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ABSTRACT: Precipitation in the Amazon basin is vital for the global hydrological and carbon cycles. However, current
global climate models, which typically operate at horizontal resolutions of approximately 100 km, exhibit significant short-
comings in accurately representing precipitation patterns in the Amazon. Notably, these models suffer from a persistent
dry bias over east Amazon during the local rainy season from March to May. This deficiency largely stems from the mod-
els’ inability to accurately capture the formation and southwestward inland propagation of diurnal rain belts that initiate
along the northeast coast of Brazil. Observational diagnoses show that these diurnal rain events are closely linked to the
westward propagation of lower-tropospheric buoyancy fluctuations resulting from moisture advection by the easterly
Amazon low-level jet. Model experiments utilizing regionally refined grids indicate that the representation of these diurnal
rain belts, and consequently the mean precipitation pattern in east Amazon, is significantly improved in higher-resolution
model simulations (from 25 to 6 km). Further analysis reveals that this improved diurnal cycle of precipitation is primarily
due to a substantial increase in resolved large-scale precipitation that responds to lower-tropospheric buoyancy forcing as

the model resolution increases.
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1. Introduction

The Amazon rainforest, the largest tropical forest on Earth,
plays a pivotal role in maintaining Earth’s energy, moisture,
and carbon balances. It accounts for approximately 20% of
the world’s freshwater discharge and around 15% of global
terrestrial photosynthesis (Field et al. 1998; Foley et al. 2002;
Phillips et al. 2017). Changes in Amazonian precipitation not
only impact the regional water and energy balance but also in-
fluence global carbon—climate feedbacks and atmospheric
CO, concentrations (Cox et al. 2004). Precipitation variations
in the Amazon region also exert far-reaching impacts on
global atmospheric circulation and climate variability. Specifi-
cally, latent heat release from convection in the Amazon plays
an active role in modulating the easterly equatorial trade
winds and the intertropical convergence zone (ITCZ) over
the Atlantic Ocean (Biasutti et al. 2005; Wang and Fu 2007,
Richter et al. 2014; Bai and Schumacher 2021). In turn, these
trade winds significantly shape the zonal and meridional sea
surface temperature gradients, driving major climate variabil-
ity modes over the Atlantic Ocean, including the Atlantic
Niflo and the Atlantic meridional mode, and even influencing
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the North Atlantic Oscillation in mid- to high latitudes (Xie
and Carton 2004; Xie 2023).

However, state-of-the-art climate models demonstrate sig-
nificant biases in their representation of historical rainfall cli-
matology and considerable intermodel spread in projecting
future rainfall changes across the Amazon basin (e.g., Fu et al.
2013; Li et al. 2006; Vera et al. 2006; Yin et al. 2013; Richter
et al. 2014; Zhang et al. 2017). Persistent dry biases in the
Amazon have been reported in recent generations of climate
models participating in the Coupled Model Intercomparison
Project (CMIP; Meehl et al. 2005), including the latest CMIP
phase 6 (CMIP6) (Richter and Xie 2008; Richter et al. 2014;
Richter and Tokinaga 2020; Tian and Dong 2020; Hagos et al.
2021). This precipitation deficit is closely associated with west-
erly wind biases over the equatorial Atlantic and the associ-
ated southward shift of the Atlantic ITCZ, often manifesting
as the persistent “double ITCZ” bias in model simulations
(Tozuka et al. 2011; Richter et al. 2014; Tian and Dong 2020;
Bai and Schumacher 2021; Jiang and Tian 2024). The inability
of these models to accurately represent Amazonian rainfall
fundamentally limits our predictive skill for both regional
weather extremes and global climate patterns and is consid-
ered a major source of uncertainty in projecting future atmo-
spheric CO, concentrations and resulting climate changes
(e.g., Friedlingstein et al. 2006, 2014).

This study was largely motivated by persistent dry biases in
the mean precipitation pattern in the Amazon, particularly over
the east Amazon region off the northeastern Brazilian coast, in a
developmental version of the next generation Community
Atmosphere Model (CAM; hereafter CAM6+), following the
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earlier generations of CAM models (Gent et al. 2011; Danabasoglu
et al. 2020; Bai and Schumacher 2021). With a maximum annual
precipitation occurring during boreal spring from March to May
(MAM), precipitation in east Amazon is well known for its distinct
diurnal cycle, often manifested as organized mesoscale convective
systems (MCSs; Feng et al. 2021; Tai et al. 2021; Anselmo
et al. 2021). A prominent form of these diurnal precipitation
systems is the development of squall lines that orient parallel
to the Northeast Brazilian coast and systematically propagate
inland (Cohen et al. 1995; Silva Dias and Ferreira 1992;
Garreaud and Wallace 1997; Burleyson et al. 2016; Oliveira
and Oyama 2020; Sousa et al. 2021). These propagating sys-
tems are typically initiated by local land-sea breezes in the
coastal areas (Kousky 1980; Sousa et al. 2021).

While model biases in representing the mean precipitation
pattern over the Amazon can often be attributed to deficien-
cies in subgrid physical parameterizations (e.g., Xie et al.
2019; Tai et al. 2021), they may also arise from the relatively
coarse horizontal resolution of current climate models, which
is typically about 100 km, including CAM6+. Recent ad-
vancements in supercomputing technology have enabled the
integration of climate models at a horizontal resolution of sev-
eral kilometers over the global domain (Satoh et al. 2019;
Stevens et al. 2019; Herrington and Reed 2020; Caldwell et al.
2021; Lin et al. 2023) or over specific regions using the so-
called regionally refined modeling technique (e.g., Bambach
et al. 2022; Sakaguchi et al. 2023). These global or regionally
refined convection-permitting models demonstrate significant
improvements over the coarse resolutions of traditional global
climate models (GCMs), particularly in their representation
of precipitation and convection (Miura et al. 2007; Caldwell
et al. 2021).

