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Learning by Doing: Seasonal and Diurnal Features of Tropical
Precipitation in a Global-Coupled Storm-Resolving Model
, C. Wengel!, and B. Stevens!

H. Segura! (2, C. Hohenegger!

'Max Planck Institute for Meteorology, Hamburg, Germany

Abstract Using the global and coupled ICOsahedral Nonhydrostatic model with the Sapphire configuration
(ICON-S) and a grid spacing of 5 km, we describe seasonal and diurnal features of the tropical rainbelt and
assess the limits of ICON-S in representing tropical precipitation. ICON-S shows that, by resolving meso-beta
scale process, the rainbelt structure and its seasonality (zonal and meridional migration and enlargement) is
reproduced, with better performance over land than over ocean and with a very high degree of agreement to
observations. ICON-S especially struggles in capturing the seasonal features of the tropical rainbelt over the
oceans of the Eastern Hemisphere, an issue associated with a cold sea surface temperature (SST) bias at the
equator. ICON-S also shows that a perfect representation of the diurnal cycle of precipitation over land is not a
requirement to capture the seasonal features of the rainbelt over land, while over the ocean, 5 km is sufficient to
adequately represent the diurnal cycle of precipitation.

Plain Language Summary Over the tropics, precipitation falls in distinct bands, that span the
circumference of the Earth. These bands migrate from the Northern to the Southern Hemisphere and vice
versa following the seasonal migration of the sun. Their center of mass also varies east-west, as well as their
area. Where rain ends up falling is of key importance but conventional climate models relying on statistical
approaches to simulate convection cannot represent these characteristics. Here we report on the results of
simulations on a global domain and, to our knowledge, for the first time integrated with an atmosphere-ocean
coupled over a full seasonal cycle and with a grid spacing fine enough to explicitly represent convection and
Mesoscale Ocean eddies. We show that such simulations can reproduce many aspects of the seasonal migration
of the rainbelt over land. For instance, the north-south and east-west migration of the rainbelt as well as its
expansion during the summer season are well captured. This is also the case for the rainbelt in the eastern
Pacific and the Atlantic, but not in the Eastern Hemisphere, where the poor representation of the sea surface
temperature pattern distorts the representation of the rainbelt and its seasonal characteristics.

1. Introduction

Storm-resolving models (SRMs) differ from traditional climate models through their explicit representation of
fluid dynamical processes on the scale of a few, to a few tens, of kilometers. Motions on these scales, referred
to as the meso-beta scale, shape the dynamics of convective precipitation—one of the climate system's most
important processes. Decades of experience with regional models designed to simulate meso-beta scale processes
(Baldauf et al., 2011; Done et al., 2004; Grell et al., 2000; Hohenegger et al., 2008; Prein et al., 2013), suggest
that the emerging capability to also explicitly represent such processes on global domains (Dirmeyer et al., 2012;
Miura, Satoh, Nasuno, et al., 2007; Miura, Satoh, Tomita, et al., 2007; Satoh et al., 2017; Stevens et al., 2020) will
lead to more physical and more useful simulations of the Earth-system as a whole (Slingo et al., 2022).

The advantages of explicitly representing, rather than parameterizing convection are amply documented
(Marsham et al., 2013; Satoh et al., 2019; Schér et al., 2020), justifying the excitement of using global SRMs
(GSRMs) to represent the climate system. However, maximizing the potential of GSRMs will require effort.
There is little literature on the use of SRMs coupled to fully interactive ocean over regional domains, questioning
if the representation of meso-beta scale processes is enough to get the correct sea surface temperature (SST)
structure, and in the end, the correct precipitation pattern. Over land, the good performance of SRMs with inter-
active land surface on regional domains, as seen in past studies, raises the question whether this performance is
a result of resolving processes or an imprint of the boundary conditions. To gain insight into those enigmas it is
tempting to compromise resolution for throughput, with consequences for simulation fidelity. While the impact
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of such trade-offs has been demonstrated for case studies of isolated systems (Marsham et al., 2013; Pearson
et al., 2014; Prein et al., 2013), their effects globally are far from clear.

