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Abstract. The double Inter-Tropical Convergence Zone (double-ITCZ) bias has been a persistent tropical precipitation bias
over many climate model generations. This motivates investigations of whether increasing resolution and discarding parame-
terizations improves the representation of the large-scale atmospheric circulation and ITCZ. In this work, we study the double-
ITCZ bias in an ICON XPP resolution hierarchy spanning from parameterized to explicitly described deep convection within a
consistent framework. We demonstrate that the double ITCZ persists across horizontal resolutions from 160 km to 5 km in spec-
ified sea-surface temperature simulations, independent of deep-convective and non-orographic gravity wave parameterizations.
Changes in the treatment of near-surface wind speed within the turbulence parameterization can reduce the bias. However, we
highlight that a key driver of the double-ITCZ bias seems to lie in the insufficient moisture transport from the subtropics to the
inner tropics. The resulting dry bias in tropical near-surface moisture reduces deep convection over the Warm Pool, leading
to a weakened Walker circulation. These biases ultimately culminate in the double-ITCZ feature. Increasing the near-surface
wind speed limiter improves tropical near-surface moisture but exacerbates the bias in the moisture source, increasing the
inner-tropical contribution at the expense of the subtropics. This degrades the representation of the global circulation, energy
balance, and teleconnections. Additionally, we show that parameter adjustments at low resolution are informative of the re-
sponse to the same parameter adjustments at high resolution. Our findings showcase the benefits of models supporting a range

of resolutions and underline the importance of continuing the development of non-discardable parameterizations.

1 Introduction

The hydrological cycle is an important manifestation of the global atmospheric circulation. Despite its importance, biases in the
representation of precipitation within the Inter-Tropical Convergence Zone (ITCZ) have been a persistent challenge throughout
many model generations of the Coupled Model Intercomparison Project (CMIP) (Tian and Dong, 2020). Among them, the
double-ITCZ bias is the most prominent problem (Mechoso et al., 1995; Lin, 2007). It describes positive precipitation biases
south of the equator in the eastern Pacific and Atlantic, as well as underestimated precipitation in the equatorial Pacific. While
observations indicate that a double-ITCZ feature can occur naturally in these regions at certain times of the year, preferen-

tially in March (Magnusdottir and Wang, 2008; Gonzalez et al., 2025), this feature is much too strong and persistent in model
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simulations. In addition to its influence on regional precipitation biases, the double ITCZ can influence large-scale climate
phenomena such as the El Nifio-Southern Oscillation (Ham and Kug, 2014; Zhang et al., 2014). Therefore, identifying the

causes of the double ITCZ is a key step towards improving climate models.

In order to understand the simulated double-ITCZ bias, it is helpful to consider the role of the ITCZ at the center of the
large-scale atmospheric meridional circulation that imports moisture into the tropics and exports energy to higher latitudes
(Holton, 2004; Schneider et al., 2014). Subtropical moisture is transported within the trade winds into the inner tropics, where
its convergence sustains the ITCZ (Peixoto and Oort, 1992). The moist static energy content is greater in the poleward flow in
the upper troposphere, such that there is a net energy transport into the subtropics by the Hadley cells (Figure 1a). Since the
position and structure of the ITCZ and the distribution of the net energy input to the atmosphere are interrelated (Bischoff and
Schneider, 2014; Ren and Zhou, 2024), changes in the distribution of precipitation will be reflected in the atmospheric energy
budget and vice versa. For example, the ITCZ resides in the Northern Hemisphere in the annual-mean due to the difference in
the net energy input between the Northern and Southern Hemispheres (Philander et al., 1996; Frierson et al., 2013; Marshall
et al., 2014). This underlines that the double-ITCZ problem cannot be investigated as an isolated tropical phenomenon: Sub-
and extratropical biases in the energy budget can also be sources of the problem (Kang et al., 2008; Hwang and Frierson, 2013;
Adam et al., 2018; Kang et al., 2019), and tropical biases can likewise cause biases in the sub- and extratropics (Henderson

et al., 2017; Dong et al., 2022; Feng et al., 2023).

It is critical to recognize the coupling between the double-ITCZ problem and biases in the energy budget also in the context of
model tuning, because in many cases the first step of model evaluation is the energy balance of the model (Wild, 2020). Most
model evaluation workflows focus first on global mean top-of-the-atmosphere (TOA) fluxes and potentially surface energy
fluxes (Mauritsen et al., 2012), and then proceed to tune additional atmospheric fields and processes, for example, as outlined
in Hourdin et al. (2017). This is done with the knowledge that there can be trade-offs between these different optimizations,
making dedicated approaches to optimize across multiple processes necessary, for example focusing on the precipitation dis-
tribution and TOA fluxes within one framework (Zhao et al., 2018a, b). However, in general, most published model evaluation
workflows provide little information on regional energy budgets that are mechanistically important for the large-scale circu-
lation and precipitation distribution. This poses a problem: Sometimes improvements in global mean energy fluxes introduce
compensating errors in regional energy fluxes and lead to deterioration of the large-scale circulation and precipitation distribu-

tion.