In this study, by leveraging a series of simulations from the
newly developed regionally refined high-resolution CAM6
with various horizontal resolutions over South America
(hereafter, RR-CAMS6), along with high-resolution rainfall
observations and reanalysis datasets, we address the following
questions: How are model biases in representing the diurnal
cycle of precipitation related to their biases in simulating
mean precipitation over east Amazon? What are the key pro-
cesses underlying the observed diurnal evolution of precipita-
tion in this region? Can the representation of the diurnal
cycle of precipitation and the mean precipitation pattern over
east Amazon be improved in high-resolution RR-CAM6 sim-
ulations? If so, what key physical processes contribute to this
improvement? Addressing these questions will not only ad-
vance our understanding of rainfall processes over east Amazon
but also offer valuable guidance for model development, ulti-
mately leading to improved simulations of precipitation vari-
ability over South America.

The remainder of this paper is organized as follows. Section 2
describes the observational datasets and the CAM6+ model, as
well as the high-resolution RR-CAM6 experiments analyzed in
this study. Section 3 illustrates model biases in simulating the
seasonal mean precipitation pattern over east Amazon during
MAM in CMIP6 models and CAM6+. We then present the
role of the diurnal cycle in determining the MAM mean precipi-
tation over east Amazon, the key processes regulating the
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propagation of diurnal precipitation based on observations, and
biases in representing the diurnal cycle of precipitation over east
Amazon in CAM6+. Additionally, this section examines the
representation of the diurnal cycle of precipitation in the
RR-CAM6 experiments at various horizontal resolutions and
explores the processes that contribute to the improvement in di-
urnal rainfall propagation in high-resolution RR-CAM6 simula-
tions. Finally, section 4 presents a summary and discussion of
the main findings.

2. Observational and model datasets
a. Observational datasets

The rainfall observations from the Global Precipitation
Measurement (GPM) mission, specifically the Integrated Multi-
satellitE Retrievals for GPM (IMERG, version 7), are used to
characterize diurnal precipitation evolution over east Amazon.
The GPM IMERG algorithm unifies precipitation observations
from the GPM Microwave Imager and the Dual-Frequency
Precipitation Radar on the GPM Core Observatory, along with
sensors from a constellation of other satellites, including pas-
sive microwave and infrared sensors, calibrated by gauge data.
IMERG provides a global precipitation product with high-
resolution, half-hourly precipitation estimates gridded at a spa-
tial resolution of 0.1° since 2000 (Huffman et al. 2019). For this
study, hourly averaged IMERG rainfall observations from 2010
to 2019 are employed.

The fifth generation European Centre for Medium-Range
Weather Forecasts (ECMWF) atmospheric reanalysis (ERAS;
Hersbach et al. 2020) is analyzed to identify key processes associ-
ated with the diurnal evolution of precipitation over east Amazon.
ERAS was generated using 4D-Var data assimilation in the
ECMWPEF’s Integrated Forecasting System (IFS). It features a
horizontal resolution of approximately 30 km at hourly time in-
tervals, with a total of 137 hybrid sigma/pressure model levels in
the vertical, extending up to a top level of 0.01 hPa. Variables an-
alyzed in this study include 3-hourly vertically interpolated 3D
variables (winds, moisture, and temperature) at 27 pressure lev-
els between 1000 and 100 hPa for the period from 2010 to 2019.

In addition to the ERAS reanalysis, detailed moisture bud-
get terms generated by the ECMWEF-IFS for the Year of
Polar Prediction (YOPP) Project (Bauer et al. 2020) were
also analyzed to identify the key processes regulating mois-
ture variability associated with the diurnal evolution of pre-
cipitation over east Amazon. The EC-YOPP dataset includes
initial condition and forecast model outputs from the
ECMWF-IFS with 3-hourly tendency terms for various physi-
cal and dynamical processes. It has a horizontal resolution of
about 18 km at 91 vertical levels for the period from 1 May
2017 to 31 October 2019. In this study, we analyzed the EC-
YOPP dataset for the MAM season of 2018-19 to examine
the moisture budget processes associated with the diurnal
propagation of precipitation over east Amazon.

b. The CAM6+ GCM

The CAM6+ GCM analyzed in this study is an updated
version of CAM6 that was used for the National Center for
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FIG. 1. Mean precipitation (shaded with the color bar; mm day ') and wind at 900 hPa [see the scale on the upper right of (a)] during
MAM over South America based on (a) observations (IMERG; 2010-19), (b) CAM6+ (1998-2007), and (c) CMIP6 model ensembles
(1980-2014). The green box (60°-45°W; 5°S-5°N) in each plot denotes the northeastern coastal region of Brazil, the focus of this study,
and referred to as east Amazon in the text. All fields in the three panels are interpolated onto 1° grids. Pattern correlation coefficients be-
tween simulated and observed mean precipitation patterns are shown on the upper right of each panel. CMIP6 simulations are based on

coupled historical simulations (see Fig. S2 for models included).

Atmospheric Research (NCAR)’s participation in the CMIP6
project (Danabasoglu et al. 2020). The main updates include a
new spectral-element (SE) dynamical core and enhanced ver-
tical resolution from 32 to 58 vertical levels, while largely re-
taining the physical schemes of CAMS, including the Cloud
Layers Unified by Binormals (CLUBB) unified turbulence
scheme for shallow-convection and the boundary layer (Golaz
et al. 2002; Larson 2017), the Rapid Radiative Transfer Model
for GCMs (RRTMG) radiation package (Iacono et al. 2008),
the Modular Aerosol Model (Liu et al. 2016), the second ver-
sion of the Morrison—Gettelman cloud microphysics scheme
(Gettelman and Morrison 2015), and the Zhang-McFarlane
deep convection scheme (Zhang and Mcfarlane 1995).