These issues motivate the present study, which analyzes the behavior of the coupled system when allowing for an
explicit, albeit coarse, representation of meso-beta scale processes for an entire annual cycle. The simulations are
performed using the ICOsahedral Nonhydrostatic ICON) model with a horizontal grid spacing of 5 km across
all components (Hohenegger et al., 2022). These are, to our knowledge, the first simulations of their kind, also
meaning that the model system is still in an early stage of its development, leading to a greater potential for errors
and imbalances. Our intention is, in trying to develop a more physical model, to learn more about how the system
works, a form of learning by doing. Identifying what the simulations represent poorly helps target efforts to find
implementation errors and to understand to what extent errors generalize. Together with an identification of what
the simulations get right, even at their more marginal resolution, this allows a better assessment of the trade offs
between resolution and throughput.

Specifically we investigate which aspects of the diurnal and, for the first time, the seasonal cycle of tropical
precipitation are (or are not) reproduced by a 5 km mesh coupled GSRM. This focus was chosen because such
cycles represent the most important responses of the climate to the solar forcing. By comparing our results to
published works on the representation of precipitation over land using SRMs over regional domains and over
ocean with fixed SST, we can further draw inferences as to the importance of explicitly resolving convective
processes versus the specification of the underlying surface versus constraints on the large-scale flow. Our anal-
ysis of the seasonal cycle goes beyond a simple bias analysis, to additionally describe the seasonal evolution of
the tropical rainbelt using an object based analysis. This allows to explore the sensitivity of the annual cycle of
tropical precipitation to developing SST biases (irrespective of their source) as these are expected to couple to
planetary scale energy transports (Adam et al., 2016; Schneider et al., 2014) to which the convection may be
sensitive. Our analysis of the diurnal cycle of precipitation serves as a reference point for the representation of
small-scale processes, and allows to address the impact of the representation of this variability on the seasonal
features of tropical rainbelts.

2. Methods
2.1. ICON-Sapphire

We analyze simulations from a new ICON configuration, called Sapphire (Hohenegger et al., 2022), or ICON-
S. ICON-S targets the representation of kilometer-scale processes across all components of the Earth system.
We analyze the G_AO_5 km simulation described by Hohenegger et al. (2022), which employs a grid spacing
of 5 km and 90 vertical levels in the atmosphere, 128 levels in the ocean and five soil layers. The simulation is
started using the Integrated Forecasting System analysis from 20 January 2020, and is run until 28 February 2021.

Precipitation in ICON-S is interpolated to a regular grid of 0.1° X 0.1°. To allow a spin-up of the smaller scales
of motion, the first 11 days of the simulation are discarded. To analyze the seasonal cycle, monthly means are
calculated from February 2020 to January 2021. For the diurnal cycle analysis, hourly precipitation for February
2020 is used because we do not expect the mean diurnal cycle over land and over ocean to show much seasonality
(see Yang & Slingo, 2001).

2.2. GPM Data

We use the IMERG V06 data set (Huffman et al., 2019) for comparison to the ICON-S simulations. While initial-
ized with conditions in 2020, ICON-S diverges to a different state because of the chaotic nature of the climate
system. Thus, the use of the climatology of IMERG, rather than a particular year, to compare the annual mean
and the seasonal cycle of precipitation in ICON-S is a reasonable option. As a further check, we will investigate
whether uncovered biases can be explained by internal variability. The climatology of IMERG is computed from
monthly mean data for the period between January 2001 and January 2021. The diurnal precipitation cycle from
IMERG is analyzed for the same period as for ICON-S, using hourly data.
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2.3. SAL Method

