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Abstract. Parameterizations of subgrid-scale processes are an important source of bias in climate simulations and uncertainty

in climate projections. Both the bias and the uncertainty can be reduced by resolving the most energetic small-scale processes

based on the first principles via increasing model resolution, as oppose to relying on empirical or ad hoc (though physically

motivated) parametrizations. We made a first step in this direction using a suite of time-slice and fixed-season experiments,

specifically designed to deal with the heavy computational costs encountered when using a global 5km model for climate and5

climate change simulations. We concentrate on the effect of the representation of deep convection for the Hadley Circulation

(HC) and its response to warming.

We find that the time-mean state of HC is sensitive to the representation of deep convection: The HC is significantly weaker

and the deep convection is significantly reduced in the case when deep convection is resolved instead of parametrized. Resolv-

ing convection leads to less heavy rain and less rain in the ascending branch of the HC—consistent with a weaker HC—but10

more total precipitation when taking also light rain into account. As a response to a 4K global warming, the HC becomes

broader, deeper, and weaker, no matter whether convection is resolved or parameterized. There is an indication that the weak-

ening of HC is further intensified when deep convection is resolved. As a response to the warming, heavy rain and the rain

associated with the HC ascending branch become stronger regardless of convection representation, while the total precipitation

is more strongly enhanced when convection is resolved.15

1 Introduction

Modelling atmospheric circulation has experienced two regime shifts. The first one happened in the 1960s, when atmospheric

models started to be run at a resolution of a few 100 of kms (Smagorinsky et al., 1965). With this shift, mid-latitude synoptic-

scale cyclones resulting from baroclinic instability could be explicitly resolved by solving the underlying primitive equations.20

The second regime shift happened around the 2005’s with the first atmospheric simulation conducted with a grid spacing of

the order of 10 km, globally (Satoh et al., 2005; Miura et al., 2007). With this second shift, tropical deep convection could be

explicitly resolved instead of being parameterized, and interactions between the small and synoptic scales of motion explicitly
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represented. As tropical deep convection together with other diabatic processes constitute the engine of the Hadley circulation

(HC), explicitly resolving deep convection can impact the representation of the time-mean HC and the response of HC to global25

warming. This paper quantifies these impacts by comparing HC and its response to a global warming found in simulations with

resolved versus parameterized deep convection.

The response of the HC to a global warming has been extensively studied using both reanalyses and climate model simula-

tions. Regarding the width of HC, the IPCC Sixth Assessment Report (AR6) concludes that “It is likely that human influence

has contributed to the poleward expansion of the zonal mean Hadley Cell in the Southern Hemisphere since the 1980s”. How-30

ever, it is less clear regarding the strength of HC. While reanalyses tend to exhibit a HC strengthening (Nguyen et al., 2013;

Stachnik and Schumacher, 2011; Žiga Zaplotnik et al., 2022), climate models exhibit a weakening (Simpson et al., 2025;

Chemke and Polvani, 2019; Chemke and Yuval, 2023). While there are indications that the reanalyses may actually be in

error (Chemke and Polvani, 2019; Chemke and Yuval, 2023), radiosonde observations show a neutral trend in northern HC

strength over the 1980-2022 period (Pikovnik and Zaplotnik, 2025). The picture becomes even more complex when taking35

the seasonality of the HC into account (Lionello et al., 2024). Different mechanisms have been examined with respect to their

roles in affecting the HC response. In a recent paper, Chemke and Polvani (2021) showed that the HC weakening results from

a combination of an increase in tropical static stability, partially offset by an increase in the latitudinal gradient of latent heat-

ing. Frierson (2007) showed that tropical circulation is sensitive to idealized convection schemes. To date, the impact of the

representation of deep convection—whether treated explicitly or parameterized—on the Hadley circulation (HC) has not, to40

our knowledge, been systematically examined. Moreover, its role in shaping the HC response to global warming has not been

addressed. This study provides a first assessment of whether, and to what extent, both the climatological mean HC and its

response to global warming depend on the representation of tropical deep convection.