Atmospheric Model Intercomparison Project (AMIP)-type
experiments based on the CAM6+ were conducted for 10 years
from 1998 to 2007 with prescribed monthly sea surface tempera-
ture and sea ice datasets over the ocean (Hurrell et al. 2008)
while coupling with the dynamic Community Land Model,
version 5 (Lawrence et al. 2019), over land. A horizontal res-
olution of about 100 km with 58 vertical levels is applied for
the CAM6+ experiments.

c. Regionally refined CAM6 (RR-CAM6) model
experiments

The diurnal cycle of precipitation over east Amazon was also
analyzed using simulations from a series of standard CAMG6 ex-
periments that utilize regionally refined grids over South Amer-
ica, with horizontal resolutions ranging from approximately
100 km in the “ne30” experiment, 50 km in the “ne60” experi-
ment, 25 km in the “nel20” experiment, 12 km in the “ne240”
experiment, and 6 km in the “ne480” experiment. For regions
beyond the regionally refined grids over South America, a uni-
form horizontal resolution of about 100 km is maintained across
all experiments, with 3D model fields, including temperature,
specific humidity, and winds, strongly nudged toward the hourly
ERAS reanalysis data with a relaxation time of 1 h. (See Fig. S1
in the online supplemental material for an example of the model

grid configuration for the ne240 experiment.) Note that the
Zhang-McFarlane convection scheme remains active to represent
subgrid cumulus processes in all these RR-CAM6 experiments.
Due to limited computational resources, all of these RR-CAM6
experiments are integrated for 3 years, including June 2010-May
2011, June 2015-May 2016, and June 2018-May 2019, represent-
ing conditions associated with the La Nifia, El Nifio, and neutral
El Nifio-Southern Oscillation phases, respectively.

In the following discussion, we will focus primarily on the
rainy season over east Amazon from March to May. During
this period, the diurnal cycle of local precipitation is particularly
pronounced, and climate models struggle to accurately simulate
the local mean patterns of precipitation and their variability, as
will be illustrated below. Hereafter, unless stated otherwise, we
will specifically refer to east Amazon as the coastal area of
northeastern Brazil (60°45°W; 5°S-5°N), shown by the green
box region in Fig. 1, for the sake of brevity. Note that despite
the different time periods analyzed across these datasets, the cli-
matological mean precipitation and diurnal cycle shown in this
study are robust and not sensitive to minor variations in the se-
lected periods, as will be demonstrated later using the GPM-
IMERG dataset.

3. Results

a. Seasonal mean precipitation over east Amazon in
CAMO6+ and CMIP6 models

Figure 1 illustrates the observed and simulated MAM sea-
sonal mean precipitation and wind patterns over the South
American sector. The observed rainfall pattern over the Ama-
zon during MAM is largely characterized by a zonally elon-
gated rain belt near the equator, which is connected to the
ITCZ over the Atlantic to the east. A local precipitation max-
imum is observed in the northeastern coastal region of Brazil
(highlighted in the green box in Fig. 1a). However, pro-
nounced precipitation deficits in the MAM mean rainfall pat-
tern over east Amazon are found in CAM6+, resulting from
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FIG. 2. Annual cycle of climatological mean precipitation over
east Amazon (the green box in Fig. 1) based on IMERG observa-
tions (black), CAM6+ (green), and the CMIP6 model ensemble
mean (pink). CMIP6 simulations are based on coupled historical
simulations during 1980-2014 (see Fig. S2 for models included).

a southward shift of the rainfall belt from the equator (Fig. 1b).
This southward-shifted rain belt over east Amazon in CAM6+
is closely associated with a southward shift of the low-level
convergence zone. Additionally, CAM6+ also exhibits notable
biases over the Andes, with significantly overestimated precipita-
tion along the mountain range compared to IMERG, although
satellite-measured precipitation could also be underestimated
over high-elevation regions (e.g., Lober et al. 2023). A relatively
low pattern correlation score of 0.6 for mean MAM precipitation
in South America is found in CAM6+ when compared to
IMERG. Meanwhile, the multimodel ensemble MAM mean
precipitation pattern simulated in CMIP6 models exhibits two
disconnected precipitation maxima over equatorial South
America: one along the Pacific coast and the other over the
Atlantic ITCZ region, leading to dry biases in the eastern part of
the Amazon region (Fig. 1c). As previously discussed, this signifi-
cant underestimation of mean MAM precipitation over east
Amazon is a common model bias, as shown across the individual
CMIP6 model simulations (see Fig. S2).

Model deficiencies in simulating mean precipitation during
MAM over the east Amazon region are further illustrated by
the climatological annual cycle of precipitation, averaged
over the green box shown in Fig. 1 for both IMERG and sim-
ulations (Fig. 2). In contrast to a pronounced peak in precipi-
tation during MAM in observations, the simulated mean
precipitation in this period is significantly weaker in both
CAM6+ and the CMIP6 GCMs, resulting in a biased and
weakened annual cycle of local precipitation in model simu-
lations. While the most substantial model deficiencies in east
Amazon precipitation for CAM6+ are found in MAM, sig-
nificant precipitation deficits are also found in February in
the coupled CMIP6 models, which can be partially associated
with model deficiencies in SST patterns in these coupled
models (e.g., Richter and Tokinaga 2020). In the following
section, we mainly focus our analyses on the east Amazon re-
gion during MAM, aiming to understand the key processes
responsible for the significant dry biases in CAM6+ with the
aid of RR-CAMG6 simulations.

VOLUME 00

b. Representation of the diurnal cycle of precipitation
over east Amazon in CAM6+

The precipitation during the rainy season over east Ama-
zon exhibits a pronounced diurnal cycle (Tai et al. 2021;
Zhuang et al. 2017; Burleyson et al. 2016; Anselmo et al. 2021;
Feng et al. 2021). Figure 3 illustrates the climatological diur-
nal cycle of precipitation during MAM in CAM6+ simula-
tions, along with observations from IMERG. Since the daily
integrated precipitation over a climatological diurnal cycle on
each grid point corresponds to its seasonal mean precipita-
tion, examining the climatological diurnal cycle of precipita-
tion in CAM6+ simulations is crucial for understanding the
significant model biases in seasonal mean precipitation over
east Amazon.