To quantify and compare the seasonal evolution of the simulated tropical rainbelt with that inferred from obser-
vations, we make use of the Structure-Amplitude-Location (SAL) method (Wernli et al., 2008). The SAL method
segments continuous grid cells where the value of precipitation is greater than a threshold that is chosen during
the analysis. The resulting objects are then quantified in terms of their structure, amplitude, and location. Precip-
itation objects are calculated for different regions within the tropics (30°S—30°N) using monthly mean precipita-
tion and making a distinction between ocean and land. The tropical rainbelt is defined as the precipitation object
holding the largest area in each region (see Figure S1 in Supporting Information S1 as example). We are aware
that by using this methodology, we can not properly characterize the finest structure of the tropical rainbelt, but
as our objective is to analyze the seasonal changes and not the intraseasonal or day-to-day variations, we consider
this approach valid. Moreover, the SAL method has proven useful in several studies analyzing the Intertropical
Convergence Zone (ITCZ) and monsoon regions (Hohenegger & Stevens, 2013; Siongco et al., 2015, 2017).

3. Tropical Precipitation
3.1. The Annual Mean Structure

Figure 1a shows that ICON-S can represent the annual mean structure of tropical precipitation (see Figure S2 in
Supporting Information S1), in particular the location of convective regions, enclosed by the quantile 80 (q80). A
highly similar structure between ICON-S and the climatology of IMERG is notably observed in regions between
the central Pacific and western Africa. Discrepancies are largest in the vicinity of the maritime continent. This
is evident when calculating the percentage of grid cells in ICON-S inside the g80 contour that matches IMERG,
being higher in the Western Hemisphere (180°W-0°E), with values around 73%, than in the Eastern hemisphere
47%).

There are three biases that stand out, the double precipitation band in the Indo-Pacific region, the more zonally
elongated Southern Pacific Convergence Zone, and the signature of a double ITCZ in the eastern Pacific. A
calculation of the index used by Samanta et al. (2019) to quantify the double ITCZ in the central Pacific gives
a value of six (6), three times more than in observational data sets (Fiedler et al., 2020). Because individual
years in IMERG do not sample the extreme values found in this analysis or the double precipitation band in the
Indo-Pacific, we interpret these features as biases in ICON-S. In those regions, the annual structure of SST is not
correctly represented, with a strong cold bias at the equator. Although the cold temperature cannot be explained
by internal variability, the resulting SST zonal gradient in the Pacific looks similar to an El Nifio year. Neverthe-
less, this similarity is not observed in the precipitation distribution (see Figure S3 in Supporting Information S1),
confirming that it is a true model bias.

The mean tropical precipitation in ICON-S is 3.7 mm d~', 0.1 mm d~' larger than the wettest year of IMERG
(Figure S4 in Supporting Information S1). Part of this overestimation might be due to satellite observations
underestimating precipitation (Bulovic et al., 2020; Lu & Yong, 2018; Pfeifroth et al., 2013), but the ICON
dynamics also leaks energy (Gassmann, 2013), causing the atmosphere to cool more than would be expected
based on its radiative cooling, which would otherwise constrain the rate of precipitation. The bias is higher over
land (0.5 mm d~') than over ocean (0.2 mm d~!). ICON-S reproduces the partitioning of precipitation between
land and ocean, which is close to one in observation as documented by Hohenegger and Stevens (2022), a feature
that models using parameterized convection cannot capture (Hohenegger & Stevens, 2022).

3.2. Summer-Winter Amplitude and Diurnal Cycle

ICON-S also reproduces the pattern of the seasonal difference in precipitation between the austral and boreal
summer observed in the climatology of IMERG (Figure 1b, Figure S5 in Supporting Information S1). Among the
characteristics that ICON-S reproduces are the seasonal location of convective regions (marked by the value of
+3 mm d~!), the poleward extension of the convective regions over land and over the Indo-Pacific warm pool in
their respective summer season, and a wider convective region in the Northern than in the Southern Hemisphere
over the eastern Pacific and the Atlantic. However, ICON-S simulates a too large amplitude of the seasonal cycle
over the equatorial Indian Ocean. The differences with IMERG persist when comparing to individual years,
suggesting a systematic bias in ICON-S (see Figure S6 in Supporting Information S1). Moreover, the internal
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Figure 1. (a) Annual mean precipitation in ICOsahedral Nonhydrostatic model with the Sapphire configuration

