 km domain where horizontal circulations carry most of the momentum
flux divergence. In contrast, on the 25 km domain case, the buoyancy is the dominant term, while hori-
zontal circulations have a small influence. This is expected because when only a limited area around the
thermal is considered, the cloud-scale and mesoscale fluctuations of horizontal wind and associated mo-
mentum transport are severely underestimated.

Moncrieff (1981, 1992) and Moncrieff et al. (2017) propose that the momentum transport through mesos-
cale organization of deep convective systems can be successfully parameterized with an archetypal model
that considers the cross-cloud pressure gradient and associated circulations. While the nature of coun-
ter-gradient transports near cloud tops in our simulations bears similarities with Moncrieff et al. (2017),
more analysis is required to systematically derive similarities and differences between transport through
shallow and deep convective organization, which is beyond the scope of this work.

4.2. Effect of Model Set-Up

It is likely that a model set-up with double periodic boundary conditions and limited domain size imposes
constraints on the development of the horizontal circulations. This is possible because even though the
clouds occupy only 4%-6% of the domain area at any point of time, the associated horizontal circulations
may sometimes develop over significantly (sometimes 10 times) larger regions on account of strong hori-
zontal accelerations. A model domain only 10 times the size of a cumulus cloud will pose a significant
constraint for the development of other adjacent clouds.

The conclusions about the dominant balance in the vertical momentum budget will likely be dependent
on the ability of the simulation to resolve surrounding circulations realistically. In this aspect, the present
ICON-LEM set-up surpasses earlier investigations as it has a large domain and does not enforce periodic
boundary conditions.
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5. Conclusions

In this study, we utilized the unique multiday simulations of ICON-LEM at 150 m resolution to investigate
the character of shallow CMT over the tropical Atlantic. We analyzed the resolved flows in the boundary
layer and the cloud layer to demonstrate that shallow convection acts like an “apparent friction” to decel-
erate the north-easterly trade winds. The decelerations are strongest just below where most cloud bases
reside, at the base of the transition layer (at 500 m from surface), and are orchestrated by unsaturated up-
drafts. In the peak cloud layer (800 m), the cumulus friction is small but is distributed over a thicker layer
than found in earlier investigations.

The distinguishing feature of ICON-LEM simulations is the presence of counter-gradient zonal momentum
flux in a 1 km thick layer above the jet extremum (at 1 km) near cloud-tops. The counter-gradient flux layer
here is almost twice as thick as those observed in the idealized simulations of BOMEX and RICO.

To understand the mechanism sustaining the counter-gradient momentum flux we calculated the budget of
momentum flux. This allowed us to separate the effect of shear-driven turbulence on the momentum flux
from the effect of buoyant convection. Detailed analysis of different mechanisms influencing the momen-
tum flux revealed that the dominant mechanism acts through a subtle balance between the flux generation
through nonhydrostatic buoyancy residue (BR) and the horizontal circulations triggered by the associated
pressure gradients. These mechanisms produce significant positive, counter-gradient momentum flux that
counteracts the negative flux production through shear-driven turbulent diffusion near cloud tops. In the
sub-cloud layer, the horizontal circulations enhance the down-gradient turbulent diffusion.

The identification of the dominant mechanism was found to be dependent on the domain size and the abil-
ity of the model to realistically simulate the horizontal circulations surrounding clouds. Simulations with
idealized, doubly periodic boundary conditions are likely to face artificial constraints in simulating these
circulations. As ICON-LEM was devoid of these problems; our analysis is qualitatively better than previous
estimates, even though further improvement in the resolution would help improve these estimates.

We further analyzed the momentum and momentum flux transport through objectively identified convec-
tive entities. Consistent with our previous analysis, we find that clouds impart weak friction as they mix
air with slower horizontal speeds with their surroundings. The positive momentum flux carried through
clouds quickly diminishes to zero in the upper part of the cloud layer (near 1.5 km). In effect, clouds do not
contribute significantly to the counter-gradient momentum flux near cloud-tops.

The momentum transport represented by mass-flux-based parameterizations is found to capture the right
sign of the flux in the transition layer (800 m from surface) but underestimates it severely. The unsaturated
updrafts are found to carry significant momentum below cloud base (below 500 m) and need to be repre-
sented in traditional parameterization. The momentum flux in the counter-gradient layer near cloud tops is
not represented by these parameterizations.

The nature of shallow CMT reported here bears remarkable similarities to the momentum transport through
well-studied organized mesoscale convective systems. The down-gradient momentum transport in the low-
er layers and counter-gradient momentum transport near cloud tops reported here have also been observed
in deep convective organization (LeMone, 1983; Moncrieff, 1981, 1992). Grubisi¢ and Moncrieff (2000) nu-
merically simulated and modeled CMT by organized shallow convection in cold-air outbreaks behind mid-
latitude cyclones in a sheared environment. They demonstrated that CMT was successfully parameterized
as a special case of the down-shear tilted dynamical regime of Moncrieff (1978). A possible avenue for fu-
ture work is to evaluate if parameterizations proposed for the mesoscale systems can be adapted to include
purely shallow convective organization.

In conclusion, this study demonstrates that a significant counter-gradient momentum flux remains near
cloud-tops due to momentum flux generation by nonhydrostatic pressure gradients and horizontal circu-
lations surrounding them. These new mechanisms of momentum transport are not represented in most
climate models and may have fundamental implications for simulations of the trade winds.
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Appendix A: Horizontal Transport Terms

The momentum flux budget presented in Equation 1 combines all terms that are not explicitly represented
in Horizontal transport (“H. Trans”) term. These consist of four terms,
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The first term on the right-hand side represents the zonal flux convergence through mean zonal winds, the
second one represents the zonal flux convergence through perturbation winds, the third term is similar to
the first two but for flux convergence in the meridional direction. The last term represents the vertical flux
convergence through mean vertical winds.

The vertical convergence term is likely to be smallest on account of small domain mean vertical winds both
in 25 or 100 km, also consistent with findings of LeMone (1983). Then the resultant transport is dominated
by flux convergence in zonal and meridional directions. We call it “Horizontal transport” for simplicity
keeping in mind that it occurs mainly through horizontal flux convergence.

Here, it is important to highlight the difference between the momentum flux budget and the momentum

ou'' and ou'v'

budget. In the momentum budget, the domain averaged flux divergence terms such as are

X
equal to the difference between momentum fluxes entering and leaving the lateral boundaries following

Gauss’s divergence theorem and are generally small. The same is not true for the momentum flux budget

T

presented here in Equations 1 and Al. Here terms such as W,au_v appear and they do not necessarily av-
erage to zero. oy
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