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Abstract Mesoscale Convective Systems (MCSs) play a critical role in tropical rainfall patterns and
circulations. To reduce persistent biases and improve understanding of the climate system, international groups
have called for unprecedented investment in global convection–permitting (CP) climate models. It is essential
such models accurately represent MCSs, and in particular environmental interactions such as dynamical control
by wind shear. We show that in representative current generation CP simulations, MCS updraft entrainment
decreases with shear, leading to a realistic increase of extreme rainfall. We find the control of environmental
shear extends to mean storm rainfall and anvil heights. The simulation of these effects depends strongly on
model physics in both CP and parameterized models. We show that in West Africa, MCS shear response
influences the zonal distribution of storm diabatic heating, modifying upscale impacts of convection. Our results
demonstrate key tests for focused process–based assessment of CP model fidelity.

Plain Language Summary Movements of tropical air are driven by interactions between large,
continental–scale circulations and localized deep convection — cells of ascending moist air reaching to the
tropopause. These cells can aggregate to form Mesoscale Convective Systems (MCSs), long–lived
thunderstorm clusters with large cold cloud shields that dominate tropical rainfall and atmospheric heating,
forcing air circulations. Meanwhile, the strength of MCS rainfall depends on local atmospheric conditions. Such
local process interactions occur on scales much smaller than typical global climate model grid spacings
(>25 km), thus requiring a sub–grid parameterization of deep convection that introduces model biases. Here we
show that kilometer–scale models can realistically capture the response of MCSs to local atmospheric moisture
and wind conditions. A realistic response to the wind field relies on models showing variable mixing of dry
environmental air into convective updrafts, with reduced rates for stronger vertical wind shear. We find that this
wind (i.e., dynamical) control on MCSs explains patterns of mean rainfall biases in West Africa and influences
atmospheric heating, likely mediating MCSs' upscale impacts on tropical circulations. Our results provide vital
process–based methods for verifying the added value of explicitly representing convective storms in novel
kilometer–scale global models.

1. Introduction
Deep moist convection dominates the tropical atmosphere. Up to 75% of tropical rainfall is attributed to
convective storms (Feng et al., 2023; Roca et al., 2014). Yielding strong latent heat release from storm rainfall (C.
Schumacher & Houze, 2003), significantly enhanced vertical transport (Chen et al., 2022), and interactions with
synoptic–scale radiation budgets (Bony et al., 2020), organized deep convection is a critical component of tropical
circulations (Bony et al., 2015; Tomassini & Yang, 2022). Exemplars of such organisation are Mesoscale
Convective Systems (MCSs): long–lived aggregated storms which deliver intense convective downpours and
extensive stratiform rainfall, shaping both hydroclimatic extremes and, via diabatic heating, tropical energy
budgets (R. Schumacher & Rasmussen, 2020).

MCSs are poorly represented in coarse–grid operational global circulation models (GCMs), which parameterize
convection (Slingo et al., 2022). Typical parameterization schemes cannot capture the fundamental interaction of
multi–scale processes withinMCSs (Moncrieff et al., 2017; Prein et al., 2015). This deficiency yields poor fidelity
when compared to convection–permitting (CP) models that explicitly represent convective motion: CP models
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more realistically simulate MCS lifecycles, propagation, and rainfall rates (Crook et al., 2019; Prein et al., 2017;
Senior et al., 2021), increasing projections of future storm rainfall extremes (Kendon et al., 2019; Kooperman
et al., 2014). Improved simulation of MCSs also has remote effects. Midlatitude summer forecast skill is tied to
remote storm hotspots (Pante & Knippertz, 2019; Rodwell et al., 2013), while explicitly representing convection
modifies large–scale circulations (Hart et al., 2018; Morris et al., 2024).