As shown in Fig. 3a, the observed precipitation over east
Amazon is characterized by the southwestward movement of
an elongated rain belt that runs parallel to the northeastern
Brazil coastline. This pattern resembles the squall lines associ-
ated with the diurnal cycle of precipitation in this region, as
previously reported (Cohen et al. 1995; Silva Dias and Ferreira
1992; Oliveira and Oyama 2020). The coastal rain belt typically
forms near local noon and develops significantly along the coast-
line at 1400 LT. After reaching peak intensity around 1700 LT,
the rain belt migrates southwestward inland during the late
afternoon and nighttime, albeit with reduced intensity. By
1100 LT the following day, the propagating rain belt arrives at the
equatorial central Amazon near 60°W, where it tends to intensify
rapidly after 1400 LT, possibly due to substantial convective avail-
able potential energy resulting from local surface warming. Recent
observational studies suggest that heavy precipitation along the
coastal diurnal rain belt is dominated by MCS activity over the
southern part of east Amazon, while MCSs only play a minor role
over the northern part (Anselmo et al. 2021; Feng et al. 2021). It is
important to note that while the composite illustrates a smooth,
continuous propagation of the diurnal rain belt from the coast in-
land to approximately 60°W, individual diurnal convective systems
may not complete this full migration during a single life cycle.

In the CAMO6+ simulations (Fig. 3b), while the coastal rain
belt over east Amazon is discerned in the afternoon between
1400 and 1700 LT, its intensity is noticeably weaker com-
pared to IMERG, and the location of the rainfall maxima
shifts slightly away from the green box region seen in the ob-
servations, in agreement with the significant dry bias identi-
fied in the mean MAM precipitation pattern in this model
(Fig. 1).

The deficiencies in CAM6+ in accurately depicting the di-
urnal southwestward-propagating rain belt over east Amazon
are clearly shown in Hovmoller diagrams of diurnal precipita-
tion in Fig. 4. These Hovmoller diagrams are plotted along a
transect roughly following the propagation direction of the
rain belt in observations (denoted by the blue line AB in Fig. 3,
1400 LT, left column), with precipitation averaged over a 10°
belt centered along the blue line. The vertical dashed lines in
Fig. 4 denote the approximate location of the coastline over
northeastern Brazil along the transect. While observations
indicate that convection triggers near the coast at noon and
systematically migrates southwestward inland (Fig. 4a), these
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FIG. 3. The climatological diurnal evolution (3 hourly) of precipitation over tropical South America during MAM
based on (a) IMERG and (b) CAM6+. Local time is defined at the longitude of 60°W. The transect shown by the
blue line (AB) on the left panel at 14 LT roughly denotes the observed southwestward propagation direction of

coastal rain belts.

propagating convection signals are largely absent in CAM6+
simulations. The results in Figs. 3 and 4 suggest that the signifi-
cant dry biases in MAM mean precipitation over east Amazon
in CAM6+, and possibly other CMIP6 models, are closely

related to their inability to accurately represent the regional
diurnal cycle of precipitation. This result will be further illus-
trated with additional observational evidence in the following
sections.



6 JOURNAL OF CLIMATE

a) GPM IMERG

14 1
11+

08 1

024

I

|

1

|

|

]

l

05 - {
|

|

:

|

231 |
I

I

I

204

Local time

171

14 4

11+

08

05

024

234

20
70W

60W 40W

VOLUME 00
b) CAM6+
17 ‘
I
14 i
I
111 :
|
|
08 - j
w mm/day
05 A |
|
02 : 24
1
|
23 | 21
; 18
201 |
; 15
17 A |
! 12
14 1 !
! 9
11 : 6
I
081 1
I
|
05 ;
1
02 - 1
I
23 ?
I
I
20 , |
70W 60W 50W 40W
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2 days. The dashed lines indicate the approximate location of the coastline over equatorial South America along

the transect.

c. Key processes driving the westward-propagating
diurnal rain belt over east Amazon

Considering the significant model deficiency in capturing
the observed westward-propagating diurnal rain belts over
east Amazon in CAM6+, and its close association with model
bias in the seasonal mean precipitation pattern, this section
focuses on observations to identify key processes regulating
the westward propagation of diurnal precipitation over east
Amazon.

In the following discussion, we consider the diurnal cycle of
precipitation over east Amazon on each day as a diurnal event.
Following a previous study on the diurnal cycle of precipitation
in the Great Plains (Jiang et al. 2006), we employ an extended
empirical orthogonal function (EEOF) analysis to identify days
with strong and weak propagating precipitation signals over east
Amazon. The EEOF analysis is conducted using 3-hourly
IMERG precipitation data over eastern Amazon (60°—40°W,
6°S—4°N; as shown in Fig. 5) for the period from 2010 to 2019,
with a total of seven time lags. Before conducting the EEOF
analysis, the long-term climatological annual cycle (annual mean
plus three leading annual harmonics) was removed from the
precipitation data. The derived eigenvectors from the EEOF

analysis represent a series of evolution patterns associated with
the leading modes. The first and second modes (EEOF; and
EEOF,) capture the same leading mode of diurnal precipitation
variability over east Amazon (Fig. 5), characterized by a largely
southwestward propagation from the coastal region toward the
inland areas, consistent with the observed composite climatolog-
ical diurnal evolution patterns shown in Fig. 3, but with a 90°
phase difference between the EEOF; and EEOF,.

To derive the daily amplitude of the leading diurnal propa-
gating mode over east Amazon from 2010 to 2019, we calcu-
late the daily mean of 3-hourly combined amplitude based on

the two principal components (PCs), i.e., ,IPC% + PC%. Strong
diurnal propagation events can then be identified for days
with their daily amplitude of the leading diurnal EEOF mode
exceeding the long-term mean amplitude plus one standard
deviation, while weak events are identified as those with daily
amplitude below the long-term mean amplitude minus one
standard deviation.