(ICON-S; January 2020—February 2021; shaded). The quantile 80 of the annual mean of both ICON-S (black contour) and
the climatology of IMERG (2001-2020; gray contour) are shown. (b) January—February 2021 minus August—September 2020
precipitation in ICON-S (shaded). In IMERG, the climatology of both seasons is used and only the contour lines of 3 mm d~!
(magenta) and —3 mm d~! (blue) are plotted. In (a, b), the values of the contours are indicated in the colorbar. (¢, d) Clock
diagram of the diurnal cycle of precipitation over the tropical ocean and the tropical land, respectively, for February 2020.
The angles represent the local hour and the radius the intensity. IMERG, ICON-S, and ICON-S_WarmEq are represented by a
black, blue, and green line, respectively.

variability of the summer-winter amplitude in IMERG displays a robust spatial structure across the years over
land, the eastern Pacific, and the Atlantic, but not in the Eastern Hemisphere. This indicates that regions where
the signal of the seasonal cycle is much larger than that of interannual variability are regions, whose precipitation
seasonality should be correctly simulated by climate models, as ICON-S does.

Tropical precipitation is also characterized by its specific diurnal cycle. Figures 1c and 1d shows the mean diurnal
cycle of precipitation in each grid cell averaged over the ocean and land, respectively. As in IMERG, ICON-S
displays a peak in the early morning over the ocean. Over the land, ICON-S and IMERG show the expected
afternoon strong diurnal peak, but differences exist. ICON-S shows a diurnal cycle with a precipitation peak
of ~0.37 mm hr~! occurring between 13 and 15 LT, twice more intense and two hours earlier than in IMERG.
Some studies noted a similarly too pronounced diurnal cycle based on simulations using 2—4 km grid spacing
(Argiieso et al., 2020; Arnold et al., 2020; Marsham et al., 2013), similar to what we find here. There is evidence
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Figure 2. Monthly mean location of the centroid of the rainbelt over the tropical ocean calculated by using the SAL method from ICOsahedral Nonhydrostatic

model with the Sapphire configuration (ICON-S) (circles and solid lines) and IMERG (squares and dashed lines). Marker colors indicate the month and for a better
visualization, colors are grouped by 2 months. Marker size represents the ratio between the area of the rainbelt in each month compared to the annual mean. (a) the
eastern Pacific (0°N-20°N; 150°W-80°W), the central Pacific (0°N-20°N; 160°E-150°W), the Southern Pacific (20°S—0°N; 160°E-150°W), (b) the Atlantic Ocean
(60°W-10°E; 10°S-20°N), (c) the Indian Ocean (50°E~105°E; 30°S-30°N). The correlation values between ICON-S and IMERG for the longitude and latitude of the
centroid and its area are shown in the upper part of each subplot.

of a reduction of these biases with finer resolution, perhaps through an ability to partially resolve subcloud layer
circulations (see Petch et al., 2002). For instance, the simulations described by Stevens et al. (2020), which
employed grid spacings of 1 km and finer, reproduced correctly the amplitude of the diurnal cycle over Germany.

4. The Ocean Rainbelt

Using monthly mean precipitation from ICON-S and the monthly mean climatology of IMERG, we define a rain-
belt by computing for each month the 80% quantile of precipitation over the entire tropical ocean. After masking
grid cells that fall below this value, we divide the tropical ocean in five regions, the tropical Atlantic, the eastern,
central and southern Pacific and the Indian Ocean. In each region, we segment the remaining data and apply the
SAL method to isolate the precipitation object with the maximum area. Only objects spanning a minimum area of
250,000 km? (roughly 5° X 5°) are retained and these are identified as the rainbelt of the respective ocean region.
These form the basis for our further analysis of their structure (area) and location (centroid).