The manifold interactions which integrate deep–convective processes into all scales of the climate system have
inspired proposals for programmes of global CP climate modeling (Slingo et al., 2022; Stevens et al., 2023). Such
proposals are supported by model progress: the DYAMOND intercomparison showcased a panoply of 40 days
global kilometer–scale models (Stevens et al., 2019), while multi–year coupled simulations are already yielding
new insights (Lee & Hohenegger, 2024; Segura et al., 2022). However, expanding global CP modeling neces-
sitates enormous financial and institutional resources. Rigorous process–based evaluation is essential to justify
such expenditure. For example, evaluation of MCS characteristics across DYAMOND models by Feng
et al. (2023) found significant variation, which must be understood. CP models remain reliant on parameteri-
zations of sub–grid processes such as microphysics and turbulent mixing (Kendon et al., 2021; Prein et al., 2021;
Tomassini et al., 2023). Treatments of these processes vary between models and significantly affect overall biases
(Feng et al., 2018).

An under–explored bias is representation of the observed response of MCS rainfall extremes to thermodynamic
(atmospheric moisture, CAPE) and dynamical (low–level wind shear) environments (Feng et al., 2016; Fitzpa-
trick et al., 2020). The role of shear extends beyond facilitating convective aggregation to influencing mature
MCS characteristics (Chen et al., 2023; Rotunno et al., 1988; Taylor et al., 2017). Shear modulates storm inflow
(Alfaro, 2017; Bickle et al., 2021), with updraft buoyancy enhanced in strong shear environments due to increases
in core updraft size and corresponding decreases in entrainment–dilution (Mulholland et al., 2021). This
dynamical control explains observed African MCS anvil heights (Baidu et al., 2022) and increases in idealized
MCS rainfall extremes (Abramian et al., 2023).

Given their critical role in hydrological extremes, the physics of MCS responses to environmental drivers must be
both understood and faithfully represented in models. Concerningly, CP models can fail to capture MCS rainfall–
shear responses (Senior et al., 2021). We therefore investigate MCS environmental controls in Met Office Unified
Model (MetUM) CP simulations, focusing on shear. In Section 3.1 we quantify the influence of such controls in
models and observations, then showing that models' MCS rainfall–shear responses depend on shear–induced
entrainment variability (Section 3.2). We demonstrate that shear exerts controls on MCS mean rainfall and
anvil heights. Moreover, we show shear explains zonal distributions of MCS mean rainfall biases (Section 3.3),
shifting atmospheric heating patterns and thus influencing the forcing of tropical circulation.

2. Model and Observational Data
Our focus is MCSs over West Africa (4°–25°N, − 18°–25°E, land only), a global hotspot for MCS activity with
strong meridional gradients in zonal wind shear and atmospheric moisture. We utilize four regional imple-
mentations of the non–hydrostatic, semi–Lagrangian MetUM (Brown et al., 2012), each covering at least one
40 days DYAMOND summer period (01/08–09/09). CP models are of primary interest; understanding MCSs in
parameterized models is complicated by systematic biases such as widespread low rainfall and an earlier diurnal
peak in convection (e.g., Crook et al. (2019)), however for completeness we follow a common methodology
including parameterized results. Model domains are shown in Figure S1 in Supporting Information S1, with all
data sets limited to the DYAMOND date window.