Next to model tuning choices, an additional possible source of tropical precipitation biases is the incorrect representation of
convective processes in coarse-scale models. Discarding potentially error-prone convective parameterizations (Arakawa, 2004;
Jones and Randall, 2011; Sherwood et al., 2014; Hardiman et al., 2015) has therefore been one of the avenues explored to
address the double-ITCZ problem (Song and Zhang, 2018; Zhou et al., 2022; Ma et al., 2023). In this context, it is important to

note that even at a horizontal resolution of 5 km, the necessity of deep convective parameterizations is still disputed, with some
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Figure 1. Conceptual depiction of the main zonal and meridional circulations exchanging moisture and energy between the subtropics and
the tropics as a) observed, b) in default ICON simulations, and c) in Umin adjusted ICON simulations. Observations show that the moisture
within the innermost tropics originates from evaporation in tropical and subtropical areas. The moisture is imported into the innermost tropics
by the trade winds, with small losses to the free troposphere. In the innermost tropics it is then transported to the main convective regions,
i.e., the Warm Pool (WP) within the zonally anomalous Walker circulation. Energy is exported to the subtropics within the outward branches
of the Hadley circulation. In conventional ICON simulations (b), a large portion of the subtropical moisture is lost due to too much vertical
transport of moisture from the boundary layer to the free troposphere. This leads to a moisture deficit in the tropics, specifically over the WP,
reducing deep convection, slowing down the Walker circulation and leading to spurious additional convective centers over the Eastern Pacific
as too little moisture is transported to the WP within the boundary layer. In the Umin adjusted ICON simulations (c) increased evaporation
leads to an additional moisture source in the tropics, which resolves the dry bias over the WP. However, the adjustments increase the positive
free-tropospheric moisture bias between 0 to 30 , reduce the trade wind strength and change the balance between innermost-tropical and

subtropical sources of tropical moisture content. Green colors indicate high moisture content. Brown colors low moisture content.
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studies showing improvements in atmospheric representation with the elimination of parameterizations (Vergara-Temprado
et al., 2020) and others showing deterioration and insuf ciently resolved processes (Clark et al., 2024). Additionally, although
it is sometimes stated that high-resolution simulations are less sensitive to parameterization choices than low-resolution simu-
lations, a number of parameterizations still remain — such as the cloud microphysics, non-orographic gravity wave, turbulence,
and in some cases shallow convective parameterizations — all of which are important for the model's atmospheric circulation
and energy budget (Hu et al., 2021; Hajkova and Sacha, 2023). Nevertheless, high computational costs, in combination with the
hope that the most relevant processes are now resolved, can lead to a shortening of the model tuning process in high-resolutio
simulations. A lack of systematic tuning could be one of the reasons why high-resolution convection-permitting simulations
without parameterizations do not show improvements in skill for the tropical precipitation pattern compared to conventional
CMIP models, while high-resolution simulations that still rely on parameterization can outperform both (Zhou et al., 2022;
Schneider et al., 2024).

In this work, we investigate the double-ITCZ bias in a resolution hierarchy of the ICON model spanning from parameterization-
supported 160 km to deep-convection-permitting 5 km horizontal resolution. We discuss the in uence of modeling parameter
choices over the resolution hierarchy using an otherwise identical setup to allow for a robust comparison. This endeavor has
only been recently enabled by the newly developed XPP con guration of the ICON climate model (Friih et al., 2022; Niemeier
et al., 2023; Muller et al., 2025b), which can be run ef ciently employing GPUs at a wide range of horizontal resolutions
(Giorgetta et al., 2022; Lapillonne et al., 2025; Dipankar et al., 2025) and, in contrast to ICON sapphire (Hohenegger et al.,

2022), supports the usage of convective parameterizations. We focus on the following questions:

1. Resolution dependence of the double ITCZ and large-scale climate biaseSan increased horizontal resolution
improve the double ITCZ and large-scale climate biases? Are there common biases across resolutions? Where car
resolution-dependent improvements be found?