Figure 2 shows the seasonal movement and the change in the area of the rainbelt over the analyzed ocean regions.
The agreement in the seasonal change of the location and the area of the rainbelt between ICON-S and IMERG is
quantified by the correlation of the latitude (meridional migration), longitude (zonal migration), and area. In the
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five regions, the rainbelt possesses both a meridional and zonal migration, which ICON-S can reproduce, but with
less agreement in the zonal movement. The correlation between ICON-S and IMERG are larger than 0.65 in all
regions regarding the meridional migration, while only the eastern Pacific and the Atlantic show correlation coef-
ficients higher than 0.5 in the zonal migration. Over the central Pacific ICON-S reproduces an opposite seasonal
change in the zonal migration and a more poleward migration. Over the southern Pacific, the most westward
location of the rainbelt occurs in March in ICON-S, 7 months earlier than in IMERG. And there is an anomalous
eastward migration of the rainbelt over the Indian Ocean.

IMERG also indicates changes in the rainbelt area in different ways across the different regions (Table S1 in
Supporting Information S1). The maximum area of the rainbelts in the Pacific coincides with their most pole-
ward location, occurring in their respective summer seasons. The Atlantic has a different dynamic, with the
maximum area occurring in April-May. All the above characteristics are reproduced by ICON-S with correlation
coefficients higher than 0.71, with the Atlantic holding the highest correlation (r = 0.84). In contrast, the low
correlation value in the Indian Ocean is explained by the strongly seasonal areal change in the rainbelt simulated
by ICON-S and not observed in IMERG. This is related to the splitting of the rainbelt displayed in Figure 1a.

Our results indirectly and mostly confirm the conclusion from past studies (Siongco et al., 2015; Wu et al., 2003)
that convective parameterizations hamper the representation of many aspects of the rainbelt seasonality in the
Eastern Pacific and the Atlantic. Nevertheless, ICON-S also has substantial precipitation biases in the Eastern
Hemisphere, a region where the SST structure is not adequately represented (Figure S3 in Supporting Informa-
tion S1). To what extent this SST bias pattern impacts the representation of tropical precipitation is discussed
further in Sectoin 6.

5. The Rainbelt Over Land

To analyze the rainbelt over tropical land, we use the same methodology as for the tropical ocean. We apply this
analysis in four regions, South America, Africa, India, and Southeast Asia. Figure 3 shows the seasonal migration
and structural changes of the tropical rainbelt over land. In South America, the rainbelt reaches its southernmost
position and shows its maximum extension during the austral summer (see Table S2 in Supporting Informa-
tion S1), the core of the monsoon season. As compared to over the ocean, ICON-S reproduces the seasonal
behavior of the rainbelt in South America surprisingly well, with high correlation values in the latitude (0.98),
longitude (0.93), and area (0.96).

The rainbelt in Africa shows similar characteristics as in South America in its North-South migration, which is
restricted to a latitude band between 15°S and 15°N. In Africa, the largest area of the rainbelt occurs toward the
end of boreal summer. ICON-S captures the meridional migration of the African rainbelt (» = 0.99) but struggles
in reproducing its seasonal areal changes. In particular, ICON-S does not reproduce the shrinking of the rainbelt
in the May—July season, which explains the low correlation value (r = 0.55) and the positive bias of precipitation
over central Africa observed in Figure 1a. IMERG also identifies a pronounced east-west migration of more than
20°. ICON-S generally reproduces this feature, modulo one outlier point, which explains the slightly low corre-
lation value of 0.74.

Over the South Asia subcontinent a large-scale (>250,000 km?) precipitation object is only observed from April
to October for Southeast Asia and from June to October for India. Besides, both regions show a southward
migration from the subtropics to 15°N. During its southward migration, the rainbelt over Southeast Asia expands,
and its center of activity migrates from China to Myanmar, Thailand, and Laos. ICON-S reproduces the char-
acteristics of the rainbelt in Southeast Asia, with correlation values in the latitude, longitude, and area of 0.97,
0.99, and 0.92, respectively. Over India, the SAL method only capture the rainbelt in ICON-S for 3 months
(July—September), indicating a dry onset and demise of the rainbelt compared to IMERG. Thus, from a tropical
perspective, ICON-S with a grid spacing of 5 km reproduces the different characteristics of the rainbelt over land
despite distortions of the diurnal cycle of precipitation.
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Figure 3. Similar to Figure 2, but only over the tropical land. (a) South America (82°W-30°W; 30°S—13°N), (b) Africa (20°W-45°E; 30°S-25°N), and (c) India
(70°E-90°E; 10°N-30°N), and Southeast Asia (90°E~120°E; 10°N-30°N).