Trop5–exp and Trop5–param are both a pan–longitudinal Cyclic Tropical Channel (CTC) covering one DYA-
MOND summer (2016). Both models use 90 vertical levels up to 40 km and a horizontal N2560 grid, equating to
∼5 km latitudinal and ∼8 km longitudinal resolution at the equator. Latitudinal boundary conditions (BCs) are
driven hourly by a ∼10 km (N1280) global simulation initialized from a MetUM operational analysis, whereas
longitudinally moisture, energy and momentum across scales can propagate over the dateline. We further include
a 2.2 km resolution Limited Area Model (LAM) covering northern Africa over the same period (01/08/2016–09/
09/2016), LAM2.2, which also derives BCs from the N1280 simulation (Jones et al., 2023). LAM2.2 has the same
vertical levels as the CTCs. For all three models hourly surface diagnostics and 3–hourly profile fields are
available.
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Both Trop5–exp and LAM2.2 represent convection explicitly (RAL3.2 science configuration, Bush et al. (2023)),
whereas in Trop5–param a CAPE–closure mass flux parametrization is used (GAL9.1 science configuration,
Walters et al. (2019)). This is the primary difference between the configurations. RAL3.2 also uses CASIM
double moment cloud microphysics and bimodal large–scale cloud parametrization schemes (Field et al., 2023;
VanWeverberg et al., 2021), whereas in GAL9.1 these are single moment Wilson–Ballard microphysics and PC2
prognostic cloud, respectively (Wilson & Ballard, 1999; Wilson et al., 2008). The chosen science configurations
represent the most advanced CP and parameterized modeling setups presently available in the MetUM. All three
models are forced by daily updating SSTs and an explicitly represented land surface (Best et al., 2011).

To assess the impact of model physics we feature a previous generation MetUM climate simulation, CP4–Af, a
4.5 km grid pan–African model spanning 1997 to 2007, with 80 vertical levels up to 40 km (Stratton et al., 2018).
The simulation was driven by three–hourly lateral BCs from a 30–years, GA7.1 N512 resolution global model and
by observed daily sea surface temperatures. CP4–Af utilizes explicit deep convection, Wilson–Ballard single
moment microphysics, the Smith prognostic cloud scheme (Smith, 1990), and a coupled land–surface with
uniform sandy soil. Although this configuration substantially improved representation of convective organisation
versus parameterized counterparts (Crook et al., 2019; Senior et al., 2021), CP4–Af failed to capture realistic
MCS maxmimum rainfall–shear responses (Fitzpatrick et al., 2020; Klein et al., 2021).

For all models we sample MCSs between 16 and 21UTC, the hours of peak convection over West Africa.
Following Klein et al. (2021), MCSs are identified hourly as snapshots of contiguous cloud brightness temper-
ature (BT) ≤ − 50°C that have an area greater than 5000 km2 and maximum precipitation rate ≥1 mm hr− 1. Here
model BT fields are obtained from TOA outgoing longwave radiation using the empirical conversion of Yang and
Slingo (2001). Environmental conditions preceding an MCS are taken as 12UTC mean fields across a 0.7° box
centered on the location of the storm's minimum BT, that is, the most intense convective core.

Where possible, model results are compared against MCSs identified by applying the same BT threshold and area
criteria to hourly, 0.1° Meteosat Second Generation 10.8μm–band observed BTs spanning 2000–2019. Observed
MCS precipitation features are sampled using microwave–only precipitation estimates of V06 B Integrated
Multi–satellitE Retrievals for Global Precipitation Measurement (GPM–IMERG–HQ) data (Huffman
et al., 2019) at ∼15 km spatial and 30 min temporal resolution. Environmental fields are then calculated in the
same manner as in models from 12UTC ERA5 profiles (Hersbach et al., 2020). We denote the combination of
reanalysis and satellite products OBS.

MCS environmental controls are identified by binning MCS variables by environmental fields, with histograms
taken between 5th and 95th percentile axis values to remove extreme conditions. A minimum threshold of 5
MCSs is applied to all histogram bins. Environmental scalings are quantified using error–weighted linear
regression applied to 1D histograms. Assessments of statistical significance use 2–sided t–tests.

3. Environmental Controls
3.1. MCS Extremes

Figure 1 shows relationships over West Africa of maximum MCS rainfall to environmental total column water
(TCW) and the difference between 650 hPa and 850 hPa zonal winds (u650 − u850, easterly positive; levels of
African Easterly Jet and south‐westerly monsoon respectively), henceforth labeled (low–level) shear. MCS spatial
distributions and mean 12UTC TCW and shear are plotted in Figures S2 and S3 in Supporting Information S1.
These fields represent storms' thermodynamic and dynamical environments respectively, and manifest indepen-
dent MCS influences: in OBS, the shear–TCW correlation is − 0.08 (p < 0.01).

