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Abstract

The long-existing double-ITCZ problem in Global Climate Models (GCMs) hampers accurate climate simulation. Using a
regional climate model (RCM) over the tropical and sub-tropical Atlantic with a horizontal resolution of 12 km and explicit
convection, we develop a bias-correction downscaling methodology to remove GCM biases. The methodology is adapted from
the pseudo-global warming (PGW) approach, typically used to exert the climate-change signal to a reanalysis-driven RCM
simulation. We show that the double ITCZ problem persists with conventional dynamical downscaling, but with our bias-
corrected downscaling, the double ITCZ problem is removed. Detailed analysis attributes the main cause of the double ITCZ
problem of the selected GCM to the sea surface temperature (SST) bias. Compared to the GCM’s AMIP simulations, RCMs
with higher resolution allow explicit deep convection and enable a better simulation of tropical convection and clouds. The

developed methodology is promising for constraining climate sensitivity by removing double-ITCZ biases.
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Dynamical downscaling of climate projections in the
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Key Points:

e Downscaling of GCM results with RCMs in the tropics is problematic, as conven-
tional downscaling replicates the driving model’s ITCZ bias.

« A bias-corrected downscaling approach is proposed and tested. It enables a cred-
ible simulation of the ITCZ without the double-ITCZ bias.

« For the tested GCM, the double-ITCZ bias is mainly attributed to the SST bias.
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Abstract

The long-existing double-ITCZ problem in Global Climate Models (GCMs) hampers ac-
curate climate simulation. Using a regional climate model (RCM) over the tropical and
sub-tropical Atlantic with a horizontal resolution of 12 km and explicit convection, we
develop a bias-correction downscaling methodology to remove GCM biases. The method-
ology is adapted from the pseudo-global warming (PGW) approach, typically used to
exert the climate-change signal to a reanalysis-driven RCM simulation. We show that
the double ITCZ problem persists with conventional dynamical downscaling, but with
our bias-corrected downscaling, the double ITCZ problem is removed. Detailed analy-
sis attributes the main cause of the double ITCZ problem of the selected GCM to the
sea surface temperature (SST) bias. Compared to the GCM’s AMIP simulations, RCMs
with higher resolution allow explicit deep convection and enable a better simulation of
tropical convection and clouds. The developed methodology is promising for constrain-
ing climate sensitivity by removing double-ITCZ biases.

Plain Language Summary

The Global Climate Models (GCMs) have a problem in simulating the Intertrop-
ical Convergence Zone (ITCZ), which makes it hard to accurately simulate the climate.
To tackle this, we developed a method to first remove the large-scale biases in the GCM
and then conduct downscaling with a regional climate model (RCM). Our results show
that conventional downscaling carries the double-ITCZ bias from the GCM. But with
our bias-corrected method, the problem is solved. We found that the main cause of the
double-ITCZ problem is related to the bias in sea surface temperatures (SST). By us-
ing the RCM with higher resolution, we were able to get better simulations of tropical
convection and clouds compared to the GCM. This new method shows promise in im-
proving the accuracy of climate change projections by addressing the double-ITCZ bi-
ases in GCMs.

1 Introduction

Dynamical downscaling — i.e. the spatial refinement of low-resolution global climate
models (GCMs) using limited-area regional climate models (RCMs) — is mainstay in climate-
change impact assessment and in the planning of local adaptation measures (Senior et
al., 2021). It has successfully been used in the extratropics for many decades. For instance,
over Europe a large set of simulations is currently available at resolutions from 12 km
(Jacob et al., 2014; Sgrland et al., 2021) to 3 km (Ban et al., 2021; Pichelli et al., 2021).

Downscaling relies on the consistency between the synoptic-scale fields of the driv-
ing GCM and the driven RCM (Jones et al., 1995). Large differences in circulations are
undesirable since they inevitably lead to inconsistencies near the lateral boundaries. It
then follows that significant large-scale biases of the driving GCM are problematic, since
in general one would expect the same biases in the RCM. In the tropics, significant bi-
ases are common, indeed the representation of the Intertropical Convergence Zone (ITCZ)
is fraught with difficulties. These large-scale biases lead to challenges with downscaling
methodologies (Nobre et al., 2001; Sun et al., 2005; Tang et al., 2019; de Medeiros et al.,
2020).

The Intertropical Convergence Zone (ITCZ), which exists due to the convergence
of the trade winds, plays an important role in the tropical climate (Waliser & Jiang, 2015).
The ITCZ locates mainly in the Northern hemisphere throughout the year except for bo-
real spring. During this period, the ITCZ reaches its southernmost location due to so-
lar heating, when the observations show a strong precipitation band north of the equa-
tor and a secondary precipitation band south of the equator in the Western Pacific, and
a single band straddling the equator over the tropical Atlantic. However, global climate
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models (GCMs) have difficulty simulating asymmetric precipitation distribution. In bo-
real spring, they produce too strong precipitation within the secondary band over the

Pacific and a miss-placed band over Tropical Atlantic, which is too far in the south (G. J. Zhang

et al., 2019). The annual mean precipitation projected by GCMs thus shows two distinc-
tive bands on both sides of the equator instead of producing a single northern band in-
dicated by the observation, which is called the double ITCZ problem.

The erroneous I'TCZ representation in GCMs is not only related to the inaccurate
simulation of the current climate (Richter & Xie, 2008; Bellucci et al., 2010; Richter et
al., 2014; Li & Xie, 2014; Shonk et al., 2019), but also affects the climate sensitivity pre-
dicted by GCMs, in the sense that GCMs with larger double-ITCZ problem tend to pro-
duce lower values of climate sensitivity (Tian, 2015; Webb & Lock, 2020). Despite the
efforts devoted to reducing the double ITCZ bias, the problem persists from the Cou-
pled Model Intercomparison Project Phase 3 to Phase 6 (Lin, 2007; de Szoeke & Xie,
2008; Bellucci et al., 2010; X. Zhang et al., 2015; Adam et al., 2018; Woelfle et al., 2019;
Tian & Dong, 2020; Boucher et al., 2020).

The double ITCZ bias is more distinctive among coupled ocean-atmosphere mod-
els compared with those models forced with observed sea surface temperature (SST) (F. Song
& Zhang, 2016, 2017). The coupled models typically produce warmer SST in the east
of the tropical Pacific and Atlantic near the coast and colder SST in the west of the trop-
ical Atlantic and middle of the Pacific. On the one hand, SST is closely related to the
convective activity over tropical oceans by affecting the surface flux of heat and mois-
ture (Hirota et al., 2011). On the other hand, the SST gradients also impacts lower-level
wind convergence (Back & Bretherton, 2009), thereby affecting the simulation of the ITCZ.

While the double-ITCZ problem is less severe among GCMs with prescribed sea
surface temperature, it still exists (Richter & Xie, 2008; Xiang et al., 2017; Zhou et al.,
2022). Convection and boundary layer parameterization of the GCMs is believed to play
one of the most important roles in the misrepresentation of the ITCZ (Bellucci et al.,
2010; Hirota et al., 2011; Landu et al., 2014). Many studies have been working on im-
proving the convection schemes to alleviate the double ITCZ problem (X. Song & Zhang,
2009; Mobis & Stevens, 2012; X. Song & Zhang, 2018). Nolan et al. (2016) found that
aquaplanet simulations with explicit instead of parameterized convection would smooth
out the double ITCZ structures due to a better representation of squall lines. Therefore,
using km-scale models with explicit convection can reduce the double ITCZ bias and en-
able a better representation of the tropical climate and quantification of climate sensi-
tivity (Tian, 2015).

As mentioned above, the double-ITCZ bias represents a major challenge to dynam-
ical downscaling. In this context, Heim et al. (2023) explored the pseudo-global warm-
ing (PGW, see Brogli et al. (2023)) approach to this challenge. They showed that the
approach is highly successful and enables a credible representation of the tropical climate
change without double-ITCZ bias (Heim & Schér, 2023).

The PGW approach uses a reanalysis-driven control simulation and therefor is un-
affected by GCM control biases. A potential disadvantage of the PGW approach is the
neglect of changes in short-term synoptic climatology. Another approach is to adjust the
bias of the driving fields before conducting the dynamical downscaling (Misra & Kana-
mitsu, 2004). Previous studies mainly focus on extratropics (Colette et al., 2012; Prein
et al., 2017; C. Liu et al., 2017; Musselman et al., 2018; Herndndez-Diaz et al., 2019).
Here we thus try to assess the potential of conventional downscaling approaches over the
tropics.

In this study, we use the Consortium for Small-Scale Modeling (COSMO) in cli-
mate mode with explicit deep convection combined with a bias-correction method to down-
scale the GCM MPI-ESM1-2-HR model results over tropical Atlantic to investigate whether
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the double-ITCZ problem could be removed through such kind of downscaling and thus
provide a possibility for constraining the climate sensitivity.

2 Materials and Methods
2.1 Model and Set-Up

We use the fully compressible non-hydrostatic limited-area COSMO model (Baldauf
et al., 2011; Rockel et al., 2008) version 6 to conduct the dynamical downscaling. This
version of COSMO exploits Graphics Processing Units which speeds up the simulation
and enables experiments with high computational demand (Leutwyler et al., 2016). Rayleigh
damping is applied for the upper boundary following Durran and Klemp (1983). The com-
putation of radiative fluxes follows the J-two-stream approach after (Ritter & Geleyn,
1992). For the computation of subgrid-scale vertical turbulent flux, we employ a 1D TKE-
based model (Raschendorfer, 2001). The Tiedtke scheme (Tiedtke, 1989) is applied as
convection parameterization, but in some simulations we switch off this parameteriza-
tion, or only switch on the shallow convection scheme (Vergara-Temprado et al., 2020;
Zeman et al., 2021). Over the ocean, the sea-surface temperature is prescribed.