During the MAM period from 2010 to 2019, we identified a
total of 162 strong propagating diurnal events and 158 weak di-
urnal events. By the design of this approach, pronounced west-
ward propagation of diurnal precipitation over east Amazon is
evident in the Hovmoller diagram along the transect AB based
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2010-19.
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blue line AB in Fig. 3. (bottom) Daily mean precipitation patterns based on (c) strong and (d) weak diurnal propagation events, and
(e) their differences. All these results are based on IMERG observations with units of millimeters per day.

on composites of strong events (Fig. 6a). In contrast, westward-
propagating diurnal precipitation signals are largely absent in
the composite of weak diurnal events (Fig. 6b). Notably, for the
strong diurnal propagation events, strong convection tends to es-
tablish near the coastal region around noon, with the maximum
amplitude occurring during the afternoon and early evening.
The systematic westward migration of these strong diurnal
events can extend to 60°W by the following morning, with a
propagation speed of approximately 14 m s~ ! (Fig. 6a), which is
highly consistent with the phase speeds of Amazon coastal
MCSs or squall lines previously reported (Cohen et al. 1995;
Sousa et al. 2021; Anselmo et al. 2021). Figures 6¢ and 6d further
illustrate the mean precipitation patterns for composites of strong
and weak diurnal propagation events, respectively. A significant
influence of westward-propagating diurnal events on the mean
precipitation over east Amazon is readily seen in Fig. 6¢c. In con-
trast, much weaker mean precipitation is observed during days
when the westward-propagating diurnal precipitation events are
inactive (Fig. 6d). The differences in the mean precipitation be-
tween strong and weak diurnal events as shown in Fig. 6e further
suggest that the activity of diurnal propagation modes signifi-
cantly contributes to the mean precipitation over east Amazon.
This observational evidence confirms that the diurnally forced

westward-propagating convective systems from the north-
eastern Brazil coast are an essential mode of precipitation
variability over east Amazon. However, these diurnal prop-
agating precipitation events are largely underestimated in
CAMO6+ (Figs. 3 and 4), resulting in a significant model dry
bias over east Amazon. The results in Fig. 6 also indicate that
the prevailing diurnal precipitation mode over east Amazon
does not significantly affect precipitation over the western
Amazon; therefore, different mechanisms may be responsible
for the dry biases over the west and east of the Amazon (e.g.,
Cui et al. 2021).

To gain insights into the processes responsible for the
model deficiencies in representing the diurnal propagating
mode over east Amazon, a critical question needs to be ad-
dressed: What are the key processes that drive the observed
westward propagation of diurnal convection over east Amazon?
Motivated by a recently proposed precipitation-buoyancy frame-
work that highlights a close relationship between the lower-
tropospheric buoyancy B; and tropical convection (Ahmed and
Neelin 2018; Ahmed et al. 2020; Ahmed and Neelin 2021; Adames
et al. 2021), we investigate how diurnal changes in B, can poten-
tially contribute to the westward propagation of convection over
east Amazon.



MONTH 2026

a) SUBSAT,

144
114
084
054
024
234
204
174
144
114
08
054
024
234

20 T T T t T
70W 65W 60W 55W 50w 45W 40W

~

-2.1
-2.3
-2.5
-2.7
-2.9
-3.1
-3.3

Local time

c) Theta_e & q (900-700hPa)

Local time

JIANG ET AL. 9

Local time

d) Theta_e_sat & T (900-700hPa)

Local time

40w

F1G. 7. Diurnal Hovmoller diagrams of (a) SUBSAT, and (b) CAPE,, the two components of lower-tropospheric buoyancy associated
with diurnal evolution of precipitation based on the observed strong diurnal propagation events identified by IMERG. Similar diurnal
Hovmoller diagrams of 900-700-hPa averaged 6, (shading; K) and specific humidity ¢ (contours; g kg~') are shown in (c), and 6], (shad-
ing; K) and temperature (contours; °C) are shown in (d). All variables are plotted along the transect following the blue line in Fig. 3. The
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All these variables are based on the ERAS reanalysis.

Following Ahmed and Neelin (2021), the lower-tropospheric
buoyancy By is defined as follows:

0,— 60 6., — 6
WB( eBe* eL)eeO_ WL( eLO* eL)GeO] (1)
L

el e

8
B, ==
L
kLeeO

CAPE, SUBSAT,

where 0, is the equivalent potential temperature, and 6,5 is 0,
averaged over the boundary layer, defined as the 100-hPa
layer above the surface; 6., and GZL are the 0, and saturated 6,
averaged over the lower troposphere between the top of the
boundary layer and 500 hPa; 6, is a reference 6, value of 340
K; EL is a constant of 3.0; and g is the constant of the accelera-
tion due to gravity (9.8 m s~ 2). The first term of B;, CAPE,,
is a measure of the undiluted plume buoyancy equivalent to
the convective available potential energy (CAPE) computed
using gridscale vertical stratification between the lower tropo-
sphere and the boundary layer. The second term, SUBSAT,,
measures the degree of subsaturation in the lower tropo-
sphere. Weights wi and w, represent relative fractions of
mass inflow to the plume in the boundary layer and lower tro-
posphere and are defined as follows:

Apy Ap,,
=_B + 2L
Wy Lln(l L) 2)
w, =1—wg, 3)

where Ap; and App (=100 hPa) are the vertical depth of the
lower troposphere and boundary layer, respectively. See
Ahmed et al. (2020) and Ahmed and Neelin (2021) for details
on the derivation of the above B, equation.