When quantifying differences in HC and HC response to global warming due to different representations of deep convection,

one needs to deal with internal variability that masks the differences caused by different representations. To limit the internal45

variability, the HC is often estimated from velocities averaged over a long time period, usually over 20 or 30 years. As it is still

challenging to run a km-scale model over decades, we consider in this paper perpetual January simulations. A simulation of

one year length contains then 12 Januaries. The drawback of our approach is that we can only study the January HC, which has

its ascending branch in the Southern Hemisphere. Section 2 describes the model and experiments used, as well as the metrics

used to characterize HC and tropical deep convection. The results regarding the differences in both the time-mean HC and50

the mean HC response to a 4K surface warming due to parametrized versus resolved convection are represented in section 3.

Conclusions are given in section 4.

2 Experiments and metrics

2.1 ICON-Atmosphere and perpetual January experiments

We employ the atmosphere component of the ICOsahedral Non-hydrostatic model (ICON), once integrated in its low-resolution55

configuration (Giorgetta et al., 2018) and once in its so-called Sapphire configuration (Hohenegger et al., 2023). ICON solves
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for an atmosphere with a condensible (water) component the fully compressible Navier-Stokes equations on a triangular grid

(Zängl et al., 2015). Land surface processes are modelled by the light version of the JSBACH land surface model version 4,

similar to Reick et al. (2021). The low-resolution configuration uses a resolution of R2B6, which corresponds to a resolution

of approximately 40 km, and 72 vertical levels. It uses parameterizations for radiation, shallow and deep convection, cloud60

cover, microphysics, with the prognostic hydrometeors water vapor, cloud water and cloud ice, turbulence, orographic and

non-orographic gravity waves. Convection is parameterized by the Tiedtke (1989) mass flux scheme with updates by Nordeng

(1994). For more detail on the parameterizations used, see Giorgetta et al. (2018). The time step is 120 s, except for radiation

which is called every hour. The Sapphire configuration uses a resolution of R2B9, approximately 5 km, and 90 vertical levels.

Only three parameterizations are retained: radiation, microphysics, with the prognostic hydrometeors water vapor, cloud water,65

cloud ice, rain, snow and graupel, as well as turbulence. More details on the employed parameterizations are in Hohenegger

et al. (2023). The time step is 60 s, except for radiation which uses a time step of 20 minutes. Note that only the radiation

parameterization is identical in the two configurations.

Two pairs of perpetual January experiments, referred to as CTL (control) and 4K, are performed with each of the two ICON

configurations. The experiments use the same January solar insolation, but different lower boundary conditions derived from70

MPI-ESM simulations (Mauritsen et al., 2019; Putrasahan et al., 2021). The CTL experiments use as the lower boundary

conditions the fields of sea surface temperature (SST) and sea ice cover (SIC) obtained by averaging over 40 Januaries taken

from the piControl simulation conducted with the MPI-ESM forced by 1850 CO2 concentration. The 4K-experiments use the

SST- and SIC-fields obtained by averaging over 40 Januaries taken from the last 20 Januaries (2080-2099) of two climate

change simulations with the same MPI-ESM under the SSP585 scenario. During this 20-year period, the global mean surface75

temperature is about 4◦K warmer than that in the control run. CO2 and aerosols are not changed between the experiments.

CO2 is set to a constant and aerosols to their January climatology (Kinne et al., 2013). The land surface characteristics, such

as soil properties, albedo, leaf area index, represent mean January conditions and are kept the same for all simulations. These

land conditions are derived from the same datasets as used in the past in the MPI-ESM (Mauritsen et al., 2019). These datasets

have an original resolution of 0.5◦. In contrast, orography is derived from the Global Land One-km Base Elevation Project80

(GLOBE), with a nominal resolution of about 1km. In all experiments, soil moisture and soil temperature as well as the

atmospheric fields are initialized from ECMWF IFS analysis taken on 1st January 1979.

The experiments performed with the 40km-ICON cover 120 Januaries, and those with 5km-ICON cover 12 Januaries. Most

of the results are based on averages over 12 Januaries, which are considered to be representative for describing the 10-year

mean January conditions. The 120 Januaries simulated by 40km-ICON are used to build statistics, which can describe how85

likely a quantity simulated by the 5km-ICON can be observed under the hypothesis that there is no difference between 40km-

and 5km ICON. A summary of the experiments is given in Tab. 1.

Experiments CTL-40 and CTL-5 are forced with the same boundary conditions and the same radiative forcing. The difference

between the two will be used to quantify the impact of resolved versus parameterized deep convection on the time-mean HC.