All simulations are run with 60 vertical levels and a horizontal grid spacing of 12
km. To determine the parameter settings and the convection parameterization scheme,
we applied the systematic calibration developed by S. Liu et al. (2022) based on the work
of Bellprat et al. (2012, 2016). The calibration and downscaling simulations are performed
over the tropical and sub-tropical Atlantic with a size of 867x658 grid columns (green
domain in Figure 1). Details about the model calibration can be found in the Support-
ing Information .

2.2 Conventional Downscaling

Dynamical downscaling is applied to the result of the CMIP6 historical simulation
of the MPI-ESM1-2-HR model (von Storch et al., 2017; Max Planck Institute for Me-
teorology, 2020), following a recent study (Christoph Heim et al., 2022). The MPI-ESM1-
2-HR input for the COSMO model has a horizontal resolution of around 100 km and 95
vertical levels. The boundary condition is updated 6-hourly. 2D surface pressure, skin
temperature, 3D temperature, wind and specific humidity are included as the lateral-
boundary conditions. SST is prescribed based on the MPI-ESM1-2-HR result. The GCM
results are downscaled to 12 km using the calibrated parameters as describled in the Sup-
porting Information.

2.3 Bias-Corrected Downscaling

We use a bias-corrected downscaling methodology, where the GCM data is corrected
using the European Center for Medium-Range Weather Forecast (ECMWF) Re-Analysis
(ERAD5) data (Hersbach et al., 2020) to make it essentially bias free. To remove the bi-
ases, we use a methodology that is derived from the pseudo-global warming (PGW) ap-
proach (Brogli et al., 2023).

The PGW method is normally used to study regional climate change in response
to global warming (Schér et al., 1996; Adachi et al., 2012; Brogli et al., 2023). In this
case, the PGW methodology imposes the large-scale climate-change signal from a GCM
onto a historical climate simulation by modifying the lateral and lower boundary con-
ditions (including all atmospheric variables used to drive an RCM, i.e. temperature, geopo-
tential height, wind, humidity, etc., as well as sea-surface temperature). More specifi-
cally, the climate change signal is defined as

A =SCEN — HIST, (1)
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where HIST and SCEN represent historical (control) and scenario climate conditions
taken from a GCM. Both HIST and SCEN periods must be chosen long enough to re-
duce the effects of internal variability (e.g. averages of 30 years). The climate deltas A =
A(z,y,p,t,) represent the set of 2D and 3D fields used to drive an RCM, but here merely
the mean-seasonal cycle is provided with monthly resolution (i.e., m=1-12). The con-

trol RCM simulation is driven by some reanalysis (referred to as ERApc where the sub-
script BC' stands for boundary conditions), while the scenario simulation is driven by

SCENBC :ERABC+A. (2)

Here ERApc has the full temporal resolution, while A is slowly varying (in our case it
is linearly interpolated from monthly means). The so derived fields must undergo a pres-
sure adjustment to restore hydrostatic balance (Brogli et al., 2023). This will also en-
sure that the hydrostatic and thermal wind balance are maintained, as both SCEN and
HIST, and thus A, approximately maintain the thermal wind balance by design.

The use of the PGW methodology for bias-corrected downscaling has been pioneered
by Misra and Kanamitsu (2004) and it has been further applied in some recent studies

(Colette et al., 2012; Prein et al., 2017; C. Liu et al., 2017; Musselman et al., 2018; Herndndez-

Diaz et al., 2019). The basic idea is to use
A=0BS—-HIST, (3)

instead of Equation (1). Here OBS denotes observations (in our case the ERAB reanal-
ysis). The bias-corrected control simulation is then driven by

CTRLpc = HIST + A. (4)

By design, the procedure using (3-4) yields monthly-mean fields CT RLg¢c which are es-
sentially identical to OB.S. This means that the large-scale monthly-mean biases of the
driving GCM CTRL are removed. However, there will still be some remaining biases.
In particular, the short-term variations are taken from the GCM, and the statistics of
synoptic systems may still deviate from reality. In analogy to (4), the scenario simula-
tion would be driven by

SCENpc = SCEN + A, (5)
but this will not be used in the current study.

We first get the 30-year-mean difference (1985-2014) between the ERAS reanaly-
sis data and the MPI-ESM1-2-HR historical simulation following (3). Then we use (3-
4) to remove the climatological bias of the MPI-ESM1-2-HR. The considered fields are
the same as the study of Christoph Heim et al. (2022), which includes near-surface fields
such as surface humidity, skin temperature, sea-surface temperature, and surface pres-
sure, as well as the three-dimensional fields of temperature, humidity, velocity and geopo-
tential. The bias-corrected MPI-ESM1-2-HR fields are then used to drive the COSMO
model (named ”bias-corrected downscaling in the following context).

2.4 SST-Corrected Downscaling

To see how much the bias originates from the GCM’s SST bias, we will also con-
duct additional simulations with only the SST bias corrected. The MPI-ESM1-2-HR sim-
ulation significantly overestimates SST in an area stretching from the African to the Brazil-
ian coast (Figure 2), especially to the south of the equator and in boreal spring. When
using SST-corrected fields from the MPI-ESM1-2-HR results for downscaling, this will
be referred to as ”SST-corrected downscaling”. All downscalings are conducted for 10
years ranging from 1995 to 2004 with a 6-month spin-up.
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3 Results

In the following we compare the representation of the ITCZ in reanalysis data (ERADB),
satellite observations (GPCP, CERES), GCM simulations (MPI-ESM1-2-HR using cou-
pled AOGCM and atmospheric AGCM simulations), and limited-area simulations with
the COSMO model using different downscaling procedures. Figure 3 shows the merid-
ional cross section of the 10-year-mean precipitation and vertical mass flux over domain
analysis_D1 (see Figure 1). The ERAD reanalysis produces quite good results compared
to the GPCP observation (see red and black curves with the scale to the right of the pan-
els). However, the coupled MPI-ESM1-2-HR shows a distinct double-ITCZ, which is mainly
due to a misplaced ITCZ in boreal spring. In comparison, the AMIP simulation of the
MPI-ESM1-2-HR model, which uses prescribed SST, produces stronger subsidence be-
tween 20°S and 10°S and much weaker updrafts as seen from the vertical mass flux (Fig-
ure 3c). The double-ITCZ bias is less severe, indicating that the atmosphere-ocean cou-
pling enhances the ITCZ biases, as discussed in the introduction.

With conventional downscaling, one would like to find out whether the ITCZ bias
is due to the large-scale forcing, or due to fine-scale processes that are better resolved
in the higher-resolution RCM simulation. Results (Figure 3d) show that with conven-
tional downscaling there are qualitatively similar results as with the driving GCM (MPI-
ESM-2-HR). In comparison to the latter, the double-ITCZ bias is somewhat reduced in
amplitude, but it remains a dominant feature of the response. Minor differences in com-
parison to the GCM simulation include the somewhat stronger subsidence south of the
equator, and enhanced updrafts between 10°S to the 0°.

With the bias-corrected downscaling (Figure 3e), the large-scale biases of the driv-
ing GCM are removed from the downscaled simulation (see section 2.3 for details of the
bias correction). In response, the double-ITCZ bias disappears. The differences between
the bias-corrected and the conventional downscaling simulations mainly happen during
boreal spring. There is stronger subsidence south of the equator in the bias-corrected
case. In boreal summer, the vertical mass flux and precipitation in the conventional and
bias-corrected downscaling simulations are similar.

To identify the responsible element of the bias, we also present results of SST-corrected
downscaling. The bias correction is done similarly as in the fully bias-corrected case, but
only applied to the SST field. Results are similar as in the bias-corrected version, indi-
cating that the double-ITCZ problem of the conventional downscaling results primar-
ily originates from the SST bias.

The time series of precipitation (Figure 4) further confirms this point. The over-
estimation of precipitation is highly related to the warm SST bias, as seen in the con-
ventional downscaling case. As the SST warm bias is removed, the precipitation over-
estimation south of the equator mostly disappears. However, a slightly misplaced ITCZ
is still present in both the bias-corrected and SST-corrected cases. For example, the bias
pattern in June-September during the years 1995, 1996 and 2002 indicates an ITCZ po-
sition too far north, while in the years 1997 and 2004, the ITCZ is too far south. The
ITCZ bias pattern is highly correlated with the SST bias as shown by the green lines in
Figure 4. When the SST is colder, the ITCZ moves further north and vice versa.

An important element of the double-ITCZ bias are the differences in outgoing long-
wave radiation in particular during the February-April period (OLR, see Figure 5, sec-
ond row). In comparison to CERES and ERAS5, the MPI model has substantially weaker
OLR over the southern trades (south of the ITCZ), and stronger OLR over the north-
ern trades. However, it is not clear whether this is a reason for or consequence of the double-
ITCZ bias. On the one hand, the MPI bias in OLR will weaken subsidence over the south-
ern trades (and strengthen it over the northern trades), potentially affecting the posi-
tion of the ITCZ. On the other hand, a too southward position of the ITCZ will lead to
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changes in high clouds, which can explain the OLR biases. The characteristic OLR bias
has also been noted in a previous study (Heim et al., 2023).