(Addressed in Section 3.1

2. Underlying mechanisms and targeted parameter adjustmentsiWhat are the underlying mechanisms leading to the
double ITCZ and associated large-scale climate biases in ICON XPP and how do the chosen adjustments ameliorate it?
(Addressed in Section 3.2 and Section 4, summarized in Schematic Figure 1

3. Resolution and parameterization-(in)dependence of bias correctiong.o the extent that there are common (double-
ITCZ and climate) biases, how can they be addressed and can the same adjustments be applied at various resolution
relying on all and a reduced set of parameterizations?
(Addressed in Section 3.3

For parameter adjustments, we focus on the choice of a minimum surface wind speed thidgho)dr( the vertical tur-
bulence scheme of ICON XPP (see Section 2.1.2 for details). The minimum wind speed Umitehas been identi ed as
a promising tuning candidate to address the double-ITCZ precipitation biases in low-wind regimes such as the Warm Pool
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(Segura et al., 2025). Additionally, it may also be resolution dependent, with generally increasing near-surface wind speeds at
increased horizontal resolution (Jeevanjee, 2017; lles et al., 2020; Paccini et al., 2021; Morris et al., 2024), making it particu-
larly interesting for a resolution sensitivity study.

In the following, we will show that precipitation biases are reduced with increases in resolution (Sec. 3.1) and with physically
motivated parameter adjustments (Sec. 3.2.1), both in terms of the large-scale precipitation eld and a simpli ed ITCZ metric.
Then we discuss the underlying physical mechanisms of this improvement, identifying potential trade-offs between the im-
proved precipitation representation and other key quantities. We focus in particular on the impacts on the Hadley and Walker
circulation (Sec. 3.2.2), global moisture sources (Sec. 3.2.3), moisture transport (Sec. 3.2.4) and the sensitivity of key global
metrics to further tuning (Sec. 3.2.5). We outline why our experiments hint that the actual origin of the precipitation biases does
not reside in the tropics but in the subtropics (Sec. 3.2.6). For this purpose, we compare the reference observations, the ICON
simulation with a double ITCZ, and the ICON simulation with tuning adjustments. The identi ed large-scale differences in the
three scenarios will be visualized building up on Fig. 1. In a last step, we test the transferability of the gained knowledge with
respect to tuning choices to higher resolution (Sec. 3.3).

2 Methods
2.1 Model simulations
2.1.1 Model setup

We perform simulations with the atmosphere model of the Icosahedral Nonhydrostatic Weather and Climate Model for Nu-
merical Weather Prediction, ICON-NWP (Zang! et al., 2015; Prill et al., 2023), in the eXtended Prediction and Projection,
XPP-con guration - previously: Seamless con guration (Frih et al., 2022; Niemeier et al., 2023; Mlller et al., 2025b). The
setup of ICON XPP allows users to conduct weather and climate studies within one consistent framework (Mller et al., 2025a).
ICON XPP uses parameterizations for radiation (Hogan and Bozzo, 2018), cloud microphysics (Seifert, 2008), vertical diffu-
sion (Mauritsen et al., 2007), convection (Tiedtke, 1989; Bechtold et al., 2008), subgrid-scale orographic drag (Lott and Miller,
1997) and non-orographic gravity wave drag (Orr et al., 2010). The atmosphere is coupled to the land model JSBACH (Reick
etal., 2021).

The experiments cover a hierarchy of four horizontal resolutions: 160 km (R2B4), 80 km (R2B5), 40km (R2B6), and 5km
(R2B9). This includes the horizontal resolution range of conventional CMIP-type models (160 km) up to the resolution of
deep-convection-permitting models (5 km). For all resolutions, 150 vertical levels up to a model top of 75km are employed
with a constant layer thickness of 300 m from a height of 8.4 km to 19 km. The prescribed constant layer thickness ensures that
the altitude range of deep convection is fully captured, even in the inner tropics (Schmidt et al., 2023). When going from the
40 km to the 5 km setups only the strongly resolution dependent non-orographic and orographic gravity wave parameters were
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adjusted. Two con gurations are run at 5km. The rst con guration relies on the full suite of parameterizations. In the second
con guration, the parameterization for subgrid non-orographic gravity waves, mid-level and deep convection are disabled. We
will refer to this setup as the rParam simulation. In contrast to Hohenegger et al. (2022), the orographic gravity wave drag and
shallow-convective parameterization are kept at all resolutions, as underlying processes are not suf ciently resolved.

In all experiments, we use prescribed 6-hourly climatological sea ice and sea-surface temperature (SST) elds interpolated
from the monthly climatological values of the CMIP6 Forcing Datasets (input4MIPs, 1978-2020) as boundary conditions
(Durack and Taylor, 2018). Prescribed climatological SSTs reduce the impact of interannual variability, such as the in uence
of ENSO events on precipitation. In addition, they isolate the effect of model biases in atmospheric processes from those in the
SST representation. The simulations are initialized with data from the European Centre for Medium-Range Weather Forecasts
ERAGS reanalysis (Hersbach et al., 2020) for January 1, 2004.