The OBS panel in Figure 1a shows that West African MCS rainfall extremes are maximized in very moist, strong
shear environments — there are both thermodynamic, and dynamical, controls on MCS rainfall (distributions in
Figure S4 in Supporting Information S1). Figures 1b and 1c isolate the environmental influences by calculating
reduced 1D histograms. The scalings δ of maximum rainfall with TCW and shear respectively (green lines) are of
similar magnitude, indicating equal influences on storm extremes. This is not the case in CP4–Af, where despite
the explicit representation of convective dynamics, only the thermodynamic control is resolved: the highest
rainfall maxima occur across all high–TCW shear regimes. The model scaling (gold) with TCW is realistic, but
for shear the scaling ratio δ/δobs ∼ 0.20.
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In current generation MetUM models we find scalings of maximumMCS rainfall with both shear and TCW. The
Trop5–exp panel in Figure 1a shows the highest MCS rainfall maxima are generated by strong shear and high
TCW environments (LAM2.2 similar, Figure S5 in Supporting Information S1). The environmental responses are
generally stronger than observed, especially for TCW, but the overall balance of thermodynamic and dynamical
controls is more realistic than CP4–Af: in LAM2.2 (purple lines) the TCW scaling is twice as strong as in OBS,
but the shear scaling is statistically indistinguishable (p= 0.76). For Trop5–exp (maroon) the shear scaling is also
twice as strong (p = 0.01).

The linear scalings of the CPmodels and OBS are not found in Trop5–param.While MCSmaximum rainfall does
show an overall increase with shear, for TCW the relationship is reversed (significant correlation, p = 0.01).
Figure S6 in Supporting Information S1 shows that the scaling is due to very high explicit rainfall values,
colocated with the highest explicit updraft velocities, overwhelming the parameterized rainfall contribution at low
TCW. This highlights the challenge of representing convection at these scales (Tomassini et al., 2023).

The improvement inMCS shear response between the CPmodel generations cannot be explained by grid spacing,
suggesting that changes to physics schemes have led to fundamental differences in the treatments of MCS
organisation and updraft physics. MCS anvil areas in CP4–Af are 40% smaller than OBS on average and show
limited environmental variability (Figure S7 in Supporting Information S1), in contrast to OBS and current
generation models. Furthermore for two measures of convective core strength, minimum MCS cloud BT (Figure
S8 in Supporting Information S1) and maximum 500 hPa vertical velocity w500max (Figure S9 in Supporting
Information S1), CP4–Af shows much weaker environmental dependence than Trop5–exp and LAM2.2. In the
case of minimum BT, which can be reliably identified for observed storms, those models' shear scalings are
statistically indistinguishable from OBS (p > 0.5), whereas the CP4–Af scaling is 75% weaker. These results hint
at a possible role of updraft entrainment.

3.2. Updraft Entrainment

The role of entrainment is demonstrated by Figure 2, which shows that models with realistic dynamical controls
on maximumMCS rainfall (Trop5–exp and LAM2.2) exhibit weaker updraft entrainment–dilution in strong shear