Regarding the downscaled COSMO simulations: it is evident that the main OLR
bias of the MPI model is also present under conventional downscaling (Figure 5e) with
comparable amplitude. However, both the bias-corrected and the SST-corrected down-
scaling largely reduce the OLR bias. Results show that the bias-corrected downscaling
has a smaller bias than the SST-corrected downscaling, suggesting that factors beyond
the SST bias contribute to the biases seen in the MPI model.

4 Conclusions

Motivated by the uncertainties in sub-tropical and tropical clouds and the central
role of cloud feedbacks for climate-change, there is a large interest to apply high-resolution
limited-area convection-resolving models to the tropics. One critical challenge is the oc-
currence of the double-ITCZ bias in GCMs. Such large-scale biases cannot be corrected
by high-resolution alone, i.e. downscaling current GCMs at high resolution will in gen-
eral replicate the double-ITCZ bias. Currently there are two approaches to conduct down-
scaling studies that circumvent these difficulties:

1. First, one can apply the pseudo-global warming (PGW) approach. Recent stud-
ies have shown that PGW is a attractive and viable pathway toward climate-change
downscaling simulations in the tropics (Heim et al., 2023; Heim & Schér, 2023).

2. Second, one can try to debias the GCM output. The methodology uses the raw
high-frequency output of a GCM, but corrects the data for large-scale deficien-
cies occurring in the control climate. The approach has successfully been applied
in the extratropics (Misra & Kanamitsu, 2004), and was here explored for the first
time in the tropics.

In this paper we have explored approach (2). We use a large computational domain
over the tropical and sub-tropical Atlantic with a spatial resolution (grid spacing) of 12
km. We used one particular GCM for the experiments (MPI-ESM1-2-HR). The main
conclusions of the study are:

« When directly driving the RCM with the raw GCM control output (conventional
downscaling), the RCM reproduces a double-ITCZ similar as in the driving model.
The use of high resolution alone is unable to correct for the double-ITCZ bias.

» When driving the RCM with the bias-corrected GCM fields (bias-corrected down-
scaling), the RCM credibly reproduces the observed ITCZ, although there are some
small differences in the position of the ITCZ in the boreal summer period.

 In order to pinpoint the reasons for the double-ITCZ bias, we have conducted an
additional simulation where the bias correction is only applied to the SST field
(SST-corrected downscaling). This simulation yields a qualitative realistic sim-
ulation of the ITCZ, but analysis of the OLR biases shows that it is not as suc-
cessful as the fully bias-corrected downscaling. Also, this result pertains only to
the GCM used, and the role of the SST biases might be smaller in other models.

There are several limitations of the current study. First of all, we merely tested one
particular GCM in the downscaling approach. Although the GCM considered has a sub-
stantial double-ITCZ bias, it is not clear whether the current results will carry over to
other GCMs. Second, we did not address simulations using future scenario climates, but
merely worked with control climates. It is not a priori clear whether the beneficial im-
pacts of bias-corrected downscaling also apply to the full control / scenario climate-change
approach. Currently we are undertaking related simulations and these will feature in a
subsequent publication.
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Nevertheless, in the current study we show that bias-corrected downscaling appears
to be a promising methodology, not only in the extratropics as previously shown, but
also in the tropics. We have demonstrated the benefits of the approach for the tropical
and sub-tropical Atlantic, but we believe that this carries over to other areas. In par-
ticular, it appears attractive to use this approach for climate-change impact assessment
studies in the Amazon, West Africa or Indonesia — regions that are plagued by biases
in the representation of the ITCZ in climate-change assessments.

5 Open Research

This work complies with the AGU data Policy, the program for bias-corrected down-
scaling is available on Github: https://github.com/shucliu/bias_correction_downscaling.
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Figure 1. Simulation and analysis domains. The green domain (Simulation) is used
for the COSMO calibration and simulations. The red domain (Analysisl) is used for the
cross section analysis. The black domain (Analysis2) is used to indicate the SST bias.

Figure 2.SST bias of the MPI-ESM1-2-HR historical simulation (defined as MPI-
ESM1-2-HR — ERAJ5) over a 30 year period (1985-2014) and for the two seasons with
the most southern- and northernmost position of the ITCZ. The black domain (Anal-
ysis2) represents the domain with significant SST overestimation; it will be used in some
of the analyses.

Figure 3. Meridional cross section of 10-year-mean precipitation and vertical mass
flux over domain Analysisl. The panels show the result of different simulations (from
top to bottom: ERA5, MPI-ESM1-2-HR historical simulation, MPI-ESM1-2-HR AMIP
results, COSMO conventional downscaling, COSMO bias-corrected downscaling and SST-
corrected downscaling). The first column shows the annual mean result, the second col-
umn boreal spring average in February—April and the last column shows boreal summer
average in July—September. The red and black lines display the zonal mean precipita-
tion from the data sets and the GPCP satellite observations, respectively (see scale to
the right). The coupled MPI simulation shows a distinct double-ITCZ. The double-ITCZ
is also visible in the MPI simulations with prescribed SST, and the conventional down-
scaling with COSMO based on the native MPI simulations. The bias-corrected down-
scaling as well as the SST corrected downscaling simulations show no double-ITCZ.

Figure 4. Time series of the precipitation bias (simulation minus GPCP) in the
meridional cross section over the domain Analysisl (contours), and the SST bias aver-
aged over domain Analysis2 (green line). From top to bottom, the panels show the re-
sults of conventional downscaling, bias-corrected downscaling, and SST-corrected down-
scaling. The misplaced ITCZ is correlated with the SST bias. The bias-corrected down-
scaling as well as the SST-corrected downscaling remove the reoccurring positive pre-
cipitation bias south of the equator in boreal spring.

Figure 5. Outgoing longwave radiation for observations and model results. The
panels show (from left to right): CERES observation, ERA5, MPI-ESM1-2-HR, histor-
ical simulation results, MPI-ESM1-2-HR, AMIP results, COSMO conventional downscal-
ing, COSMO bias-corrected downscaling, and COSMO SST-corrected downscaling. The
first row shows the annual mean result, the second row shows the boreal spring average
(February — April) and the last row the boreal summer average (July — September). As
CERES data is only available since March 2000, the plot is calculated based on data from
March 2000 to December 2004.
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Dynamical downscaling of climate projections in the
tropics

Shuchang Liu', Christian Zeman', Christoph Schir!

nstitute for Atmospheric and Climate Science, ETH Ziirich

Key Points:

e Downscaling of GCM results with RCMs in the tropics is problematic, as conven-
tional downscaling replicates the driving model’s ITCZ bias.

« A bias-corrected downscaling approach is proposed and tested. It enables a cred-
ible simulation of the ITCZ without the double-ITCZ bias.

« For the tested GCM, the double-ITCZ bias is mainly attributed to the SST bias.
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Abstract

The long-existing double-ITCZ problem in Global Climate Models (GCMs) hampers ac-
curate climate simulation. Using a regional climate model (RCM) over the tropical and
sub-tropical Atlantic with a horizontal resolution of 12 km and explicit convection, we
develop a bias-correction downscaling methodology to remove GCM biases. The method-
ology is adapted from the pseudo-global warming (PGW) approach, typically used to
exert the climate-change signal to a reanalysis-driven RCM simulation. We show that
the double ITCZ problem persists with conventional dynamical downscaling, but with
our bias-corrected downscaling, the double ITCZ problem is removed. Detailed analy-
sis attributes the main cause of the double ITCZ problem of the selected GCM to the
sea surface temperature (SST) bias. Compared to the GCM’s AMIP simulations, RCMs
with higher resolution allow explicit deep convection and enable a better simulation of
tropical convection and clouds. The developed methodology is promising for constrain-
ing climate sensitivity by removing double-ITCZ biases.

Plain Language Summary

The Global Climate Models (GCMs) have a problem in simulating the Intertrop-
ical Convergence Zone (ITCZ), which makes it hard to accurately simulate the climate.
To tackle this, we developed a method to first remove the large-scale biases in the GCM
and then conduct downscaling with a regional climate model (RCM). Our results show
that conventional downscaling carries the double-ITCZ bias from the GCM. But with
our bias-corrected method, the problem is solved. We found that the main cause of the
double-ITCZ problem is related to the bias in sea surface temperatures (SST). By us-
ing the RCM with higher resolution, we were able to get better simulations of tropical
convection and clouds compared to the GCM. This new method shows promise in im-
proving the accuracy of climate change projections by addressing the double-ITCZ bi-
ases in GCMs.

1 Introduction

Dynamical downscaling — i.e. the spatial refinement of low-resolution global climate
models (GCMs) using limited-area regional climate models (RCMs) — is mainstay in climate-
change impact assessment and in the planning of local adaptation measures (Senior et
al., 2021). It has successfully been used in the extratropics for many decades. For instance,
over Europe a large set of simulations is currently available at resolutions from 12 km
(Jacob et al., 2014; Sgrland et al., 2021) to 3 km (Ban et al., 2021; Pichelli et al., 2021).

Downscaling relies on the consistency between the synoptic-scale fields of the driv-
ing GCM and the driven RCM (Jones et al., 1995). Large differences in circulations are
undesirable since they inevitably lead to inconsistencies near the lateral boundaries. It
then follows that significant large-scale biases of the driving GCM are problematic, since
in general one would expect the same biases in the RCM. In the tropics, significant bi-
ases are common, indeed the representation of the Intertropical Convergence Zone (ITCZ)
is fraught with difficulties. These large-scale biases lead to challenges with downscaling
methodologies (Nobre et al., 2001; Sun et al., 2005; Tang et al., 2019; de Medeiros et al.,
2020).