6. Changing SST Pattern

ICON-S has more difficulty in representing the structure and evolution of the tropical rainbelts over ocean than
over land, questioning the role of SST bias in explaining these difficulties. During the model development cycle,
a similar simulation as ICON-S was performed in which the momentum transfer from the atmosphere to the ocean
was switched off to test the influence of the wind-driven circulations on the simulations. This leads to substantial
changes in the pattern of SST that allowed us to gain insights into the impact of the SST pattern on the tropical
precipitation structure. In this experiment, the equatorial region over ocean is characterized by a strong warming
compared to ICON-S, and for this reason, we named this experiment ICON-S_WarmEq. Because it was used to
test ocean coupling it also uses a different vertical coordinate system in the ocean (Z.) together with different
parameterizations (Table S3 in Supporting Information S1). It also covers a slightly different period, between 20
January 2020 and 20 September 2020.

Contrary to ICON-S, ICON-S_WarmEq produces an SST pattern with a less pronounced equatorial cold tongue
(Figure 4, Figure S7 in Supporting Information S1). The impact of this SST pattern is particularly evident in
the Indian Ocean, where a single band of precipitation is reproduced in ICON-S_WarmEq (not shown) and
where the rainbelt presents similar seasonal characteristic as seen in observation (r > 0.6 in Figure 4). Moreover,
the SST pattern in ICON-S_WarmkEq is associated with a wet onset and demise of the Indian monsoon (Figure
S8 in Supporting Information S1). In the other ocean regions, correlation values between ICON-S_WarmEq
versus IMERG and ICON-S versus IMERG are similar (Figures 2 and 4), but the latitudinal range of the seasonal

SEGURA ET AL.

7 of 10

85UBD|7 SUOWIWIOD dAIERID 3|qedlidde 8y} Aq peusenob afe sspe YO 88N JO'Sa|nJ 10} AriqI78UIUO AB|1/M UO (SUORIPUCD-PUR-SLLBIALIOD"A8 | IMAe1q [BU|UO//SARY) SUORIPUOD PUe WS L U3 88S [£202/50/.T] uo Ariqiiauluo AB|im ‘Auewses aueiyood Aq 96.T0T 19220¢/620T 0T/10p/wiod A imAreiqijuljuo'sgndnfe;/sdiny wo.y pepeojumoq ‘vz ‘220z ‘L008v6T



I Y ed N | .
A\ Geophysical Research Letters 10.1029/2022GL101796
AND SPACE SCIENCE
S. Pac: iz =0.95; rpn =0.28; rares =0.68  C. Pac: rja =0.89; ripp =-0.11; rares =0.49 E. Pac: rjz =0.96; riop =0.87; rares =0.93
a) . .
Central Pacific Eastern Pacific
10°N S
oz==f] | = S
e
o &
—
Southern Pacific
10°S
_—
G —©— ICON-S_WarmEq
= -f3- ICON-S
1]
180° 160°W 140°W 120°W
Jan-Feb Mar-Apr May-Jun Jul-Aug Sep-Oct Nov-Dec
Indian O. : rj3 =0.73; rjon =0.68; rares =0.61
Atlantic : rj;r =0.93; rop =0.84; raes =0.7 C)
b)
P 10°N
10°N
OO
0° 10°S
40°W 20°W 20°S

70°E 90°E

Figure 4. (a—c) Similar to Figure 2, but using ICOsahedral Nonhydrostatic model with the Sapphire configuration (ICON-S)_WarmEq (circles and solid lines) and
ICON-S (squares and dashed lines) and between 1 February and 22 September 2020. The sea surface temperature (SST) difference between ICON-S_WarmEq and
ICON-S is shown. Positive (negative) values are plotted in solid (dashed) contours and the contour line of 0 K is omitted. SST is interpolated to a resolution of 0.25°.
The correlation values in the upper part of each panel are calculated between IMERG and ICON-S_WarmEq.

migration changes. The no simulation of the cold bias at the equator (Figures S3 and S7 in Supporting Informa-
tion S1) constrains the poleward migration of the rainbelt in the central Pacific. This analysis points to SST biases
as the explanation for the misrepresentation of the tropical rainbelts by ICON-S in the Eastern Hemisphere. As
expected changes in SSTs do not impact the diurnal cycle of precipitation (Figures 1c and 1d).