2.1.2 Experiments

Default and Ui, adapted ICON

Unmin , the near-surface wind speed limiter, has been suggested as a potential lever for precipitation biases over the Warm Poo
region in the ICON sapphire model setup (Segura et al., 2025). In our study, we investigate potential consequences of using
this limiter for the global circulation and climate in a resolution hierarchy of the ICON XPP setup.

The near-surface wind speed limitgr,, acts within the bulk ux formulation in the turbulence parameterization. In this
framework, evaporatiok is tied to wind speedll at the lowest atmospheric level via the bulk ux formula for evaporation

E= aCeU(xx @a); 1)

where , is the atmospheric density, the surface speci ¢ humidity, the near-surface atmospheric speci ¢ humidity, &d

the bulk transfer coef cient for latent heat, which is inversely proportional to the Richardson number. The bulk ux formulation
shows that the latent heat ux is directly proportional to the near-surface wind speed. The x suggested by Segura et al. (2025)
does not chang¥ directly, but adapts a hard-coded lower limit for the near-surface wind speeds. In ICON XPP's turbulence
parameterization, the surface wikblused for the computation of the Richardson number has a lower prescribed threshold
Umin With U = MAX (Unin ;U). This lower limiter is used to account for the in uence of subgrid-scale turbulence with the
goal of increasing the turbulent uxes in low-wind regimes. Increasing the default valug;effrom 1 m s * decreases the
Richardson number in low-wind regimes, e.g., in the Warm Pool, and leads to increased evaporation. The in uence of changes
in Unin at various resolutions, including simulations with the entire set of parameterizations, has not been tested before. It is
important to note that changes lih,, can similarly impact turbulent uxes of sensible heat and momentum in addition to

the targeted latent heat ux. Potential consequences of the resulting changes in the momentum budget were not considered il
Segura et al. (2025). Concretely, this means that the suggested incréhge iwill increase the drag on near-surface winds.

It is our aim to investigate whether there are associated negative in uences on the circulation next to the positive effect for
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precipitation over the Warm Pool.

Description of experiment con gurations

The simulations presented in this work are summarized in Table 1. We run ve control simulations (CTL) in four different
horizontal resolutions: 160 km, 80 km, 40 km and 5 km. The simulations are run for six years for all coarser resolutions (160 to
40 km). Due to the very high computation demand, the two 5 km resolution setups - with full parameterization set and reduced
parameterization set - are run for three years each instead of six years.

Branching off at the fourth year of the 40-km simulations, two-year-long sensitivity (perturbation) studies are performed
(hereafter labeled with PTB). In the PTB experiments, we vary the minimum surface wind speed ligiter,which is
presented to the turbulence scheme (Table 1). TheUwp settings that perform the best in representing the large-scale
annual-mean precipitation, PTB-5 and PTB-6, withi, =5 m s ! and 6 m s, are chosen for further optimization. First,

the wind speed is adapted for land and ocean separately. In PTB-5_1 and PTBq6_% 1 m s ! over land to account for

the slower near-surface wind speeds. Second, in PTB-5_1t, PTB-6_1t, the model is retuned to reestablish a similar top-of-the-
atmosphere (TOA) imbalance to CTL.

Only the best performingmin setting, PTB-5_1 and the corresponding tuned settings PTB-5_1t, are tested in 3-month branch-
off runs of the CTL-5km and CTL-5 km-rParam simulation. For this purpose, MAM is chosen because it is the season with
the largest double-ITCZ biases. To allow the model time to equilibrate with the changed settings, a one-month spin-up is used.
As the investigated horizontal resolutions differ by up to a factor of 32, all data sets are remapped for a fair comparison
in the subsequent analysis. For this purpose, &drizontal resolution is chosen. This resolution is close to the tropical

1.4 horizontal resolution of the 160 km simulation.
2.2 Reanalysis and observational data sets