The Intertropical Convergence Zone (ITCZ), which exists due to the convergence
of the trade winds, plays an important role in the tropical climate (Waliser & Jiang, 2015).
The ITCZ locates mainly in the Northern hemisphere throughout the year except for bo-
real spring. During this period, the ITCZ reaches its southernmost location due to so-
lar heating, when the observations show a strong precipitation band north of the equa-
tor and a secondary precipitation band south of the equator in the Western Pacific, and
a single band straddling the equator over the tropical Atlantic. However, global climate
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models (GCMs) have difficulty simulating asymmetric precipitation distribution. In bo-
real spring, they produce too strong precipitation within the secondary band over the

Pacific and a miss-placed band over Tropical Atlantic, which is too far in the south (G. J. Zhang

et al., 2019). The annual mean precipitation projected by GCMs thus shows two distinc-
tive bands on both sides of the equator instead of producing a single northern band in-
dicated by the observation, which is called the double ITCZ problem.

The erroneous I'TCZ representation in GCMs is not only related to the inaccurate
simulation of the current climate (Richter & Xie, 2008; Bellucci et al., 2010; Richter et
al., 2014; Li & Xie, 2014; Shonk et al., 2019), but also affects the climate sensitivity pre-
dicted by GCMs, in the sense that GCMs with larger double-ITCZ problem tend to pro-
duce lower values of climate sensitivity (Tian, 2015; Webb & Lock, 2020). Despite the
efforts devoted to reducing the double ITCZ bias, the problem persists from the Cou-
pled Model Intercomparison Project Phase 3 to Phase 6 (Lin, 2007; de Szoeke & Xie,
2008; Bellucci et al., 2010; X. Zhang et al., 2015; Adam et al., 2018; Woelfle et al., 2019;
Tian & Dong, 2020; Boucher et al., 2020).

The double ITCZ bias is more distinctive among coupled ocean-atmosphere mod-
els compared with those models forced with observed sea surface temperature (SST) (F. Song
& Zhang, 2016, 2017). The coupled models typically produce warmer SST in the east
of the tropical Pacific and Atlantic near the coast and colder SST in the west of the trop-
ical Atlantic and middle of the Pacific. On the one hand, SST is closely related to the
convective activity over tropical oceans by affecting the surface flux of heat and mois-
ture (Hirota et al., 2011). On the other hand, the SST gradients also impacts lower-level
wind convergence (Back & Bretherton, 2009), thereby affecting the simulation of the ITCZ.

While the double-ITCZ problem is less severe among GCMs with prescribed sea
surface temperature, it still exists (Richter & Xie, 2008; Xiang et al., 2017; Zhou et al.,
2022). Convection and boundary layer parameterization of the GCMs is believed to play
one of the most important roles in the misrepresentation of the ITCZ (Bellucci et al.,
2010; Hirota et al., 2011; Landu et al., 2014). Many studies have been working on im-
proving the convection schemes to alleviate the double ITCZ problem (X. Song & Zhang,
2009; Mobis & Stevens, 2012; X. Song & Zhang, 2018). Nolan et al. (2016) found that
aquaplanet simulations with explicit instead of parameterized convection would smooth
out the double ITCZ structures due to a better representation of squall lines. Therefore,
using km-scale models with explicit convection can reduce the double ITCZ bias and en-
able a better representation of the tropical climate and quantification of climate sensi-
tivity (Tian, 2015).

As mentioned above, the double-ITCZ bias represents a major challenge to dynam-
ical downscaling. In this context, Heim et al. (2023) explored the pseudo-global warm-
ing (PGW, see Brogli et al. (2023)) approach to this challenge. They showed that the
approach is highly successful and enables a credible representation of the tropical climate
change without double-ITCZ bias (Heim & Schér, 2023).

The PGW approach uses a reanalysis-driven control simulation and therefor is un-
affected by GCM control biases. A potential disadvantage of the PGW approach is the
neglect of changes in short-term synoptic climatology. Another approach is to adjust the
bias of the driving fields before conducting the dynamical downscaling (Misra & Kana-
mitsu, 2004). Previous studies mainly focus on extratropics (Colette et al., 2012; Prein
et al., 2017; C. Liu et al., 2017; Musselman et al., 2018; Herndndez-Diaz et al., 2019).
Here we thus try to assess the potential of conventional downscaling approaches over the
tropics.

In this study, we use the Consortium for Small-Scale Modeling (COSMO) in cli-
mate mode with explicit deep convection combined with a bias-correction method to down-
scale the GCM MPI-ESM1-2-HR model results over tropical Atlantic to investigate whether
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the double-ITCZ problem could be removed through such kind of downscaling and thus
provide a possibility for constraining the climate sensitivity.

2 Materials and Methods
2.1 Model and Set-Up

We use the fully compressible non-hydrostatic limited-area COSMO model (Baldauf
et al., 2011; Rockel et al., 2008) version 6 to conduct the dynamical downscaling. This
version of COSMO exploits Graphics Processing Units which speeds up the simulation
and enables experiments with high computational demand (Leutwyler et al., 2016). Rayleigh
damping is applied for the upper boundary following Durran and Klemp (1983). The com-
putation of radiative fluxes follows the J-two-stream approach after (Ritter & Geleyn,
1992). For the computation of subgrid-scale vertical turbulent flux, we employ a 1D TKE-
based model (Raschendorfer, 2001). The Tiedtke scheme (Tiedtke, 1989) is applied as
convection parameterization, but in some simulations we switch off this parameteriza-
tion, or only switch on the shallow convection scheme (Vergara-Temprado et al., 2020;
Zeman et al., 2021). Over the ocean, the sea-surface temperature is prescribed.

All simulations are run with 60 vertical levels and a horizontal grid spacing of 12
km. To determine the parameter settings and the convection parameterization scheme,
we applied the systematic calibration developed by S. Liu et al. (2022) based on the work
of Bellprat et al. (2012, 2016). The calibration and downscaling simulations are performed
over the tropical and sub-tropical Atlantic with a size of 867x658 grid columns (green
domain in Figure 1). Details about the model calibration can be found in the Support-
ing Information .

2.2 Conventional Downscaling

Dynamical downscaling is applied to the result of the CMIP6 historical simulation
of the MPI-ESM1-2-HR model (von Storch et al., 2017; Max Planck Institute for Me-
teorology, 2020), following a recent study (Christoph Heim et al., 2022). The MPI-ESM1-
2-HR input for the COSMO model has a horizontal resolution of around 100 km and 95
vertical levels. The boundary condition is updated 6-hourly. 2D surface pressure, skin
temperature, 3D temperature, wind and specific humidity are included as the lateral-
boundary conditions. SST is prescribed based on the MPI-ESM1-2-HR result. The GCM
results are downscaled to 12 km using the calibrated parameters as describled in the Sup-
porting Information.

2.3 Bias-Corrected Downscaling

We use a bias-corrected downscaling methodology, where the GCM data is corrected
using the European Center for Medium-Range Weather Forecast (ECMWF) Re-Analysis
(ERAD5) data (Hersbach et al., 2020) to make it essentially bias free. To remove the bi-
ases, we use a methodology that is derived from the pseudo-global warming (PGW) ap-
proach (Brogli et al., 2023).

The PGW method is normally used to study regional climate change in response
to global warming (Schér et al., 1996; Adachi et al., 2012; Brogli et al., 2023). In this
case, the PGW methodology imposes the large-scale climate-change signal from a GCM
onto a historical climate simulation by modifying the lateral and lower boundary con-
ditions (including all atmospheric variables used to drive an RCM, i.e. temperature, geopo-
tential height, wind, humidity, etc., as well as sea-surface temperature). More specifi-
cally, the climate change signal is defined as

A =SCEN — HIST, (1)
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where HIST and SCEN represent historical (control) and scenario climate conditions
taken from a GCM. Both HIST and SCEN periods must be chosen long enough to re-
duce the effects of internal variability (e.g. averages of 30 years). The climate deltas A =
A(z,y,p,t,) represent the set of 2D and 3D fields used to drive an RCM, but here merely
the mean-seasonal cycle is provided with monthly resolution (i.e., m=1-12). The con-

trol RCM simulation is driven by some reanalysis (referred to as ERApc where the sub-
script BC' stands for boundary conditions), while the scenario simulation is driven by

SCENBC :ERABC+A. (2)

Here ERApc has the full temporal resolution, while A is slowly varying (in our case it
is linearly interpolated from monthly means). The so derived fields must undergo a pres-
sure adjustment to restore hydrostatic balance (Brogli et al., 2023). This will also en-
sure that the hydrostatic and thermal wind balance are maintained, as both SCEN and
HIST, and thus A, approximately maintain the thermal wind balance by design.

The use of the PGW methodology for bias-corrected downscaling has been pioneered
by Misra and Kanamitsu (2004) and it has been further applied in some recent studies

(Colette et al., 2012; Prein et al., 2017; C. Liu et al., 2017; Musselman et al., 2018; Herndndez-

Diaz et al., 2019). The basic idea is to use
A=0BS—-HIST, (3)

instead of Equation (1). Here OBS denotes observations (in our case the ERAB reanal-
ysis). The bias-corrected control simulation is then driven by

CTRLpc = HIST + A. (4)

By design, the procedure using (3-4) yields monthly-mean fields CT RLg¢c which are es-
sentially identical to OB.S. This means that the large-scale monthly-mean biases of the
driving GCM CTRL are removed. However, there will still be some remaining biases.
In particular, the short-term variations are taken from the GCM, and the statistics of
synoptic systems may still deviate from reality. In analogy to (4), the scenario simula-
tion would be driven by

SCENpc = SCEN + A, (5)
but this will not be used in the current study.