Although the two model configurations differ more than just by the treatment of convection, we assume that the treatment90

of convection plays a key role. The responses of HC to global warming will be described by the difference between 4K-40
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experiment horiz. forcing length of

names resolution simulation

CTL-40 40km SST/SIC under 1950 condition 120 months

4K-40 40km SST/SIC under +4◦K condition 120 months

CTL-5 5km SST/SIC under 1950 condition 12 months

4K-5 5km SST/SIC under +4◦K condition 12 months

Table 1. Names and some basic features of the experiments performed.

and CTL-40, and that between 4K-5 and CTL-5. These two responses will be used to quantify the impact of resolved versus

parametrized deep convection on the HC’s response to global warming.

2.2 Metrics

As in most previous studies (see e.g. Pikovnik et al. (2022); Baldassare et al. (2023); Lionello et al. (2024)), the HC is described95

by the time-mean mass-weighted zonal-mean stream function Ψ in the latitude-pressure (φ, p) plane

Ψ(φ,p) =
〈
2πRcos(φ)/g

p∫

0

[v](φ,p′) dp′
〉
, (1)

where
〈
·
〉

indicates an average over 12 Januaries, [·] zonal mean, R is Earth’s radius, and g gravity. Ψ simulated by both the

40km-ICON and the 5km-ICON reveals the same basic features of HC in boreal winter (Fig.1), with the ascending branch

located near 15◦S and the descending branch near 30◦N.100
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Figure 1. Mass stream function Ψ as defined in Eq.(1) obtained from experiments a) CTL-40 and b) CTL-5.

5

https://doi.org/10.5194/egusphere-2026-1168
Preprint. Discussion started: 18 March 2026
c© Author(s) 2026. CC BY 4.0 License.



Metrics are used to quantify three properties of a simulated HC, the width, the strength and the height, mostly based on

Ψ. For each of the three properties, several metrics are considered, since metrics that rely on single-point values in the φ− p

plane can produce unreliable trends (Pikovnik et al., 2022). The width of a HC is described by ∆φp = φn,p −φs,p, where

φn,p and φs,p are the northern and southern edge of the HC, defined using Ψ at pressure level p. North of 50◦S, the latitude of

the first zero-crossing of this Ψ marks the southern edge φs,p, the latitude of the second zero-crossing the dividing line of the105

southern and northern cells φ0,p, and that of the third zero-crossing the norther edge φn,p. Two values of p, 400 and 500 hPa,

are considered.

The strength of HC is described using both Ψ and area-weighted mean of vertical velocity w. The one using Ψ is defined as

the maxima of Ψ at a selected pressure level p, Ψmax,p. Again, two values of p, 400 and 500 hPa, are considered. The strength

of a HC is also influenced by wasc, defined as the vertical velocity at p=500 hPa averaged over the area of the ascending branch110

of the Hadley cell. The ascending area is defined as the latitudinal band extending from φmin,p to φmax,p, where φmin,p and

φmax,p are, respectively, the latitudes of Ψmin,p and Ψmax,p (i.e. the latitudes of the darkest green and the darkest magenta at

p =500 hPa in Fig.1).

The height of a HC is described by the pressure level at which the mass-weighted stream function with a given value of Ψ is

located, hΨ. Four values of Ψ, Ψ=20, 10, 5 and 3 in the unit of ×1010 kg/s, are considered.115

Since this paper focuses on the effects of parameterized and resolved convection on HC, three additional metrics based on

mean precipitation are considered. Pall is the global area-weighted mean precipitation. It quantifies the total precipitation,

regardless of its intensity. Phvy is the area-weighted mean precipitation that excesses 10 mm/day (red lines in Fig.6 and

Fig.7). It quantifies the heavy precipitation, which tends to be located in the tropics. Finally, Pasc is the area-weighted mean

precipitation over the ascending latitudinal band of the Hadley cell, which extends from φmin,p to φmax,p with p = 500 hPa120

and is the same band used to define wasc. Pasc is expected to be directly associated with the strength of the Hadley cell. Being

resulting from the rain in the ascending band, Pasc indicates the strength of latent heating due to convection in that latitudinal

band.