7. Concluding Thoughts

ICON-S run in a global and coupled set-up produced many encouraging, and some intriguing, results. The precip-
itation seasonality over land is well reproduced despite some biases in the diurnal cycle, but at least the remaining
bias in peak time is strongly reduced compared to models using parameterized convection. Over the ocean, the
picture is more complicated, but informative of some of the challenges lying ahead, as illustrated by the following
line of reasoning.

Over land, the vast literature on regional SRMs linked improvements in the representation of precipitation
to the explicit representation of meso-beta processes, such as cold pools (e.g., Marsham et al., 2013; Maurer
etal., 2017), mesoscale convective systems (e.g., Becker & Hohenegger, 2021; Peters et al., 2019) as well as inter-
actions with land surface features circulations (e.g., Birch et al., 2015; Grell et al., 2000; Hohenegger et al., 2008).
Regional simulations are nevertheless constrained by the imposed flow at the boundary. The results of our global
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simulations indicate that, even when the large-scale is not constrained and even in the presence of clear SST
biases, explicitly resolving meso-beta scale processes seem sufficient to capture the main feature of precipitation
over land.

Over an interactive ocean the representation of convection appears more challenging. While ICON-S appears to
well represent the convective response to the SST pattern it simulates, the pattern of SSTs are out of sample in the
Eastern Hemisphere. Whether the SST biases come from unresolved sub-grid processes in the atmosphere (e.g.,
overestimation of non-precipitating clouds) or in the ocean (e.g., vertical structure of the ocean) or remaining
implementation errors is still unclear, but understanding those biases should guide future work.

The correct representation of the terrestrial rainbelt in ICON-S, even if the SST structure is not, and the small
internal variability in the summer-winter precipitation amplitude over land in IMERG signals the existence of a
mechanism over land, but not over ocean, that makes it easier to reproduce precipitation. One hypothesis is the
existence of a negative feedback between soil moisture and precipitation, which homogenizes the precipitation
distribution and dampens precipitation perturbations (see Hohenegger & Stevens, 2018). The misrepresentation
of this mechanism in models using convective parameterization (Hohenegger et al., 2009) could have masked its
role in regulating continental precipitation, a role that is now more apparent through the increased fidelity in the
representation of convective processes. This points to the fact that GSRMs are not only tools for better climate
projections, but efforts to identify the causes of their remaining biases provide new opportunities to understand
the Earth System—something we call learning by doing.

Data Availability Statement

The ICON-S simulation were done with the ICON branch nextgems_cyclel_dpp0066 as commit 62dbfc. And the
ICON-S_WarmEq were done with the ICON branch nextgems_cyclel_zstar as commit 32adb2, 83f3dc, c17dcc.
The source code is available here https://doi.org/10.17617/3.1XTSR6. The ICON model is available to individ-
uals under licenses (https://mpimet.mpg.de/en/science/modeling-with-icon/code-availability). The IMERG data
(Huffman et al., 2019) was obtained from the Integrated Climate Data Center website https://www.cen.uni-ham-
burg.de/en/icdc/data/atmosphere/imerg-precipitation-amount.html and the HadISST data (Rayner et al., 2003)
from the Integrated Climate Data Center website https://www.cen.uni-hamburg.de/en/icdc/data/ocean/hadisst1.
html. The scripts used to process the data and to plot the figures in the paper can be found as supplementary
material in the repository: https://hdl.handle.net/21.11116/0000-000B-4BAE-E.
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