We first get the 30-year-mean difference (1985-2014) between the ERAS reanaly-
sis data and the MPI-ESM1-2-HR historical simulation following (3). Then we use (3-
4) to remove the climatological bias of the MPI-ESM1-2-HR. The considered fields are
the same as the study of Christoph Heim et al. (2022), which includes near-surface fields
such as surface humidity, skin temperature, sea-surface temperature, and surface pres-
sure, as well as the three-dimensional fields of temperature, humidity, velocity and geopo-
tential. The bias-corrected MPI-ESM1-2-HR fields are then used to drive the COSMO
model (named ”bias-corrected downscaling in the following context).

2.4 SST-Corrected Downscaling

To see how much the bias originates from the GCM’s SST bias, we will also con-
duct additional simulations with only the SST bias corrected. The MPI-ESM1-2-HR sim-
ulation significantly overestimates SST in an area stretching from the African to the Brazil-
ian coast (Figure 2), especially to the south of the equator and in boreal spring. When
using SST-corrected fields from the MPI-ESM1-2-HR results for downscaling, this will
be referred to as ”SST-corrected downscaling”. All downscalings are conducted for 10
years ranging from 1995 to 2004 with a 6-month spin-up.
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3 Results

In the following we compare the representation of the ITCZ in reanalysis data (ERADB),
satellite observations (GPCP, CERES), GCM simulations (MPI-ESM1-2-HR using cou-
pled AOGCM and atmospheric AGCM simulations), and limited-area simulations with
the COSMO model using different downscaling procedures. Figure 3 shows the merid-
ional cross section of the 10-year-mean precipitation and vertical mass flux over domain
analysis_D1 (see Figure 1). The ERAD reanalysis produces quite good results compared
to the GPCP observation (see red and black curves with the scale to the right of the pan-
els). However, the coupled MPI-ESM1-2-HR shows a distinct double-ITCZ, which is mainly
due to a misplaced ITCZ in boreal spring. In comparison, the AMIP simulation of the
MPI-ESM1-2-HR model, which uses prescribed SST, produces stronger subsidence be-
tween 20°S and 10°S and much weaker updrafts as seen from the vertical mass flux (Fig-
ure 3c). The double-ITCZ bias is less severe, indicating that the atmosphere-ocean cou-
pling enhances the ITCZ biases, as discussed in the introduction.

With conventional downscaling, one would like to find out whether the ITCZ bias
is due to the large-scale forcing, or due to fine-scale processes that are better resolved
in the higher-resolution RCM simulation. Results (Figure 3d) show that with conven-
tional downscaling there are qualitatively similar results as with the driving GCM (MPI-
ESM-2-HR). In comparison to the latter, the double-ITCZ bias is somewhat reduced in
amplitude, but it remains a dominant feature of the response. Minor differences in com-
parison to the GCM simulation include the somewhat stronger subsidence south of the
equator, and enhanced updrafts between 10°S to the 0°.

With the bias-corrected downscaling (Figure 3e), the large-scale biases of the driv-
ing GCM are removed from the downscaled simulation (see section 2.3 for details of the
bias correction). In response, the double-ITCZ bias disappears. The differences between
the bias-corrected and the conventional downscaling simulations mainly happen during
boreal spring. There is stronger subsidence south of the equator in the bias-corrected
case. In boreal summer, the vertical mass flux and precipitation in the conventional and
bias-corrected downscaling simulations are similar.

To identify the responsible element of the bias, we also present results of SST-corrected
downscaling. The bias correction is done similarly as in the fully bias-corrected case, but
only applied to the SST field. Results are similar as in the bias-corrected version, indi-
cating that the double-ITCZ problem of the conventional downscaling results primar-
ily originates from the SST bias.

The time series of precipitation (Figure 4) further confirms this point. The over-
estimation of precipitation is highly related to the warm SST bias, as seen in the con-
ventional downscaling case. As the SST warm bias is removed, the precipitation over-
estimation south of the equator mostly disappears. However, a slightly misplaced ITCZ
is still present in both the bias-corrected and SST-corrected cases. For example, the bias
pattern in June-September during the years 1995, 1996 and 2002 indicates an ITCZ po-
sition too far north, while in the years 1997 and 2004, the ITCZ is too far south. The
ITCZ bias pattern is highly correlated with the SST bias as shown by the green lines in
Figure 4. When the SST is colder, the ITCZ moves further north and vice versa.

An important element of the double-ITCZ bias are the differences in outgoing long-
wave radiation in particular during the February-April period (OLR, see Figure 5, sec-
ond row). In comparison to CERES and ERAS5, the MPI model has substantially weaker
OLR over the southern trades (south of the ITCZ), and stronger OLR over the north-
ern trades. However, it is not clear whether this is a reason for or consequence of the double-
ITCZ bias. On the one hand, the MPI bias in OLR will weaken subsidence over the south-
ern trades (and strengthen it over the northern trades), potentially affecting the posi-
tion of the ITCZ. On the other hand, a too southward position of the ITCZ will lead to



248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

changes in high clouds, which can explain the OLR biases. The characteristic OLR bias
has also been noted in a previous study (Heim et al., 2023).

Regarding the downscaled COSMO simulations: it is evident that the main OLR
bias of the MPI model is also present under conventional downscaling (Figure 5e) with
comparable amplitude. However, both the bias-corrected and the SST-corrected down-
scaling largely reduce the OLR bias. Results show that the bias-corrected downscaling
has a smaller bias than the SST-corrected downscaling, suggesting that factors beyond
the SST bias contribute to the biases seen in the MPI model.

4 Conclusions

Motivated by the uncertainties in sub-tropical and tropical clouds and the central
role of cloud feedbacks for climate-change, there is a large interest to apply high-resolution
limited-area convection-resolving models to the tropics. One critical challenge is the oc-
currence of the double-ITCZ bias in GCMs. Such large-scale biases cannot be corrected
by high-resolution alone, i.e. downscaling current GCMs at high resolution will in gen-
eral replicate the double-ITCZ bias. Currently there are two approaches to conduct down-
scaling studies that circumvent these difficulties:

1. First, one can apply the pseudo-global warming (PGW) approach. Recent stud-
ies have shown that PGW is a attractive and viable pathway toward climate-change
downscaling simulations in the tropics (Heim et al., 2023; Heim & Schér, 2023).

2. Second, one can try to debias the GCM output. The methodology uses the raw
high-frequency output of a GCM, but corrects the data for large-scale deficien-
cies occurring in the control climate. The approach has successfully been applied
in the extratropics (Misra & Kanamitsu, 2004), and was here explored for the first
time in the tropics.

In this paper we have explored approach (2). We use a large computational domain
over the tropical and sub-tropical Atlantic with a spatial resolution (grid spacing) of 12
km. We used one particular GCM for the experiments (MPI-ESM1-2-HR). The main
conclusions of the study are:

« When directly driving the RCM with the raw GCM control output (conventional
downscaling), the RCM reproduces a double-ITCZ similar as in the driving model.
The use of high resolution alone is unable to correct for the double-ITCZ bias.

» When driving the RCM with the bias-corrected GCM fields (bias-corrected down-
scaling), the RCM credibly reproduces the observed ITCZ, although there are some
small differences in the position of the ITCZ in the boreal summer period.

 In order to pinpoint the reasons for the double-ITCZ bias, we have conducted an
additional simulation where the bias correction is only applied to the SST field
(SST-corrected downscaling). This simulation yields a qualitative realistic sim-
ulation of the ITCZ, but analysis of the OLR biases shows that it is not as suc-
cessful as the fully bias-corrected downscaling. Also, this result pertains only to
the GCM used, and the role of the SST biases might be smaller in other models.

There are several limitations of the current study. First of all, we merely tested one
particular GCM in the downscaling approach. Although the GCM considered has a sub-
stantial double-ITCZ bias, it is not clear whether the current results will carry over to
other GCMs. Second, we did not address simulations using future scenario climates, but
merely worked with control climates. It is not a priori clear whether the beneficial im-
pacts of bias-corrected downscaling also apply to the full control / scenario climate-change
approach. Currently we are undertaking related simulations and these will feature in a
subsequent publication.
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Nevertheless, in the current study we show that bias-corrected downscaling appears
to be a promising methodology, not only in the extratropics as previously shown, but
also in the tropics. We have demonstrated the benefits of the approach for the tropical
and sub-tropical Atlantic, but we believe that this carries over to other areas. In par-
ticular, it appears attractive to use this approach for climate-change impact assessment
studies in the Amazon, West Africa or Indonesia — regions that are plagued by biases
in the representation of the ITCZ in climate-change assessments.

5 Open Research

This work complies with the AGU data Policy, the program for bias-corrected down-
scaling is available on Github: https://github.com/shucliu/bias_correction_downscaling.

Acknowledgments

This research is funded by the Swiss National Science Foundation (SNSF) funds. We also
acknowledge PRACE for awarding compute resources for the COSMO simulations on

Piz Daint at the Swiss National Supercomputing Centre (CSCS). The authors declare

no conflicts of interest relevant to this study.