3 Results

3.1 Time-mean January HC125

The metrics defined in section 2 are calculated using mass stream function or vertical velocity and precipitation averaged over

12 Januaries. Such a metrics can vary strongly due to internal variability. To quantify the variations associated with a metrics,

200 values of the metrics are generated, each based on the mean of 12 Januaries randomly selected from the pool of total 120

Januaries produced by experiment CTL-40 / 4K-40. The probability of observing certain value of a metrics is then depicted by

a box plot (see e.g. Fig.2), where the whiskers extend from the 5th to the 95th percentile assuming that the considered metrics130

is normally distributed. From experiment CTL-5 / 4K-5, we have only one value of each metrics. This value will be considered

as significantly different from that in CTL-40 / 4K-40, if it lies outside the whiskers, which corresponds to a probability of less

than 10% of being also found in CTL-40 / 4K-40 (see also the caption of Fig.2).
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Figure 2. Strength of time-mean HC described by the maximum of mass weighted stream function Ψmax,p at p =400 and 500 hPa in a)

and b), and by the vertical velocity wasc averaged over the ascent branch of the HC at 500 hPa in c), simulated by CTL-40 (box plots) and

CTL-5. Ψmax,400 and Ψmax,500 are in ×109 kg/s. Vertical velocity are in mm/s. For each metrics, 200 values are obtained from experiment

CTL-40 and their statistics are described by a box with whiskers. A single value is obtained from experiment CTL-5. The 200 values are

derived from 200 Ψ, each obtained by averaging 12 randomly selecting Januaries from a pool of total 120 Januaries. The edges of a box

indicates the 25th to the 75th percentile. The horizontal line inside the box indicates the median. The length of a whisker corresponds to 5%

and 95% percentiles, assuming that the metrics is normally distributed.

The mean HC simulated by 40km-ICON differs significantly from that simulated by the 5km-ICON. The difference pertains

mainly to the strength. The maxima of Ψ at 400 and 500 hPa are about 50×109kg/s weaker in CTL-5 than in CTL-40 (Fig.2a-135

b). The vertical velocity in the ascending branch of HC, wasc, is around 4.4 mm/s in CTL-40, but reaches only about 3.2

mm/s in CTL-5 (Fig.2c). The smaller value of wasc in CTL-5 than in CTL-40 results both from smaller ascent-area-integrated

w, which is about 4.2×1011 m3/s in CTL-5 and 4.6×1011 m3/s in CTL-40, and from the wider ascent area, which is about

1.3×1014 m2 in CTL-5 and 1.0×1014 m2 in CTL-40. Thus, both the maxima of Ψ and wasc indicate a significantly weaker

HC in CTL-5 than in CTL-40.140

This weakening is further confirmed by the metrics describing the HC height (Fig.3). The isoline of Ψ = 20× 1010 kg/s

and that of Ψ = 10× 1010 kg/s are located at a lower altitude (i.e. higher pressure level) in CTL-5 than in CTL-40 (Fig.3a-

b), whereas the isoline of Ψ = 5× 1010 kg/s and that of Ψ = 3× 1010 kg/s reach a higher altitude (lower pressure level) in

CTL-5 than in CTL-40. Thus, the distance between two isolines, one close to and the other further above the stream function

maximum, is larger in CTL-5 than in CTL-40. The velocity of the northward flow, which is proportional to the reciprocal of145
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this distance and hence proportional to the vertical gradient of Ψ, is then smaller in CTL-5 than in CTL-40. As all CTL-5

metrics lie outside the range covered by the whiskers of the CTL-40 metrics, it is unlikely to obtain them would the resolved

deep convection have the same effect as the parametrized deep convection.

Figure 3. Same as Fig.2, but for the height of time-mean HC described by metrics h20, h10, h5, and h3, which are defined as the altitudes of

the isoline of Ψ with Ψ = 20× 1010, 10× 1010, 5× 1010, and 3× 1010 kg/s. The unit of h20, h10, h5, and h3 is hPa.

The difference in width (Fig.4) is much less significant than the difference in strength. Both ∆φ400 and ∆φ500 in CTL-5,

which are about 67.2 and 67.7 degrees latitude, are narrower than at least the 25% percentiles found in CTL-40. The probability150

of obtaining these CTL-5 value in CTL-40 is hence small. Together, Fig.2-Fig.4 show that the weaker HC simulated by CTL-5

is associated with a higher reaching HC and a tendency to be narrower.