The model output is evaluated against reanalysis and observational data sets. For the radiative uxes, data from the “Clouds anc
the Earth's Radiant Energy System" (CERES; Doelling et al. (2013, 2016)), an observational dataset for TOA energy uxes,
are used. The precipitation distribution is compared to the observational data sets “Integrated Multi-satellitE Retrievals for
GPM" (IMERG; Huffman et al. (2010)) and “Global Precipitation Climatology Project" (GPCP; Huffman (2021)). In addition

to these observational data sets, we show radiative uxes from ERAS5, (C3S, 2018; Simmons et al., 2020), noting that these
values are not assimilated (Dee et al., 2011; Hersbach et al., 2017). This means that the reanalysis product might behave mor
like a conventional model for these variables and should only be used to complement the observational data. For latent heat
ux, near-surface wind speeds, and near-surface speci ¢ humigitwe refer to ERAS as a primary reference, as it assimilates
station-based humidity measurements (Simpson et al., 2024; Hersbach et al., 2020) and offers a homogeneous data set wit
values both over land and ocean. Whereas latent heat ux and near-surface wind speeds are direct outputs of ERA5, the value
of g are computed (details in Appendix A). The ERAS5 latent heat ux values are thought to have a positive bias (Martens
et al., 2020; Song et al., 2021). Therefore, we also compare our data to the OAFlux dataset (Schneider et al., 2013; National

Center for Atmospheric Research Staff, 2022), which integrates satellite retrievals and three atmospheric reanalysis.
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Table 1. Summary of Experiments Experiment acronyms, employed resolutions, simulated timeframe, setting for the minimum horizontal
wind speed over ocean/land and tuning. The control simulation (CTL) run for all resolutions and the best-performing perturbation experiment
(PTB) for the large-scale precipitation representation are marked bold. The runs with the reduced set of parameterizations are labeled as
rParam. Resolution is given in terms of the ICON grid used and the corresponding horizontal grid spacing.

Experiment Resolution Simulated  Surface Wind Speed LimitelUnin ~~ Tuned
Timeframe (Ocean/Land)/ms !

PTB-0.5 R2B6, 40 km 2 years 0.5/0.5

CTL R2B{4,5,6}, 160, 80, 40 km 6 years 1.0/1.0 X
R2B9, 5km 3years 1.0/1.0 X

CTL-rParam R2B9, 5km 3years 1.0/1.0 X

PTB-1.5 R2B6, 40 km 2 years 15/15

PTB-2 R2B6, 40 km 2 years 2.0/2.0

PTB-4 R2B6, 40 km 2 years 4.0/4.0

PTB-5 R2B6, 40 km 2 years 5.0/5.0

PTB-5_1 R2B6, 40 km 2 years 5.0/1.0

PTB-5_1 R2B9, 5km 2 MAM 5.0/1.0

PTB-5_1-rParam R2B9, 5km 2 MAM 5.0/1.0

PTB-5_1t R2B6, 40 km 2 years 5.0/1.0 X
R2B9, 5km 2 MAM 5.0/1.0 X

PTB-5_1t-rParam R2B9, 5km 2 MAM 5.0/1.0 X

PTB-6 R2B6, 40 km 2 years 6.0/6.0

PTB-6_1 R2B6, 40 km 2 years 6.0/1.0

PTB-6_1t R2B6, 40 km 2 years 6.0/1.0 X

When comparing model data to observational data or ERAS statistical signi cance is tested with a two-sided ztd3tlat
For the humidity and temperature elds, we correct for autocorrelation via adjustment of the net sample size based on lag-1
autocorrelation values of years 2004-2010 from ERA5 and the 40 km simulations (cf. Trenberth (1984)).

2.3 ITCZ evaluation metrics

To evaluate the large-scale ITCZ features, we use an energetically motivated framework, where precipitation biases are sep.
arated into hemispherically symmetric (Adam et al., 2016) and antisymmetric components (Hwang and Frierson, 2013). The

symmetric component

P
E. = 252N 4 2
TP

20 20 N
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is related to the net energy input near the equ&gr 0 would describe a state in which the precipitation averagetween
2 S and 2N is equal to the precipitation average between2and 20N. The anti-symmetric component

Ap: PO 20 N ﬁO 20 S. (3)

§20 S 20 N
is related to the cross-equatorial energy ux, which is in uenced by asymmetries in the net energy input in the high latitudes of
the two hemispheres. In both equatidhss the average precipitation in the region constrained by the two latitude boundaries

referred to in the respective subscript.
2.4 Residence time in boundary layer based on moisture budget analysis

In order to assess biases in moisture transport, we evaluate the residence time of moisture within the boundary layer. Our
analysis is based on a time-mean moisture budget (Peixéto and Oort, 1983; Peixoto and Oort, 1992) linking moisture ux
convergence with precipitation and evaporation uxes as
o qE
P E= = uqdp: 4)

g 0
In this equatior{ ) denotes the annual-mean climatologyhe horizontal wind vectoq the speci ¢ humidityp is the pressure
andg the gravitational constant. is a Heaviside function indicating whether values are above or below the surface (cf. Boer
(1982)). Based on equation 4, we then estimate the residencegjmeithin the boundary layer by splitting the integral into
a contribution from the boundary layer up to 850 hPa and the rest of atmosphere and rearranging:

1 Rps - D E

1 7 esghral uqdp_ P E+

1

Ps
R s 850 hpa 0P

1 R850 hPa
9p0
T
g

r ugdp _
R, :
850 hpa 0 dP

®)

Dividing by the integrated moisture within the boundary layer helps control for the dependence of boundary-layer moisture

ux on boundary-layer moisture.
2.5 Circulation analysis

We calculate the velocity potential at 200 hPa to assess the Walker and Hadley circulation strength following the approach
by Tanaka et al. (2004) and Lu et al. (2007) (see Appendix B for derivation detajls)., the maximum of the zonal-mean
velocity potential at 200 hPa within the 3Gtitude band is used as a proxy for the Hadley circulation strength. @& only

be determined with a constant offset due to the inverse Laplacian, we choose this constant so that the global meanoof

for consistency between the individual experiments. The Walker circulation is the zonally anomalous part of the circulation.
Here, we employ .. , the maximum deviation of the annual meaim the 10 latitude band from its zonal mean, as a Walker

circulation metric.
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3 Results
3.1 Consistent large-scale precipitation biases across horizontal resolutions

To investigate the in uence of horizontal resolution on the double-ITCZ bias and associated large-scale climate biases, we
focus on CTL experiments with horizontal grid resolutions of 5 to 160 km employing all parameterizations. The two-year
mean precipitation shows qualitatively similar biases compared to IMERG in all four resolutions of ICON (Fig. 2). Quantita-
tively, there is a consistent improvement with increased resolution in the global root mean square error (RMSE) with respect
to IMERG from 1.55 mmday* (160 km) to 1.27 mmday* (5km). The large-scale patterns of precipitation bias persist with
increasing resolution, but decrease in amplitude. Especially apparent in the tropics is the double-ITCZ feature over the Paci c
and Atlantic, as well as the dry bias over the Maritime Continent. Areas of consistent improvement include coastal regions, for
example, in the ITCZ on either side of South America or surrounding the Maritime Continent.

The tropical dry bias over the Warm Pool is tied to a lack of near-surface speci ¢ humidity throughout the entire tropics (av-
erage global values in inlays of Fig. 2; spatial distribution in Appendix Fig. C1). The lack of near-surface speci ¢ humidity
affects the build-up of larger deep convective systems in the inner tropics and with it the vertical moisture distribution (Fig.
3). Consistent for all resolutions, the regions between2@nd 20 N are too dry below 1 km in altitude, although a clear
improvement with increasing horizontal resolution is apparent. The lack of near-surface moisture helps to explain the lack of
precipitation in convective areas close to the equator. In contrast to the inner tropics, the areas betweetO1ktitude

exhibit a moist bias above 1km in height, peaking at around\2@nd 20 S at a height of 2km. The vertical structure of
humidity biases indicates too strong vertical moisture ux out of the boundary layer. The drying of the boundary layer reduces
the amount of moisture transported into the inner tropics by the trade winds (Figure 1b). We will demonstrate this mechanism
in more detail in Section 3.2.

The consequences of the biases in the speci ¢ humidity distribution are also apparent in the zonal-mean temperature biase:
(Fig. 4, cf. Fig. 3 and Appendix Fig. C1). Across the resolutions, a near-surface warm bias and a cold bias in the tropical free

troposphere persist. The near-surface warm bias could result from the dry bias in the near-surface layer. If the energy input
into the lower atmosphere is similar in the CTL and PTB simulations, the same amount of energy would produce a warmer

atmosphere under drier conditions. The colder free troposphere is consistent with Fig. 2 and Fig. 3: The lack of boundary layer
moisture reduces deep convection over the Warm Pool. The missing latent heating in the free troposphere leads to a coole
atmosphere. As temperatures in the tropics are quite homogeneous, as explained by the Weak Temperature Gradient theol
(Charney, 1963; Held and Hoskins, 1985; Bretherton and Smolarkiewicz, 1989), this bias propagates through the tropical

region. The warm air band at 20-40! coincides with the region in uenced by the local topography of the Himalayas, where

the too warm surface air is advected upwards (Pan et al., 2016).