References

Adachi, S. A., Kimura, F., Kusaka, H., Inoue, T., & Ueda, H.  (2012).  Compari-
son of the Impact of Global Climate Changes and Urbanization on Summer-
time Future Climate in the Tokyo Metropolitan Area. Journal of Applied
Meteorology and Climatology, 51(8), 1441-1454. Retrieved from https://
journals.ametsoc.org/view/journals/apme/51/8/jamc-d-11-0137.1.xml
doi: 10.1175/JAMC-D-11-0137.1

Adam, O., Schneider, T., & Brient, F. (2018).  Regional and seasonal variations
of the double-ITCZ bias in CMIP5 models. Climate Dynamics, 51(1), 101-
117.  Retrieved from https://doi.org/10.1007/s00382-017-3909-1  doi:
10.1007/s00382-017-3909-1

Back, L. E., & Bretherton, C. S.  (2009). On the relationship between SST gradi-
ents, boundary layer winds, and convergence over the tropical oceans. J. Cli-
mate, 22, 4182-4196.

Baldauf, M., Seifert, A., Forstner, J., Majewski, D., Raschendorfer, M., & Rein-
hardt, T. (2011). Operational convective-scale numerical weather prediction
with the COSMO model: Description and sensitivities. Monthly Weather
Review, 139(12), 3887-3905.

Ban, N., Caillaud, C., Coppola, E., Pichelli, E., Sobolowski, S., Adinolfi, M., ...
Zander, M. J. (2021). The first multi-model ensemble of regional climate sim-
ulations at kilometer-scale resolution, part I: evaluation of precipitation. Cli-
mate Dynamics, 57(1), 275-302. Retrieved from https://doi.org/10.1007/
500382-021-05708-w doi: 10.1007/s00382-021-05708-w

Bellprat, O., Kotlarski, S., Liithi, D., De Elia, R., Frigon, A., Laprise, R., & Schér,
C. (2016). Objective calibration of regional climate models: application over
Europe and North America. Journal of Climate, 29(2), 819-838.

Bellprat, O., Kotlarski, S., Liithi, D., & Schar, C.  (2012).  Objective calibration
of regional climate models. Journal of Geophysical Research: Atmospheres,
117(D23).

Bellucci, A., Gualdi, S., & Navarra, A. (2010). The Double-ITCZ Syndrome in Cou-
pled General Circulation Models: The Role of Large-Scale Vertical Circulation
Regimes.  Journal of Climate, 23(5), 1127-1145.  Retrieved from https://
journals.ametsoc.org/view/journals/clim/23/5/20093jc1i3002.1.xml
doi: 10.1175/2009JCLI3002.1



345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

Boucher, O., Servonnat, J., Albright, A. L., Aumont, O., Balkanski, Y., Bastrikov,
V., ... Bopp, L. (2020). Presentation and evaluation of the IPSL-CM6A-
LR climate model. Journal of Advances in Modeling Earth Systems, 12(7),
€2019MS002010.

Brogli, R., Heim, C., Mensch, J., Sgrland, S. L., & Schar, C. (2023). The pseudo-
global-warming (PGW) approach: methodology, software package PGW4ERA5
v1.1, validation, and sensitivity analyses. Geoscientific Model Development,
16(3), 907-926. Retrieved from https://gmd.copernicus.org/articles/16/
907/2023/ doi: 10.5194/gmd-16-907-2023

Christoph Heim, David Leutwyler, & Christoph Schér. (2022, 10). Application
of the Pseudo-Global Warming Approach in a Kilometer-Resolution Climate
Simulation of the Tropics. ESS Open Archive.

Colette, A., Vautard, R., & Vrac, M.  (2012). Regional climate downscaling with
prior statistical correction of the global climate forcing.  Geophysical Research
Letters, 39(13).

de Medeiros, F. J., de Oliveira, C. P., Santos e Silva, C. M., & de Araijo, J. M.
(2020). Numerical simulation of the circulation and tropical teleconnection
mechanisms of a severe drought event (2012-2016) in Northeastern Brazil.
Climate Dynamics, 54(9), 4043-4057. Retrieved from https://doi.org/
10.1007/s00382-020-05213-6 doi: 10.1007/800382—020—05213—6

de Szoeke, S. P., & Xie, S.-P. (2008). The Tropical Eastern Pacific Seasonal
Cycle: Assessment of Errors and Mechanisms in IPCC AR4 Coupled
Ocean—Atmosphere General Circulation Models.  Journal of Climate, 21(11),
2573-2590. Retrieved from https://journals.ametsoc.org/view/journals/
clim/21/11/2007jc1i1975.1.xm1 doi: 10.1175/2007JCLI1975.1

Durran, D. R., & Klemp, J. B. (1983). A Compressible Model for the Simula-
tion of Moist Mountain Waves. Monthly Weather Review, 111(12), 2341
2361. Retrieved from https://journals.ametsoc.org/view/journals/
mwre/111/12/1520-0493_1983_111 2341 acmfts_2_0_co_2.xml doi:
https://doi.org/10.1175/1520-0493(1983)111(2341: ACMFTS)2.0.CO;2

Heim, C., Leutwyler, D., & Schéar, C.  (2023).  Application of the Pseudo-Global
Warming Approach in a Kilometer-Resolution Climate Simulation of the Trop-
ics. Journal of Geophysical Research: Atmospheres, 128(5), €2022JD037958.

Heim, C., & Schar, C. (2023, 4). Climate Change Response of Tropical At-
lantic Clouds in a Kilometer-Resolution Model. Submitted to Journal of
Geophysical Research: Atmospheres. Retrieved from https://doi.org/
10.22541%2Fessoar . 168056820.00045802%2Fv1 doi: 10.22541 /essoar
.168056820.00045802/v1

Hernéndez-Diaz, L., Nikiéma, O., Laprise, R., Winger, K., & Dandoy, S. (2019).
Effect of empirical correction of sea-surface temperature biases on the CRCM5-
simulated climate and projected climate changes over North America. Climate
Dynamics, 53(1), 453-476. Retrieved from https://doi.org/10.1007/
$00382-018-4596-2 doi: 10.1007/s00382-018-4596-2

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A., Mutnioz-Sabater, J.,
... Schepers, D. (2020). The ERA5 global reanalysis. Quarterly Journal of the
Royal Meteorological Society, 146(730), 1999-2049.

Hirota, N., Takayabu, Y. N., Watanabe, M., & Kimoto, M.  (2011). Precipitation
Reproducibility over Tropical Oceans and Its Relationship to the Double ITCZ
Problem in CMIP3 and MIROCS5 Climate Models. Journal of Climate, 24 (18),
4859-4873. Retrieved from https://journals.ametsoc.org/view/journals/
clim/24/18/2011jc1i4156.1.xm1 doi: 10.1175/2011JCLI4156.1

Jacob, D., Petersen, J., Eggert, B., Alias, A., Christensen, O. B., Bouwer, L. M., ...
Yiou, P. (2014). EURO-CORDEX: new high-resolution climate change projec-
tions for European impact research. Regional Environmental Change, 14(2),
563-578. Retrieved from https://doi.org/10.1007/s10113-013-0499-2



400

452

doi: 10.1007/s10113-013-0499-2

Jones, R. G., Murphy, J. M., & Noguer, M. (1995, 7). Simulation of climate
change over europe using a nested regional-climate model. I: Assessment
of control climate, including sensitivity to location of lateral boundaries.
Quarterly Journal of the Royal Meteorological Society, 121(526), 1413~
1449. Retrieved from https://doi.org/10.1002/qj.49712152610 doi:
https://doi.org/10.1002/qj.49712152610

Landu, K., Leung, L. R., Hagos, S., Vinoj, V., Rauscher, S. A., Ringler, T., & Tay-
lor, M. (2014). The Dependence of ITCZ Structure on Model Resolution
and Dynamical Core in Aquaplanet Simulations. JOURNAL OF CLIMATE,
27(6), 2375-2385. doi: 10.1175/JCLI-D-13-00269.1

Leutwyler, D., Fuhrer, O., Lapillonne, X., Liithi, D., & Schéir, C. (2016). Towards
European-scale convection-resolving climate simulations with GPUs: A study
with COSMO 4.19. Geoscientific Model Development, 9(9), 3393-3412.

Li, G., & Xie, S.-P.  (2014). Tropical biases in CMIP5 multimodel ensemble: The
excessive equatorial Pacific cold tongue and double ITCZ problems. Journal of
Climate, 27(4), 1765-1780.

Lin, J.-L. (2007). The Double-ITCZ Problem in IPCC AR4 Coupled GCMs:
Ocean—Atmosphere Feedback Analysis. Journal of Climate, 20(18), 4497—
4525. Retrieved from https://journals.ametsoc.org/view/journals/clim/
20/18/jcli4272.1.xml doi: 10.1175/JCLI4272.1

Liu, C., Ikeda, K., Rasmussen, R., Barlage, M., Newman, A. J., Prein, A. F., ...
Dai, A. (2017). Continental-scale convection-permitting modeling of the
current and future climate of North America. Climate Dynamics, 49, 71-95.

Liu, S., Zeman, C., Sgrland, S. L., & Schéar, C.  (2022). Systematic Calibration of
a Convection-Resolving Model: Application over Tropical Atlantic. Journal of
Geophysical Research: Atmospheres, €2022JD037303.

Max Planck Institute for Meteorology.  (2020). = WCRP CMIP6: Max Planck In-
stitute for Meteorology (MPI-M) MPI-ESM1-2-HR model output for the
Zamip” experiment. Centre for Environmental Data Analysis, Nov, 2022.
https://catalogue.ceda.ac.uk/uuid/348138bb004242238bfc6979e8b8e551.