The weaker HC in CTL-5 than in CTL-40 is accompanied by weaker area-weighted mean precipitation as measured by

significantly smaller values of Phvy and Pasc in CTL-5 than in CTL-40 (Fig.5a and b). The mean heavy rainfall Phvy decreases

from about 17 mm/day in CTL-40 to about 14 mm/day in CTL-5. The mean precipitation within the ascending branch of the155

Hadley cell Pasc decreases from about 6.5 mm/day in CTL-40 to about 5.7 mm/day in CTL-5. The decrease results from a

somewhat stronger precipitation intensity but a much larger ascent area in CTL-5 than in CTL-40: The ascent-area-integrated

precipitation rate is 7.6×1011 m3/day in CTL-5 and 6.7×1011 m3/day in CTL-40, whereas the ascent area is 1.3×1014 m2

in CTL-5 and 1.0×1014 m2 in CTL-40. This intuitively makes sense. Precipitation is a measure of how much latent heat is

released. Less mean precipitation in the ascending branch of the HC means that less heat is released within the latitudinal band160

of ascending motion, which results in a reduction of the latitudinal difference in latent heating and a weaker HC (Chemke

and Polvani, 2021). Likewise, if there is less precipitation in the ascending branch of the HC, this means that less mass was
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Figure 4. Same as Fig.2, but for the width of time-mean HC described by ∆φ400 and ∆φ500 based on mass weighted stream function

Ψ(φ,p) for p at 400 and 500 hPa. Unit is in degree latitude.

transported upward and that the convective mass flux is smaller. A smaller convective mass flux is often associated with a

weaker HC (Held and Soden, 2006). We conclude that when convection is explicitly resolved, there is less mean precipitation

within the ascending branch of the HC, the vertical velocity is correspondingly slower and the HC less intense.165

In contrast, if we just look at total mean precipitation Pall (Fig. 5c ), we see a different picture. Pall is actually significantly

larger in CTL-5 than in CTL-40. Given that heavy rains are weaker in CTL-5 than in CTL-40 (Fig. 5a), Fig. 5c suggests there

are a lot more light rains in CTL-5 than in CTL-40. That the ascent-area-integrated precipitation Pasc (numbers given above)

is stronger in CTL-5 than in CTL-40 can be a direct consequence of more light rains in CTL-5 than in CTL-40. It appears that

the increase in light rains is not relevant for HC strengthening.170

Finally, looking at the spatial pattern of precipitation (Fig.6a and Fig.7a), in CTL-40, the major tropical rainfall is located

south of the equator, especially over the western Pacific. In contrast, in CTL-5, the major tropical rainfall is located on both

sides of the equator. This is consistent with the wider ascending branch of the HC in CTL-5. Other differences concern the

stronger rainfall over Kuroshio and Gulf Stream but weaker rainfall over tropical Africa and South America in CTL-5 than in

CTL-40.175

3.2 Response of January HC to 4k-warming

The response to the 4K warming is described by the difference in a metric or a variable simulated by ICON under the +4K

condition and that under the 1950 condition (4K minus CTL). A positive difference indicates an increase, and a negative

one indicates a decrease of the considered metric / variable. Our results may be compared with CMIP6 projections (which
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Figure 5. Same as Fig.2, but for the precipitation metrics Phvy defined as the mean precipitation over the area with precipitation stronger

than 10 mm/day (indicated by the red contours in Fig.6 and Fig.7), Pasc defined as the mean precipitation over the ascending branch of the

HC, and Pall defined as the global mean precipitation. Unit is mm/day.

themselves carry substantial uncertainty) in a qualitative but not in a quantitative manner, owing to differences in model180

configuration—AMIP-style perpetual January rather than a fully coupled model with an annual cycle—and in forcing, namely

prescribed SST and SIC under a 4 K warming instead of a specific greenhouse-gas concentration scenario.