10



Figure 2. (a) Climatological IMERG precipitation distribution from 2004 to 2010 and (b)-(e) two-year mean precipitation bias with respect to
IMERG for 160 km (b), 80 km (c), 40 km (d) and 5 km (e) setups. Statistically insigni cant differences between IMERG and the experiments
based on a two sided z-test at0.1 are grayed out in (b)-(e). The corresponding global RMSE in precipitation is stated beneath the panel
for each resolution experiment. The global RMSE and mean error in near-surface speci ¢ humidity, calculated with respect to values derived

from ERAGS reanalysis, is depicted in the inlays.
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Figure 3. (a)-(d) Two-year atmospheric speci ¢ humidity bias with respect to ERA5 (2004-2010) for 160 km (a), 80 km (b), 40 km (c) and
5 km setups (d). Statistically signi cant differences between ERA5 and the model data are shown, and insigni cant regions are dashed out.

Summarizing, we found that increased resolution alone does not resolve the double-ITCZ bias up to a resolution of 5km.
Although improvements can be found in the precipitation pattern, similar large-scale biases persist. From the biases, we gain &
rst understanding of the underlying problem: It appears that the negative bias in near-surface speci ¢ humidity is one of the
260 causes of the precipitation bias. A negative bias in near-surface moisture inhibits deep convection in the Warm Pool, weakening
the Walker circulation and allowing convection to develop the East Paci c ITCZ region. A too-weak Walker circulation reduces
moisture transport from the East Paci ¢ to the West Paci ¢ and further weakens the Walker circulation. Furthermore, too-weak
deep convection leads to a cold bias in the free troposphere, which reduces the temperature inversion also in distant regions
potentially leading to an additional positive feedback on the circulation by reducing the cloud cover in the subsidence regions.
265 These resolution-independent ICON CTL simulation biases are conceptually summarized in Figure 1b.
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Figure 4. (a)-(d) Two-year atmospheric temperature bias with respect to ERA5 (2004 to 2010) for 160 km (a), 80 km (b), 40 km (c) and 5 km
(d) setups. Statistically signi cant differences between ERAS and the model data are shown, insigni cant regions are dashed out.

3.2 Sensitivity of large-scale precipitation biases to the surface wind threshold in the turbulence scheme

In this section, we investigate the ef cacy of a parameter adjustment in addressing the double-ITCZ bias across resolutions in
ICON. We test théJ,i, parameter adjustment (Sec. 2.1.2, cf. Sec. 3.2.1) to enhance evaporation and resolve the near-surface
dry bias over the Warm Pool region, with the goal of interrupting the circle of biases outlined in the previous paragraph (cf.
Figure 1). In this way, we use the impactidf, changes on the global climate system as a lens into the underlying mechanisms

of the double-ITCZ bias. Speci cally, we will analyze the impact on the global circulation in Section 3.2.2, explaining why
the tropical circulation shows an strengthening despite increased surface drag coef cient. Section 3.2.3 explbkgs how

leads to an unintended shift in the origin of inner tropical moisture. In Section 3.2.4, we will demonstrate that ICON exhibits
an exaggerated moisture transport out of the boundary layer, which can explain the de cit in near-surface moisture in the
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inner tropics. We discuss why this exaggerated vertical moisture transport necessitates high-biased evaporation (i.e. througt
increasedJnin ) to maintain a realistic global circulation. In Section 3.2.5, we discuss the global impactslgfithehanges

and also how they change with retuning. Section 3.2.6 summarizes the impékts othanges on the global dynamics and
underlying mechanisms.

3.2.1 The choice of surface wind threshold

We use the 40 km resolution con guration to test the effects of varyindJthe threshold in the turbulence scheme. Starting
from the default 1 ms! setting in the CTL simulation, we chang&,, to the values of {0.5, 1.5, 2, 4, 5, 6}m$. The
resulting two-year mean precipitation biases against IMERG are shown in the rst two rows of Fig. 5. Indeed, RMSEs in both
precipitation and near-surface speci ¢ humidity decrease with an incred$g,inup to 5ms* (PTB-5). Going beyond this

value increases the RMSE in precipitation again and a positive precipitation bias develops over the Warm Pool in PTB-6.

Despite the decrease in the large-scale precipitation bias, precipitation biases over land remain or even worsen. Most apparer
is the persistent dry bias over the islands in the Warm Pool region, but also an increase of the bias over South America and
Africa, with increasingUmin (Fig. 5a-d). Observational data show an average wind speed of below 25an the surface

over land, whereas the lower surface roughness over the ocean allows higher wind speeds with values of Fmg).