Misra, V., & Kanamitsu, M. (2004). Anomaly Nesting: A Methodology to Down-
scale Seasonal Climate Simulations from AGCMs. Journal of Climate, 17(17),
3249-3262. Retrieved from https://journals.ametsoc.org/view/journals/
clim/17/17/1520-0442_2004_017_3249_anamtd_2.0.co_2.xml doi: https://
doi.org/10.1175/1520-0442(2004)017(3249: ANAMTD)2.0.CO;2

Mobis, B., & Stevens, B. (2012, 4). Factors controlling the position of the In-
tertropical Convergence Zone on an aquaplanet. Journal of Advances in
Modeling Earth Systems, 4(4). Retrieved from https://doi.org/10.1029/
2012MS000199 doi: https://doi.org/10.1029/2012MS000199

Musselman, K. N., Lehner, F., Ikeda, K., Clark, M. P., Prein, A. F., Liu, C., ...
Rasmussen, R. (2018). Projected increases and shifts in rain-on-snow flood risk
over western North America. Nature Climate Change, 8(9), 808-812.

Nobre, P., Moura, A. D.; & Sun, L. Q. (2001). Dynamical downscaling of seasonal
climate prediction over nordeste Brazil with ECHAMS3 and NCEP’s regional
spectral models at IRI. BULLETIN OF THE AMERICAN METEOROLOG-
ICAL SOCIETY, 82(12), 2787-2796.  doi: 10.1175/1520-0477(2001)082(2787:
DDOSCP)2.3.CO;2

Nolan, D. S., Tulich, S. N., & Blanco, J. E. (2016). ITCZ structure as determined
by parameterized versus explicit convection in aquachannel and aquapatch
simulations. Journal of Advances in Modeling Earth Systems, 8(1), 425-452.

Pichelli, E., Coppola, E., Sobolowski, S., Ban, N.; Giorgi, F., Stocchi, P., ...
Vergara-Temprado, J. (2021). The first multi-model ensemble of regional
climate simulations at kilometer-scale resolution part 2: historical and fu-
ture simulations of precipitation. Climate Dynamics, 56(11), 3581-3602.

—10—



455

508

509

Retrieved from https://doi.org/10.1007/s00382-021-05657-4 doi:
10.1007/s00382-021-05657-4

Prein, A. F., Rasmussen, R. M., Ikeda, K., Liu, C., Clark, M. P.; & Holland, G. J.
(2017).  The future intensification of hourly precipitation extremes.  Nature
Climate Change, 7(1), 48-52.

Raschendorfer, M. (2001). The new turbulence parameterization of LM. COSMO
newsletter, 1, 89-97.

Richter, 1., & Xie, S.-P. (2008). On the origin of equatorial Atlantic biases in
coupled general circulation models. Climate Dynamics, 81(5), 587-598.
Retrieved from https://doi.org/10.1007/s00382-008-0364-2 doi:
10.1007/s00382-008-0364-z

Richter, I., Xie, S.-P., Behera, S. K., Doi, T., & Masumoto, Y. (2014). Equatorial
Atlantic variability and its relation to mean state biases in CMIP5. Climate
Dynamics, 42(1), 171-188. Retrieved from https://doi.org/10.1007/
500382-012-1624-5 doi: 10.1007/s00382-012-1624-5

Ritter, B., & Geleyn, J.-F. (1992). A comprehensive radiation scheme for numerical
weather prediction models with potential applications in climate simulations.
Monthly weather review, 120(2), 303-325.

Rockel, B., Will, A., & Hense, A. (2008). The regional climate model COSMO-CLM
(CCLM). Meteorologische Zeitschrift, 17(4), 347-348.

Schér, C., Frei, C., Liithi, D., & Davies, H. C. (1996). Surrogate climate-change sce-
narios for regional climate models.  Geophysical Research Letters, 23(6), 669—
672.

Senior, C. A., Marsham, J. H., Berthou, S., Burgin, L. E., Folwell, S. S., Kendon,

E. J., ... Willet, M. R. (2021). Convection-Permitting Regional Cli-
mate Change Simulations for Understanding Future Climate and Informing
Decision-Making in Africa. Bulletin of the American Meteorological Society,
102(6), E1206-E1223. Retrieved from https://journals.ametsoc.org/view/
journals/bams/102/6/BAMS-D-20-0020.1.xml1 doi: https://doi.org/10.1175/
BAMS-D-20-0020.1

Shonk, J. K. P., Demissie, T. D., & Toniazzo, T. (2019). A double ITCZ phe-
nomenology of wind errors in the equatorial Atlantic in seasonal forecasts with
ECMWEF models. Atmospheric Chemistry and Physics, 19(17), 11383-11399.

Song, F., & Zhang, G. J. (2016). Effects of southeastern Pacific sea surface temper-
ature on the double-ITCZ bias in NCAR CESM1. Journal of Climate, 29(20),
7417-7433.

Song, F., & Zhang, G. J. (2017). Impact of tropical SSTs in the North Atlantic and
southeastern Pacific on the eastern Pacific ITCZ.  Journal of Climate, 30(4),
1291-1305.

Song, X., & Zhang, G. J. (2009). Convection parameterization, tropical Pacific dou-
ble ITCZ, and upper-ocean biases in the NCAR CCSM3. Part I: Climatology
and atmospheric feedback. Journal of Climate, 22(16), 4299-4315.

Song, X., & Zhang, G. J. (2018). The roles of convection parameterization in the
formation of double ITCZ syndrome in the NCAR CESM: I. Atmospheric
processes. Journal of Advances in Modeling Earth Systems, 10(3), 842-866.

Sgrland, S. L., Brogli, R., Pothapakula, P. K., Russo, E., Van de Walle, J., Ahrens,
B., ... Thiery, W. (2021, 8). COSMO-CLM regional climate simulations
in the Coordinated Regional Climate Downscaling Experiment (CORDEX)
framework: a review. Geosci. Model Dev., 14(8), 5125-5154. Retrieved
from https://gmd.copernicus.org/articles/14/5125/2021/https://
gmd.copernicus.org/articles/14/5125/2021/gmd-14-5125-2021.pdf doi:
10.5194/gmd-14-5125-2021

Sun, L. Q., Moncunill, D. F., Li, H. L., Moura, A. D., & De Souza, F. D. (2005).
Climate downscaling over Nordeste, Brazil, using the NCEP RSM97.  JOUR-
NAL OF CLIMATE, 18(4), 551-567. doi: 10.1175/JCLI-3266.1

—11-



510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

Tang, C., Morel, B., Wild, M., Pohl, B., Abiodun, B., & Bessafi, M.  (2019). Nu-
merical simulation of surface solar radiation over Southern Africa. Part 1:
Evaluation of regional and global climate models. Climate Dynamics, 52(1),
457-477. Retrieved from https://doi.org/10.1007/s00382-018-4143-1
doi: 10.1007/s00382-018-4143-1

Tian, B. (2015). Spread of model climate sensitivity linked to double-Intertropical
Convergence Zone bias. Geophysical Research Letters, 42(10), 4133-4141.

Tian, B., & Dong, X. (2020). The double-ITCZ bias in CMIP3, CMIP5, and CMIP6
models based on annual mean precipitation. Geophysical Research Letters,
47(8), €2020GL087232.

Tiedtke, M. (1989). A Comprehensive Mass Flux Scheme for Cumulus Pa-
rameterization in Large-Scale Models. Monthly Weather Review, 117(8),
1779-1800. Retrieved from https://journals.ametsoc.org/view/
journals/mwre/117/8/1520-0493.1989_117_1779_acmfsf 2 0_co_2.xml  doi:
https://doi.org/10.1175/1520-0493(1989)117(1779: ACMFSF)2.0.CO;2

Vergara-Temprado, J., Ban, N., Panosetti, D., Schlemmer, L., & Schér, C.
(2020). Climate Models Permit Convection at Much Coarser Resolutions
Than Previously Considered. Journal of Climate, 33(5), 1915-1933. Re-
trieved from https://journals.ametsoc.org/view/journals/clim/33/5/
jcli-d-19-0286.1.xml doi: 10.1175/JCLI-D-19-0286.1

von Storch, J.-S., Putrasahan, D., Lohmann, K., Gutjahr, O., Jungclaus, J.,
Bittner, M., ... Roeckner, E. (2017). MPI-M MPIESM1.2-HR model
output prepared for CMIP6 HighResMIP. Earth System Grid Federa-
tion. Retrieved from https://doi.org/10.22033/ESGF/CMIP6.762 doi:
10.22033/ESGF /CMIP6.762

Waliser, D. E., & Jiang, X. (2015). TROPICAL METEOROLOGY AND
CLIMATE — Intertropical Convergence Zone. In G. R. North, J. Pyle,
& F. Zhang (Eds.), Encyclopedia of atmospheric sciences (second edi-
tion) (pp. 121-131). Oxford: Academic Press. Retrieved from https://
www.sciencedirect.com/science/article/pii/B9780123822253004175
doi: https://doi.org/10.1016/B978-0-12-382225-3.00417-5

Webb, M. J., & Lock, A. P. (2020). Testing a Physical Hypothesis for the Relation-
ship Between Climate Sensitivity and Double-ITCZ Bias in Climate Models.
Journal of Advances in Modeling Earth Systems, 12(9), e2019MS001999.