Figures 7a and 7b illustrate the Hovmoller diagrams of
CAPE, and SUBSAT, along the transect AB associated
with the southwestward propagation of diurnal convection
based on composite over strong propagating diurnal events as
shown in Fig. 6a. The blue line in each panel of Fig. 7 denotes
the propagation of precipitation associated with strong diur-
nal events, as duplicated following the precipitation Hov-
moller diagram in Fig. 6a. It is evident that the triggering of
diurnal convection near the coast of northeastern Brazil at
noon tends to be associated with the accumulation of CAPE
due to diurnal surface warming (Fig. 7b). As a systematic
westward propagation in CAPE, is not clearly evident in
Fig. 7b, the initial inland progression of the diurnal rain belt
near the coastal region during the early afternoon is likely
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driven by the sea breeze and its induced dynamical conver-
gence (Sousa et al. 2021). The continuous southwestward
propagation of diurnal convection during nighttime and the
next morning is largely associated with the migration of
SUBSAT, (Fig. 7a). The region of active convection corresponds
to small negative values of SUBSAT), indicating an environment
closer to a saturated condition. Since SUBSAT), is connected to
both 6,; and 6., [Eq. (1)], the diurnal evolution of 6,; and 6,
along the transect AB is further illustrated in Figs. 7c and 7d
(shaded). It can be observed that the westward propagation of re-
duced negative values of SUBSAT, over east Amazon is
mainly due to enhanced 6,, (Fig. 7c shaded), which in turn
closely follows an increase in lower-tropospheric moisture
(Fig. 7c contour). Conversely, while 6, is largely influenced by
lower-tropospheric temperature variations due to the Clausius—
Clapeyron relationship (Fig. 7d contours), it does not exhibit a
similar westward propagation as SUBSAT; (Fig. 7d shaded).
However, the reduced 6, over the inland region during noctur-
nal hours, induced by radiative cooling, helps to maintain a
buoyant environment and further promotes the westward propa-
gation of SUBSAT, and convection after 2300 LT. This may ex-
plain why the maximum values of 6,; and g are observed near
2300 LT to the west of 50°W (Fig. 7c), while the maxima of
SUBSAT, and precipitation occur further west between 0200
and 0500 LT (Fig. 7a).

These results suggest that the buoyancy forcing associated
with the westward propagation of lower-tropospheric moisture
plays a crucial role in driving the systematic westward movement
of diurnal convection over east Amazon, particularly during the
late afternoon and nighttime, as clearly indicated by Fig. 7c. This
result raises an additional question: What factors influence the
westward propagation of the lower-tropospheric moisture in this
region? To address this question, we analyze the moisture bud-
get terms related to the westward propagation of strong diurnal
events using the EC-YOPP dataset. Note that the EC-YOPP
dataset only covers two MAM seasons from 2018 to 2019. How-
ever, the characteristics of diurnal precipitation and lower-
tropospheric moisture (g,) based on 21 strong propagation
events during these two MAM seasons are largely similar to
those observed in Figs. 6a and 7c, which are based on all strong
events from 2000 to 2019 (figure not shown). Therefore, analyz-
ing the moisture budget based on strong westward-propagating
events during 2018-19 will provide valuable insights into the un-
derlying processes that contribute to the westward propagation
of moisture and thus diurnal convection over east Amazon.

Figure 8a illustrates a vertical pressure-longitude cross sec-
tion of moisture tendency along the transect AB at 2300 LT
based on the composite over 21 strong westward-propagating
diurnal events during MAM of 2018-19. The selection of
2300 LT is primarily based on the consideration that the diur-
nal moisture signals exhibit the strongest amplitude and prop-
agation at this time (see Fig. 7c contours). Moistening (drying)
occurs in the lower-troposphere between 900 and 500 hPa to
the west (east) of the convection center (Fig. 8a), consistent
with the westward propagation of g, and convection discussed
previously. Figure 8b further illustrates longitudinal profiles of
the total moisture budget term averaged between 900 and
500 hPa, along with its contributions from total dynamical and
physical processes. The moisture tendency due to physical
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processes primarily acts as a moisture sink, due to the condensa-
tion of water vapor, with its maximum negative value largely col-
located with the convection center. Conversely, the maximum
moistening due to dynamical processes has a shift to the west of
the convection center, i.e., it leads the convection for a west-
ward-propagating system. Further decomposition of the total
moisture tendency by dynamical processes into components of
horizontal and vertical advection suggests that the westward shift
in total moistening (black line) relative to the convection center
is mainly driven by the horizontal advection (blue dashed line).
Moistening from vertical advection (blue solid line), on the other
hand, is largely in phase with convection and balanced by the
moisture tendency due to physical processes (Fig. 8b). This
moisture budget analysis suggests that the westward propagation
of g, over east Amazon is primarily a result of horizontal mois-
ture advection in the lower troposphere, which is driven by the
easterly flow in this region (Fig. 8c), known as the Amazonia
low-level jet reported in recent studies (e.g., Anselmo et al.
2020; Bai and Schumacher 2021). As previously discussed, the
westward migration of near-saturated air during the nocturnal
period toward the inland helps maintain the systematic west-
ward propagation of the diurnal rain belt over east Amazon.

d. Simulations of the diurnal cycle of rainfall over east
Amazon in RR-CAMG6 simulations

Previous analyses suggest that significant dry biases in cli-
mate models over east Amazon can be closely linked to their
inability to accurately depict the diurnal cycle of precipitation.
Additionally, observations show that the systematic westward
propagation of diurnal convection inland in east Amazon is
primarily driven by lower-tropospheric buoyancy forcing as-
sociated with horizontal moisture advection from the easterly
Amazonian low-level jet. With these findings in mind, based
on various high-resolution simulations from the RR-CAM6
experiments, this section explores whether increasing the hor-
izontal resolution in models can improve the representation
of the diurnal cycle of precipitation and the associated sea-
sonal mean precipitation over east Amazon. Furthermore, we
investigate the underlying processes that contribute to this po-
tential improvement. Addressing these questions will provide
valuable insights for advancing model development toward
improved climate simulations over east Amazon.

Figure 9 illustrates the seasonal mean precipitation patterns
across various RR-CAMS6 simulations at different horizontal
resolutions along with IMERG observations during the three
MAM seasons: 2011, 2016, and 2019. Note that the Zhang—
McFarlane cumulus scheme remains active for all these
RR-CAMB6 experiments. In the RR-CAMG6 ne30 experiment,
the horizontal resolution for the regionally refined grids over
South America largely matches that in CAM6+ (~100 km).
Note that in the RR-CAM6 experiments, model variables are
nudged toward the hourly ERAS reanalysis during the integra-
tion beyond the regionally refined area over South America,
unlike the free run in CAM6+.