Figure 1. Maximum MCS rainfall, binned by (a) TCW and shear, (b) TCW only, and (c) shear only. Values n indicate number of MCS s, nlam = 2910. Shading in line
plots denotes standard error on bin mean. Dashed lines indicate trend for error–weighted regression where gradient and correlation are significant at 95% level.
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environments. We use two complementary proxies for entrainment: the efficiency weff of conversion of envi-
ronmental CAPE (CAPEenv) to MCS w500max, and difference BTdiff between mean anvil BT (Tanv) and envi-
ronmental Level of Neutral Buoyancy (LNBenv), with soundings taken from mean environmental profiles. High
weff and low BTdiff imply reduced entrainment–dilution since entrainment reduces the potential of a near–surface
parcel to reach its theoretical maximum buoyancy, reducing vertical velocities and lowering anvils. For Trop5–
exp and LAM2.2 (LH columns) high weff and low BTdiff values are found in strong shear environments, and to a
lesser–extent, low TCW (consistent with Becker and Hohenegger (2021)). In contrast, MCSs in CP4–Af and
Trop5–param show minimal variability of entrainment with environmental shear (or TCW). In the parameterized
model entrainment into explicit updrafts is high across all but the driest environments, whereas CP4–Af likely
shows underestimated dilution across all environments, in line with other previous generation CP models (Prein
et al., 2021). There is a significant correlation (p < 0.05) between shear–binned MCS weff and maximum rainfall
in all models: the lack of a dynamical influence on entrainment explains the absence of a rainfall–shear response
in CP4–Af.

Dynamical entrainment variability is of greater consequence for rainfall scalings than thermodynamic: in Trop5–
exp and LAM2.2 the (weak) control of TCW on entrainment is the opposite sign to that for MCS maximum
rainfall, while CP4–Af shows a realistic maximum rainfall–TCW scaling despite no entrainment variation. Our
results for Trop5–exp and LAM2.2 align with previous observational findings for African MCSs (Baidu
et al., 2022). We also find that MCSs' dynamical environments exert a strong influence on observed anvil heights
(Figure S10 in Supporting Information S1), as implied by results for BTdiff. This trend is realistically captured by
both Trop5–exp and LAM2.2 (lowest scaling ratio LAM2.2, δ/δobs ∼ 0.85), but not CP4–Af (δ/δobs ∼ 0.32).

Large–eddy simulations indicate that reduced entrainment–dilution in strong shear environments is a result of a
positive influence of shear on MCS convective core size (Mulholland et al., 2021). We examine the scalings of
explicitly modeled core areas in Figure 3. To define convective cores we identify continguous subregions of MCS
anvil footprints where w500 is greater than the 99th percentile of its in–storm values. The percentile threshold
accounts for models' different vertical velocity distributions. Where multiple cores are identified we select that
with the maximum value of w500; in all models core area correlates strongly with w500max (not shown).

Figure 2. Scaling of model MCS entrainment proxies weff (a; brown in (b) and BTdiff (c; green in (b) binned by TCW and shear. Common variable histograms share
absolute colourbars, whereas line plots share relative axis ranges. Number of MCSs n for 18 and 21UTC only due to 3 hourly profile fields. Line plots as in Figure 1.
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MCSs in all models have larger cores in stronger shear environments (Figure 3). The shear scalings are strongest
for Trop5–exp and LAM2.2, as expected from Figure 2, but here CP4–Af and Trop5–param also show vari-
able core areas. Indeed, the shear–only scaling in Figure 3b shows no significant difference between the CP
models (p > 0.4), but is twice as strong for Trop5–param. In all models except Trop5–exp there is no significant
correlation between updraft core size and environmental TCW (Figure S11a in Supporting Information S1). The
significant relationship with shear alone supports the proposal of Mulholland et al. (2021) that dynamical in-
fluences on MCS core size lead to the variation of updraft entrainment with shear. It is this physics which is
missing in CP4–Af and Trop5–param.

A physical effect of the increase of core area with shear, well captured by all three CP models, is an increase in
core buoyancy. This is calculated as the 500 hPa difference between θcoree , the mean core equivalent potential
temperature at that level, and θ∗env

e , the environmental value for a saturated profile. Figure 3c shows that more
buoyant updrafts are found in stronger shear environments for all models, but that the scaling for Trop5–param is
very weak, at approximately 10% of the CP models. Core buoyancy decreases with environmental TCW (Figure
S11b in Supporting Information S1); the scaling is stronger than for shear in Trop5–param, but weak in all CP
models (at most 50% vs. shear, LAM2.2). Given MCS rainfall shows the opposite scaling with TCW (Figure 1),
buoyancy can mediate the dynamical (shear) dependence only.