Woelfle, M. D., Bretherton, C. S., Hannay, C., & Neale, R. (2019). Evolution of the
double-ITCZ bias through CESM2 development. Journal of Advances in Mod-
eling Earth Systems, 11(7), 1873—-1893.

Xiang, B., Zhao, M., Held, I. M., & Golaz, J. (2017).  Predicting the severity of
spurious “double ITCZ” problem in CMIP5 coupled models from AMIP simu-
lations. Geophysical Research Letters, 44(3), 1520-1527.

Zeman, C., Wedi, N. P., Dueben, P. D., Ban, N., & Schér, C. (2021). Model inter-
comparison of COSMO 5.0 and IFS 45r1 at kilometer-scale grid spacing. Geo-
scientific Model Development, 14(7), 4617-4639.

Zhang, G. J., Song, X., & Wang, Y. (2019). The double ITCZ syndrome in GCMs:
A coupled feedback problem among convection, clouds, atmospheric and ocean
circulations. Atmospheric Research, 229, 255—268.

Zhang, X., Liu, H., & Zhang, M. (2015). Double ITCZ in coupled ocean-atmosphere
models: From CMIP3 to CMIP5.  Geophysical Research Letters, 42(20), 8651—
8659.

Zhou, W. Y., Leung, L. R., & Lu, J. (2022). Linking Large-Scale Double-ITCZ Bias
to Local-Scale Drizzling Bias in Climate Models. JOURNAL OF CLIMATE,
35(24), 4365-4379. doi: 10.1175/JCLI-D-22-0336.1

—12—



562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

Figure 1. Simulation and analysis domains. The green domain (Simulation) is used
for the COSMO calibration and simulations. The red domain (Analysisl) is used for the
cross section analysis. The black domain (Analysis2) is used to indicate the SST bias.

Figure 2.SST bias of the MPI-ESM1-2-HR historical simulation (defined as MPI-
ESM1-2-HR — ERAJ5) over a 30 year period (1985-2014) and for the two seasons with
the most southern- and northernmost position of the ITCZ. The black domain (Anal-
ysis2) represents the domain with significant SST overestimation; it will be used in some
of the analyses.

Figure 3. Meridional cross section of 10-year-mean precipitation and vertical mass
flux over domain Analysisl. The panels show the result of different simulations (from
top to bottom: ERA5, MPI-ESM1-2-HR historical simulation, MPI-ESM1-2-HR AMIP
results, COSMO conventional downscaling, COSMO bias-corrected downscaling and SST-
corrected downscaling). The first column shows the annual mean result, the second col-
umn boreal spring average in February—April and the last column shows boreal summer
average in July—September. The red and black lines display the zonal mean precipita-
tion from the data sets and the GPCP satellite observations, respectively (see scale to
the right). The coupled MPI simulation shows a distinct double-ITCZ. The double-ITCZ
is also visible in the MPI simulations with prescribed SST, and the conventional down-
scaling with COSMO based on the native MPI simulations. The bias-corrected down-
scaling as well as the SST corrected downscaling simulations show no double-ITCZ.

Figure 4. Time series of the precipitation bias (simulation minus GPCP) in the
meridional cross section over the domain Analysisl (contours), and the SST bias aver-
aged over domain Analysis2 (green line). From top to bottom, the panels show the re-
sults of conventional downscaling, bias-corrected downscaling, and SST-corrected down-
scaling. The misplaced ITCZ is correlated with the SST bias. The bias-corrected down-
scaling as well as the SST-corrected downscaling remove the reoccurring positive pre-
cipitation bias south of the equator in boreal spring.

Figure 5. Outgoing longwave radiation for observations and model results. The
panels show (from left to right): CERES observation, ERA5, MPI-ESM1-2-HR, histor-
ical simulation results, MPI-ESM1-2-HR, AMIP results, COSMO conventional downscal-
ing, COSMO bias-corrected downscaling, and COSMO SST-corrected downscaling. The
first row shows the annual mean result, the second row shows the boreal spring average
(February — April) and the last row the boreal summer average (July — September). As
CERES data is only available since March 2000, the plot is calculated based on data from
March 2000 to December 2004.

—13—



ERAS

b)

MPI

c)

prescribed SST

MPI-

d)

Conventional
downscaling

e)

Bias-corrected
downscaling

SST-corrected
downscaling

Annual

Feb. Mar. Apr.

Jul. Aug. Sep.

18 18
— ERAS |4, 1
16 — Gpep 16
14 2 14 2
12 10 12 10
Ew 8 10 8
° 8
g° o s
6 6
4
4 4
2 2
-3 -0 -10 10 -20 10 0
Latitude Latitude
1 18
— MM g 14
16 — Gpep 16
14 2 14 2
12 10 12 10
Ew 8 10
£
S 8
2 6
6 6
4
4 4
: LA
-3 -0 -10 10 20 -10 0
Latitude Latitude
1 18
—wmp |, "
16 — GPCP 16 16
14 “ 14
12 10 12
E
£10 8 10
g e 8
z 6
6 6
4
4 4
2 P ? 2
&
o
-3 -0 -10 10 20 -3 -0 -10
Latitude Latitude
1
— cosMo | 4
16 — apcp
14 2
12 10
Ew
g 8
E
6
4
2
-3 -0 -10 10 20 -3  -20 -10 10
Latitude Latitude
1
16
14
12
B
5
z

Height (km)

-3 -

ow, vertical mass flux (kg/(m?-s))

3

4

x1073

Precipitation (mmyday) Precipitation (mmyday) Precipitation (mmyday) Precipitation (mm/day) Precipitation (mm/day)

Precipitation (mm/day)



Supporting information of ”Dynamical downscaling of
climate projections in the tropics”

Shuchang Liu', Christian Zeman', Christoph Schir!

nstitute for Atmospheric and Climate Science, ETH Ziirich

Corresponding author: Shuchang Liu, Shuchang.liu®@env.ethz.ch



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

P51

42

43

44

45

46

47

48

49

50

51

52

53

54

1 Model Calibration

The calibration of the semi-empirical model parameters is based on the method-
ology of Bellprat et al. (2012, 2016) The methodology has further been refined and ap-
plied to the tropics by Liu et al. (2022). It provides an objective calibration of n param-
eters with an specified plausible parameter range based on expert knowledge. In prac-

tice, the methodology requires simulations for the corners of the n-dimensional cube spanned

by the parameters. In the interior of the cube a meta-model is used. The performance
of the model is optimized using a performance score defined by observational data. In
our case and following Liu et al. (2022), the observations cover monthly-mean satellite
data for outgoing longwave radiation (OLR), outgoing shortwave radiation (OSR) (Loeb
et al., 2018) as well as ERA5 data for surface latent heat flux (LHFL) (Hersbach et al.,
2020). When calculating the performance score, the calibration domain is divided into
48 rectangular regions (6 rows and 8 columns with size of 10°x10° each). The calibra-
tion period covers 4 months (Feb., May, Aug., Nov.) in 2006, each with a 5-day spin-up
period. The simulations are driven by ERAS5 lateral boundary conditions and ERA5 SST.
The validation of the methodology will be presented for an independent period, i.e. the
year 2016.

While deep convection cannot be fully resolved with 12 km grid spacing, treating
it explicitly even at such a relatively coarse resolution can lead to a more realistic model
behavior based on previous studies (Vergara-Temprado et al., 2020; Zeman et al., 2021).
Therefore we conduct the calibration with three different settings to select the convec-
tion scheme for this study, one is with explicit convection, one is with only shallow con-
vection parameterized, and one is with shallow and deep convection all parameterized.

Depending upon the set-up of the convective parameterizations, different param-
eters are calibrated. For the explicit convection, we calibrate the same 5 parameters as
in Liu et al. (2022) (see their Table 1). For the shallow convection parameterization, we
use one additional parameter (rat_mb) to control the strength of the parameterized con-
vection. This parameter is a scaling factor in determining the massflux at cloud base,
it can range from 0 to 1. A value of 0 means that the shallow convection is switched off,
while 1 means full strength of the convection scheme. For the deep convection param-
eterization, thick_dc is calibrated, which is the threshold of cloud thickness for precip-
itating deep convection. It can range from 50 hpa to 450 hpa and has a default values
of 200 hpa.

Figure S1 shows the evaluation of the calibration using an independent validation
period. The figure shows the biases before and after calibration (left and right). The field
presented are: top-of-atmosphere outgoing longwave radiation (OLR), outgoing short-
wave radiation (OSR) and surface latent heat flux (LHFL) averaged over 4 months (Feb.,
May, Aug., Nov.) in the year 2016. Since the default configuration suffers mainly from
shortwave radiation biases, the calibration method tends to fix that to obtain a higher
performance score. Therefore an improvement in the performance of the OSR can be seen
under all three convection scheme choices. It is worth noting that the LHFL has larger
uncertainty than the radiation fields, and gets correspondingly less weight than the other
fields when evaluating the performance score.

Overall, among the three settings with different kinds of convection schemes, the
one with only shallow convection parameterization performs the best after the calibra-
tion, which is consistent with the studies of Vergara-Temprado et al. (2020) and Zeman
et al. (2021). Therefore we choose the corresponding setting for the downscaling simu-
lations. For completeness, we here list the COSMO model version 6 and the calibrated
parameter values (rlam_heat: 0.26, rat_sea: 27.66, rat.mb: 0.5306, qi0: 4.4300E-6, tur_len:
155, cloud_num: 4.6E7, clc_diag: 0.9070).
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