Consistent with most CMIP6 models, both the 5km and the 40km ICON simulate a widening of HC under the 4K warming

(Fig.8). The median of the increase in the width is about 2 degrees in the 40km simulations. A similar increase is also found in

the 5km simulation. The response in HC width does not significantly depend on the representation of deep convection.185

The response of HC strength simulated by the 40km ICON is a weakening with a median of about -10 ×109 kg/s when

judged by Ψmax,400 (Fig.9a), but essentially neutral with the median close to zero when judged by Ψmax,500 (Fig.9b). The

response of HC strength simulated by the 5km ICON is not significantly different from that simulated by the 40km ICON,

although the weakening simulated by the 5km ICON is stronger than the medians of both Ψmax,400 and Ψmax,500 found in

the 40km ICON. The response of wasc in the 5km runs is an increase of about +0.2 mm/s. Given the strong variability in190

vertical velocity, a consideration of the meridional profile of zonal-mean vertical velocity reveals that the positive response of

wasc is associated with a larger meridional extent of the major ascending velocity in 4K-5 than in CTL-5. We conclude that

the response of HC strength exhibits a slight weakening, with a weak indication that the weakening is enhanced when deep

convection is resolved rather than parameterized.
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Figure 6. Daily precipitation average over 12 Januaries in experiment CTL-40 in a), in 4K-40 in b), and their difference (4K-40 minus

CTL-40) in c). Unit: mm/day.

The above conclusion is supported by the responses in HC height (Fig.10). The 40km ICON simulates an increase in the195

heights (decrease in pressure) of the four considered stream function isolines, with all of them having negative medians. Three

of the four, namely those having the values of 10× 109 kg/s, 5× 109 kg/s, and 3× 109 kg/s (Fig.10b-c), show significantly
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Figure 7. Same as Fig.6, but derived from precipitation in CTL-5 and 4K-5.

stronger increase in the heights in 5km than in 40km run, while the height of the isoline having the value of 20×109 kg/s (h20)

reveals comparable response in 40km and 5km runs. This suggests that the distance from h10, h5 and h3 to h20 is significantly

increased, indicating a decrease in vertical gradient of stream function, and with that a reduction in the velocity of the northward200

flow of the HC.
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Figure 8. Same as Fig.4, but for the response (4K minus CTL) of HC width to the 4K warming, as described by the metrics ∆φ400 and

∆φ500.

Figure 9. Same as Fig.2, but for the response (4K minus CTL) of HC strength to the 4K warming, as described by the metrics Ψmax,400,

Ψmax,500, and wasc.
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Figure 10. Same as Fig.3, but for the response (4K minus CTL) of HC height to the 4K warming, as described by the metrics h20, h10, h5,

h3.

The extent to which the HC response relates to that of precipitation is investigated with Fig.11a and b. When convection is

parameterized (40km simulation), the response of Phvy and Pasc is an increase, described by a median of about 0.4 mm/day

and 0.8 mm/day, respectively. Both indicate an intensification of precipitation. When convection is resolved (5km simulation),

the response of Phvy is about 0.2 mm/day, and that of Pasc is about 0.6 mm/day. An increase in precipitation is expected205

from energetics and thermodynamic constraints (Allen and Ingram, 2002; Held and Soden, 2006). For a 4-K SST increase,

Pasc increases around 3% per Kelvin in ICON. As explained in Held and Soden (2006), the slower increase of precipitation

with warming compared to boundary layer humidity, which increases following Clausius-Clapeyron, implies a weakening of

the HC. This is consistent with the ICON response, both at 40 and 5 km. Held and Soden (2006) conclusion assumes that

the convective mass flux only depends upon precipitation and boundary layer humidity. As recently shown by Williams and210

Jeevanjee (2025), the relative humidity at cloud base also has to be taken into account. In the ICON simulations, the relative

humidity at cloud base does not change much. Hence, the increase in precipitation associated with the HC and the weakening

of the Hadley cell can be explained by simple thermodynamic arguments and, as the changes in the controlling parameters are

not significantly different between 40km and 5km, the changes in HC intensity remain comparable.

The effect of the convection representation becomes more detectable when considering the response of total precipitation215

Pall. Fig.11c shows that this is noticeably stronger in 5km than in 40km runs. In relative terms, the increases are 3.2% per

Kelvin and 2.5% per Kelvin for the 5km and the median of the 40km simulation. Given that the response of the heavy rain
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Figure 11. Same as Fig.5, but for the response (4K minus CTL) of precipitation to the 4K warming, as described by the metrics Phvy , Pasc

and Pall.

Phvy is not significantly different between 5km and 40km, the response of the total precipitation shown in Fig.11c suggests

that it is especially the light precipitation that increases more under global warming when convection is resolved.