3.3. Upscale Forcings

We now consider whether environmental controls influence MCS mean rainfall and carry upscale implications.
Figures 4a and 4b show that for OBS, MCS hourly mean rainfall (total MCS rainfall/anvil area) has a positive
non–linear scaling with environmental TCW, and weaker (but significant, p = 0.00) linear influence from shear.
All CP models capture the general non–linear TCW scaling, particularly the strong increase of mean rainfall at
high TCW.Mean rainfall rates are too low in LAM2.2, with MCSs on average 20% larger than OBS (Figure S7 in
Supporting Information S1). Trop5–param shows a negative relationship between TCW and MCS mean rainfall,
for the same reasons as maximum rainfall (Figure S6 in Supporting Information S1).

In contrast, for shear there are again systematic differences between CP4–Af and current generation CP models.
MCSmean rainfall decreases with shear in CP4–Af, opposite to the observed relationship. Meanwhile Trop5–exp
and LAM2.2 both capture a significant positive influence (r > 0.6), but in Trop5–param there is no relationship

Figure 3. Area of strongest MCS explicit updraft cores, binned by (a) TCW and shear, and (b) shear only. Number of MCSs n for 18 and 21UTC only; histograms share
common scale range. (c) Core buoyancy binned by shear. Line plots as in Figure 1.
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(r = − 0.05). The positive shear scalings are too strong, with for example, δ/δobs ∼ 3.87 in LAM2.2, and the
Trop5–exp trend showing notable uncertainty. Nevertheless, these scalings reflect those for updraft entrainment.
A significant correlation between the weff and mean rainfall scalings in all CP models indicates that the influence
of shear–induced entrainment variability extends to total rainfall.

To explore upscale impacts stemming from environmental drivers we consider spatial biases of MCS mean
rainfall anomalies (isolating scalings) versus OBS. Although TCW controls are stronger, differences in models'
shear responses explain the spatial bias patterns: LAM2.2 (Figure 4c) shows a wet bias across the north of the
Sahel (9°–19°N) region where low–level shear peaks, and dry biases in weaker shear regions, independent of
TCW and in line with the model's strong shear scaling. The correlation between zonal MCSmean rainfall bias and
shear is r = 0.67 (0.01), with no significant correlation against zonal mean TCW (p = 0.24). Trop5–param biases
are noisy (Figure 4d), with no significant (zonal) correlation against TCW or shear, reflecting the model's absent
shear scaling. However, CP4–Af (Figure 4e) shows the opposite distribution of MCS biases: the negative rela-
tionship between MCS mean rainfall and shear corresponds to dry biases in the strong–shear Sahel, with zonal
correlation r = − 0.57 (0.04)), and wet biases across all TCW regimes at low shear. Strikingly, the biases in
Figure 4e reflect CP4–Af's seasonal JJA rainfall bias (Fig. 5, Stratton et al. (2018)), indicating the potential
upscale propagation of errors stemming from the incorrect MCS shear response.

Figure 4. MCS mean rainfall binned by (a) TCW and (b) shear. Panels (c)–(e) show 1.5° mean MCS rainfall spatial biases against OBS for LAM2.2, Trop5–param and
CP4–Af anomalies, respectively. Error bars show standard error on bin, with dashed lines in (b) as in Figure 1. Spatial biases expressed as percentage of OBS anomaly;
number of MCSs n covers all hours, nobs = 65,981. In spatial plots, green (gray dashed) contours show 12UTC model mean shear (TCW) fields, units ms

− 1 (mm). Pink
bars indicate Sahel latitudes.
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4. Discussion and Conclusions
The dynamics of MCSs are strongly influenced by environmental conditions. We have studied the fidelity of these
influences in four MetUM simulations, demonstrating the importance of model physics for capturing storms'
response to low–level shear.