Similar to CAM6+, the coarse-resolution RR-CAMG6 simu-
lations exhibit a dry bias over east Amazon (Figs. 9b,c). How-
ever, in the high-resolution RR-CAM6 simulations, this dry
bias over east Amazon is significantly reduced (Figs. 9d—f).
Meanwhile, the excessive precipitation over the coastal region
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FIG. 9. As in Fig. 1, but for MAM seasonal mean precipitation based on IMERG and various RR-CAM6 experiments during the 3 years
of 2011, 2016, and 2019. Pattern correlation coefficients between simulated and observed mean precipitation patterns are shown on the up-

per right of each panel.

of Ecuador and near the Andes is also somewhat alleviated with
the increased horizontal resolution in the model. Notably, the
pattern correlation score for MAM mean precipitation across
South America increases gradually with increasing model resolu-
tion in these RR-CAMG6 experiments (Fig. 9). Additionally, note
that the anomalously strong precipitation offshore of the east-
ernmost tip of Brazil in RR-CAM6 simulations is likely a nu-
merical artifact resulting from the grid transition between the
high-resolution South American domain and the coarser 1° grid
outside this region.

To confirm whether the improved seasonal mean precipita-
tion pattern over east Amazon in high-resolution RR-CAM6
simulations is associated with improved representation of the
diurnal cycle of precipitation, Fig. 10 shows the 3-hourly evo-
lution of precipitation patterns over east Amazon, based on
the climatological diurnal cycle derived from various RR-
CAMB6 simulations along with IMERG observations during
three MAM seasons. The main characteristics of the observed

diurnal cycle of precipitation over east Amazon during these
3 years (Fig. 10a) are broadly consistent with those observed
over the entire period of 201019 (Fig. 3a), suggesting that the
climatological diurnal cycle from the 3 years of RR-CAM6 simu-
lations is robust. As shown in Fig. 10b, the well-organized rain
belt observed along the coastal region of east Amazon is poorly
simulated in the ne30 experiment, resulting in a significant dry
bias over the green box region of east Amazon. Additionally, the
previously discussed southwestward-propagating diurnal convec-
tion signals are largely absent in ne30 simulations, as clearly illus-
trated by the diurnal Hovmoller diagrams (cf. Figs. 11a,b). This
finding supports the earlier discussions based on CAM6+ about
the crucial role of diurnal convective activity in influencing sea-
sonal mean precipitation over east Amazon.

In the RR-CAMS6 experiments, increasing the horizontal
resolution over South America leads to improved representa-
tion of the rain belt over the coastal region of east Amazon,
especially in the three experiments with a horizontal resolution

«—

tendency due to dynamical processes (red), physical processes (green), horizontal (blue
dashed), and vertical (blue solid) advection. (c) Spatial distribution of 900-500-hPa av-
eraged moisture (shaded) and winds (vectors) at 2300 LT. All these fields are based on

the EC-YOPP analysis dataset.
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FIG. 10. As in Fig. 3, but for the diurnal evolution of precipitation based on (a) IMERG and the RR-CAMG6 simulations at various hori-
zontal resolutions: (b) ne30, (c) ne60, (d) ne120, (e) ne240, and (f) ne480. The climatological diurnal cycle of precipitation for both obser-
vations and RR-CAMG6 experiments is derived based on MAM during the 3 years of 2011, 2016, and 2019.

higher than 25 km: ne120, ne240, and ne480 (Figs. 10d-f). The
experiment ne480, in particular, successtully captures the forma-
tion of a strong rain belt over the coastal region after 1400 LT,
followed by its intensification and southwestward propagation in-
land (Fig. 10f). However, there are also some limitations in the
simulated precipitation diurnal cycle in these high-resolution
RR-CAMBS6 experiments. For instance, the rain belt in the ne240
and ne480 simulations tends to be narrower compared to
observations (cf. the rain belt in the green box region at
1700 LT in Fig. 10, between the model and observations).
This result suggests potential deficiencies in the model’s
ability to accurately depict the organization of convection
associated with the diurnal rain belt, possibly related to the
detailed structures of the land-sea breezes. Additionally,
although the representation of the southwestward propaga-
tion of the rain belt over east Amazon improves with higher
horizontal resolution in the RR-CAMG6 simulations, it re-
mains weaker and less coherent in the ne480 experiment
during local afternoon and early evening compared to ob-
servations (cf. Figs. 11a,f).

We then ask why the diurnal evolution of precipitation over
east Amazon, particularly the westward propagation of diurnal

convection, is better represented in the higher-resolution RR-
CAMG6 simulations. Since previous observational analyses suggest
that the buoyancy forcing associated with the lower-tropospheric
moisture plays a crucial role in this westward propagation, Fig. 11
displays Hovmoller diagrams of ¢, from various RR-CAM6 sim-
ulations along with that based on the ERAS reanalysis. The grad-
ual westward migration of g, toward the inland during the
nocturnal time is again clearly evident in ERA5 (Fig. 12a), as
previously discussed in Figs. 7c and 8. While the westward
propagation of g, is discerned in all the RR-CAM6 simula-
tions (Figs. 12b—f), it is less coherent than ERAS. Particu-
larly, in contrast to the diurnal g, maximum over the inland
region to the west of 50°W near 2300 LT in ERAS (Fig. 12a),
it occurs in the local afternoon slightly west of the coastline
in all RR-CAMS6 simulations. The lack of systematic west-
ward migration of g, in RR-CAM6 simulations could be
responsible for the aforementioned less coherent westward
propagation of rain belt during the nocturnal time in the
high-resolution RR-CAM6 (Fig. 11f). Interestingly, despite
the fact that the westward propagation of convection is only
captured in the higher resolution of RR-CAMS6 simulations,
the propagation features in ¢, are not sensitive to model’s
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FIG. 11. The Hovmoller diagrams of diurnal precipitation along the transect AB based on IMERG and various RR-CAM6 experiments.
The diurnal cycle of precipitation shown here is based on the MAM seasons of 2011, 2016, and 2019.

horizontal resolution and are largely similar across these RR-
CAMS6 experiments (Fig. 11). Meanwhile, a reduced amplitude
in g, is found in the higher-resolution RR-CAM6 simulations,
which will be further discussed. The fact that the westward
propagation of diurnal g, is simulated in the lower-resolution
RR-CAMG6 simulations, while diurnal convection signals are not,
implies that convective activity in response to lower-tropospheric
diurnal buoyancy fluctuations could only be accurately captured
in high-resolution simulations.