The geographical distribution of precipitation response simulated by the 40km ICON (Fig.6c) does differ noticeably from220

the 5km one (Fig.7c). While the response in the 40km run reveals a strong increase in precipitation in both the tropical southern

Indian Ocean and the tropical South Pacific, the response in the 5km run shows a strong increase only in the tropical South

Pacific. Note that in CTL (Fig.6a and Fig.7a), both the 40km and the 5km ICON simulate only strong precipitation in the

Pacific. It is only under the 4K warming that the 40 km ICON simulates strong precipitation also in the Indian Ocean (Fig.6b).

There are also more specific differences regarding the responses in the Pacific. While the maximum response simulated by the225

40km ICON is concentrated in a narrow rain belt running essentially zonally west of the dateline but southeastward east of

the dateline, the maximum response simulated by the 5km ICON is concentrated around the Coral Sea northeast of Australia.

The 5km ICON generates also a distinct zonal band of response near 7◦S, stretching from Solomon Islands to the coast of

South America. It is unclear whether and to what extent the different geographical distributions of deep convection affect or

are related to the HC response.230

All together, both the 40km and the 5km ICON simulate a broader, deeper, and weaker HC as response to the 4K global

warming. The difference between 40km and 5km runs in terms of their sensitivity to global warming is much smaller than the

difference in their basic state. Only the difference in the HC height is statistically significant, pointing to a stronger weakening
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in HC strength when deep convection is resolved than when it is paramtrized. A significant stronger weakening cannot be

detected using the metrics based on stream function maximum and vertical velocity in HC ascending branch, nor using the235

metrics that describe the HC width. It can also not be detected using the precipitation metrics Phvy and Pasc.

4 Summary

The dependence of the Hadley Cell (HC) on the representation of tropical deep convection is investigated using two con-

figurations of ICON under perpetual January conditions. One has a resolution of 40km and is equipped with a convection

parametrization. The other has a resolution of 5km and can directly resolve the tropical deep convection. The same lower240

boundary conditions, one corresponding to 1950 conditions and the other to a 4K warming, are applied to simulations with

both configurations of ICON.

Regarding the time-mean base state, the HC strength depends strongly on the representation of tropical deep convection.

The HC is much weaker when deep convection is resolved than when it is parametrized. The weaker HC is characterized by a

smaller value of the stream function maximum, as well as by a weaker poleward velocity in the upper troposphere as indicated245

by a larger distance between stream function lines close to and further above its maximum, and by a smaller vertical velocity

in the region of the ascending branch of the HC. The weaker HC corresponds to weaker deep convection—characterized by

less heavy rain and less rain within the ascending branch—obtained when convection is resolved than when convection is

parametrized. When taking also light rain into account, a larger amount of total precipitation is generated when convection

is resolved than when it is parameterized. There is also a distinct difference between the precipitation pattern: While the250

precipitation simulated by parametrized deep convection is located mainly south of the Equator, that simulated by resolving

deep convection also forms a secondary band in the Northern hemisphere over the western Pacific.

Regarding the response to the 4K warming, the differences between the two configurations of ICON are subtle and much

smaller than those found for the time-mean base state. The HC weakens. The weakening of the HC under the 4K warming is

most clearly indicated by the metrics describing the height of stream function isolines, not so clear by the stream function max-255

imum, especially that at 500 hPa. With respect to the height metrics, ICON that resolves deep convection simulates a stronger

weakening in HC than ICON that employs a convection parametrization. Heavy precipitation and precipitation within the HC

ascending branch increase similarly in both configurations. As they increase less than Clausius-Clapeyron, one would expect

a weakening of the HC, as obtained. Noticeable dependence on convection representation is found for the total precipitation,

when light rain is taking into account. The increase in total precipitation under 4K warming is enhanced when convection is260

resolved. Noticeable dependence on convection representation is also found regarding the pattern of precipitation response.

One major difference is that two centers of precipitation response, one in the Pacific and one in the Indian Ocean, are simulated

by ICON with parametrized convection, whereas only one, namely that in the Pacific, is simulated by ICON that resolves

convection.
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Code and data availability. A description of the simulations and the scripts used to produce the main results of this paper will be archived265

in the publication repository of the Max Planck Society once the paper is accepted.
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