Our results show that representative current generation CP models (Trop5–exp and LAM2.2) have increased
MCS maximum and mean rainfall with stronger low–level shear, in agreement with observations. Higher shear
gives larger convective cores with higher buoyancies and, crucially, lower entrainment–dilution, consistent with
the numerical experiments of Mulholland et al. (2021). Rainfall increases with environmental TCW via ther-
modynamic controls independent of core dynamics. Results for parameterized MCSs (Trop5–param) show larger
explicit cores at stronger shear, but no translation to buoyancy, entrainment and consequently, maximum and
mean rainfall rates. The influence of shear on parameterized MCSs is thus underestimated. Trop5–param also
shows unrealistic negative correlations between TCW and MCS rainfall, caused by strong explicit contributions
overwhelming the parameterization scheme at low TCW.

A previous generation CP climate simulation (CP4–Af) does capture the thermodynamic response of MCS
rainfall, and shows larger cores with higher buoyancies at stronger shear. However, CP4–Af shows no envi-
ronmental variability of updraft entrainment. This causes unrealistically limited shear responses for key char-
acteristics such asMCSmaximum rainfall and brightness temperatures, which are overestimated at low shear, and
an erroneous decrease in mean rainfall with shear. Becker and Hohenegger (2021) emphasize the importance of
mesoscale organisation in increasing West African entrainment rates; this is arguably underestimated in CP4–Af
(e.g., small anvil areas, Figure S7 in Supporting Information S1), possibly yielding the uniform low entrainment
found in Figure 2. The contrasting behavior between different generation CP models highlights the paramount
importance of both model physics development and process–based model evaluation.

The influence of MCSs' thermodynamic and dynamical environments extends beyond updrafts to whole–storm
characteristics. Anvil heights play an important role in tropical radiation budgets, while latent heat release
from MCS stratiform rainfall regions provides a strong upscale forcing on tropical circulations from top–heavy
heating profiles (C. Schumacher et al., 2004). An observed decrease in anvil temperature of − 0.24°C per unit
shear increase (Figure S10 in Supporting Information S1) equates to a net change in TOA cooling of 1.81 × 10− 10

Wm− 2, assuming a blackbody. This is dwarfed by latent heating, for which the observed linear scaling (Figure 4b)
equates to 5.25 Wm− 2 per unit shear. Neither scaling is accurately represented by CP–Af or Trop5–param.

We have presented evidence indicating that the dynamical control of shear explains the regional distribution of
MCS mean rainfall biases. Mean rainfall, and therefore diabatic heating, anomalies for LAM2.2 MCSs in the
central Sahel are over 100% stronger than for storms in CP4–Af, with the inverse true near the coast, together
suggesting a more realistic monsoon pattern when shear control is captured (Stratton et al., 2018). Diabatic
heating from West African MCSs affects potential vorticity distributions (Johnson & Ciesielski, 2020) and the
development of African Easterly Waves (Tomassini et al., 2017), which further play a role in the development of
Atlantic tropical cyclones (Núñez Ocasio et al., 2020). Zonal changes in MCS heating profiles, modulated by
shear, will influence model representation of all these processes. Detailed analysis of upscale impacts in current
generation MetUM configurations should be pursued in longer simulations than those presented here.

Our results have consequences for current and future climate modeling endeavors. Multi–year CP modeling is
feasible for the coupled climate system (Rackow et al., 2024), and may be essential for providing accurate
hydroclimatic projections (Slingo et al., 2022). To justify and support their adoption, global CP models must
demonstrate upscale gross benefits directly emanating from the improved treatment of fundamental convective
processes. Here we have demonstrated the importance of updraft entrainment for resolving realistic MCS
rainfall–shear responses, and indicated that this dynamical control has upscale impacts. Such process–based
evaluation of convective interactions across scales thus provides insight into large–scale model attributes, and
is an imperative component of next generation GCM development.

Data Availability Statement
Code and data underpinning this research are available publicly at Maybee et al. (2024).
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