High values ofUn,;, would therefore cut off more of the velocity distribution over land, leading to exaggerated evaporation
over land and potentially drying of the soil. In the next experiments, we therefore distinguish between ocean and land when
settingUmin , going back to the CTL setting of 1 m&for land in PTB-5_1 and PTB-6_1. This change reverses the increasing

dry bias over South America and improves the RMSE precipitation score even further (Fig. 5 e, f).
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Figure 5. Two-year mean large-scale precipitation bias with respect to IMERG averaged over 2004-2010 for different settings of the surface
wind at 40 km resolution: PTB-0.5 (a), PTB-4 (b), PTB-5 (c), PTB-5_1 (e), PTB-5_1t (g), PTB-6 (d), PTB-6_1 (f) and PTB-6_1t (h). The
corresponding global precipitation RMSE is stated beneath the panel for each sensitivity experiment. Statistically insigni cant differences
between IMERG and the experiments based on a two-sided z-test@tl are grayed out. The global RMSE and mean error in near-surface

speci ¢ humidity, calculated with respect to values derived from ERA5 reanalysis, is depicted in the inlays.
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3.2.2 The impact of the surface wind threshold: Hadley and Walker circulation

In a next step, we address concerns that increbkgd might adversely affect the velocity distribution by increasing the
surface drag coef cient on the near-surface velocities and correspondingly slowing down the circulation. A comparison of the
probability density function of monthly mean surface wind speeds in CTL, PTB-5 and PTB-5_1 with ERA5 in Fig. 6 summa-
rizes how the changes b, feed back on the wind distribution in the tropics. Compared to ERA5, CTL exhibits a skew to
smaller surface wind speeds, both over ocean and land. Against expectations based on increased surface drag coef cient, th
skew to smaller near-surface wind speeds over ocean is reduced instead of exacerbated via adjudtmenvef the ocean

in PTB-5 and PTB-5_1 (Fig. 6b). For the values over land (Fig. 6¢), which are mainly in the velocity bins from'Qm's

2.5ms !, the main velocity peak remains essentially unchanged in location across all ICON simulations, although the proba-
bility of strong winds is reduced in PTB-5 relative to CTL.

Figure 6. Normalized probability density functions of the monthly mean near-surface wind speed distributions betw&eto 1@ N in
the experiments CTL, PTB-5 and PTB-5_1. A comparison with ERA5 data is given for (a) the entire region, (b) over ocean only, and (c) over
land only.

An inspection of the spatially resolved near-surface wind elds and velocity potential of CTL, PTB-5 and PTB-5_1 compared
to ERAS5 in Fig. 7 gives more nuanced insights into the impadtgf, changes on the atmospheric circulation. The choice

of globally highUnin in PTB-5 (Fig. 6, Fig. 7e) leads to the expected overall reduction in wind speeds on land. Over land,
this reduction in overall wind speed compared to CTL is reverted when sepéfgtevalues are chosen for land and ocean

in PTB-5_1 (Fig. 7g). Over ocean, a general slowdown of the Trades in the Southern Hemisphere, e.g., off the West Coast of
South America, can be noted in all PTB experiments (Fig. 7e,g). This not only impacts moisture transport within the Trades
ranging from 30 to the inner tropics, but may also interfere with the wind-evaporation-SST feedback and related teleconnec-
tions. The inner tropics are an exception to the general slow-down of the circulation, which would be expected considering the
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increase in surface drag coef cient.

Indeed, changes in the velocity potential at 200 hPa con rm changes in the Walker circulation (Fig. 7 b, d, f, h and Tab. 2). In
the ERAS reanalysis (Fig. 7 b), the velocity potential eld shows a peak in divergence over the Warm Pool and convergence
near the coast of South America. For the CTL con guration, the Walker circulation strength has only 80 % of its strength in
ERAS5 (Fig. 7 ¢, Table 2). This is in line with the reduced divergence both over the Warm Pool and South America, the locations
of rising branches of the Walker circulation. As already suspected from the near-surface wind pldig, tithanges improve

the Walker circulation strength, such that it exhibits a similar strength as in ERAS. This is also apparent when comparing Fig. 7
d and f,h, which show that thé.,;, adjustment reduces the positive bias over the maritime continent. The reduced divergence
over the Warm Pool area in CTL is almost entirely counterbalanced at the cost of an increased bias over South America, which
shows a decreased divergence. In PTB5_1, the increased convergence over South America decreases again compared to PTE

further reducing the velocity potential bias (Fig. 7f, h).

The Hadley circulation is generally too weak in all experiments (Table 2). In CTL, the Hadley circulation strength has 70% of
its strength in ERAS5. In PTB5 and PTB5_1 it drops to 60%. The differing response of the circulation in the innermost tropics
and subtropical latitudes can be explained by the increased role of moisture in the inner tropics. More available near-surface
moisture leads to increased deep convection, strengthening the Walker circulation and outweighing the increased drag on the
near-surface winds. In the higher latitudes this effect is less important, leading to the slow-down of the Trades and the Hadley

circulation.
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