Motivated by the results shown in Fig. 12, we further illus-
trate the relationship between the lower-tropospheric buoy-
ancy B, and total precipitation over east Amazon in various
RR-CAMB6 simulations (Fig. 13). Consistent with our earlier
hypothesis, the sensitivity of precipitation in response to B is
strongly dependent on the model’s horizontal resolution. In
high-resolution RR-CAM6 simulations, total precipitation
is highly sensitive to changes in B;, whereas this sensitivity is

dramatically reduced in the lower-resolution RR-CAM6 simula-
tions. A closer examination of the relationship between B; and
both convective precipitation and large-scale precipitation suggests
that the high sensitivity of total precipitation in high-resolution
RR-CAMG6 simulations primarily stems from changes in large-
scale precipitation (Fig. 13d, also see Fig. S3). In contrast,
while convective precipitation is generally much weaker than
large-scale precipitation, its response to B slightly weakens
with an increase in model resolution (Fig. 13c).

The greater sensitivity of large-scale precipitation to lower-
tropospheric buoyancy forcing in high-resolution RR-CAM6
simulations aligns with the findings from previous studies
(e.g., Jeevanjee 2017, O’Brien et al. 2016; Rauscher et al.
2016; Donner et al. 2016; Herrington and Reed 2018, 2020). It
has been suggested that the increase in large-scale precipitation in
high-resolution simulations is closely related to an increase in up-
ward moisture flux at cloud base, which corresponds to stronger
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FIG. 12. As in Fig. 11, but for the Hovmoller diagrams of lower-tropospheric specific humidity averaged between 900 and 700 hPa along
the transect AB based on ERAS and various RR-CAM6 experiments.
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vertical velocities in high-resolution models (Fig. 13b), following
an analytic scaling derived for the equations of motion at hydro-
static scales (Herrington and Reed 2018, 2020). Additionally, the
stronger compensating subsidence associated with enhanced large-
scale heating in high-resolution simulations enhances atmospheric
stability and downward advection of dry air aloft, thereby reducing
parameterized convective precipitation (Herrington and Reed
2020), a finding also supported by simulations in RR-CAMS6.
Meanwhile, a drier atmosphere, due to the stronger compen-
sating subsidence in the higher-resolution simulations as sug-
gested in previous studies (e.g., Herrington and Reed 2020),
is also consistent with the RR-CAMG6 simulations in Fig. 12.

4. Summary and discussion

Precipitation in the Amazon basin is vital for global hydro-
logical and carbon cycles. However, current global climate
models exhibit significant flaws in simulating the mean precip-
itation pattern in this region, particularly a consistent dry bias
over east Amazon during the local rainy season from March
to May (MAM). This study, based on simulations from a de-
velopmental version of the CAM6 model (CAM6+), reveals
that the dry bias in MAM mean precipitation for east Ama-
zon can be linked to the model’s deficiencies in depicting the
diurnal evolution of rainfall near the northeastern Brazil
coast. These include the formation of a rain belt along the
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coastal area around noon and its subsequent southwestward
movement inland during the afternoon and nighttime. By us-
ing a recently proposed precipitation-buoyancy framework,
we demonstrate that the observed systematic southwestward
movement of diurnal convection over east Amazon is closely
tied to horizontal moisture advection from the easterly Ama-
zonian low-level jet, which creates a buoyant environment
with a lower moisture deficit on the western side of the con-
vection center. The westward-propagating diurnal rain belt
can be further amplified as it travels over the inland region
during nighttime due to lower-tropospheric cooling and thus
reduced 6, .

Model deficiencies in depicting the diurnal cycle of precipita-
tion and mean precipitation over east Amazon can be attributed
to both limitations in physical parameterization schemes and the
coarse horizontal resolution of these models. To investigate
whether higher model resolution can improve simulations of re-
gional precipitation variability over east Amazon, we analyzed re-
sults from regionally refined CAM6 (RR-CAMS6) experiments.
The findings indicate that the diurnal evolution of precipitation
over east Amazon, including the formation of an elongated rain
belt along the coast around noon and its southwestward migration
inland, is particularly evident in the ne480 experiment, which
has an equivalent resolution of ~6 km over South America.
Along with the improved diurnal cycle of precipitation, the
high-resolution RR-CAM6 simulations also produce more
accurate MAM seasonal mean precipitation patterns, reduc-
ing dry biases over east Amazon and confirming the impor-
tant role of the diurnal cycle for seasonal mean precipitation
in this region.

Further analyses suggest that the improved simulations of di-
urnal rainfall over east Amazon in high-resolution RR-CAM6
simulations are due to a significantly increased sensitivity of
large-scale precipitation to fluctuations in lower-tropospheric
buoyancy, contrasting with a slight reduction in convective
precipitation in the higher-resolution RR-CAMS6 simulations.
While a higher resolution model is expected to better resolve
local circulation patterns, such as land—sea breezes near the
coast, the easterly Amazonian low-level jet and its induced west-
ward propagation of lower-tropospheric moisture and buoyancy
are largely simulated in all RR-CAM6 experiments, even at
coarser resolutions (Fig. S4). However, a weak sensitivity of
convection to lower-tropospheric buoyancy forcing results in
a considerable absence of systematic westward propagation
of precipitation in coarse-resolution models.

Although this study offers important insights for improving
climate simulations over east Amazon by emphasizing the
necessity of high-resolution modeling, the metrics identified
in this study on the sensitivity of precipitation to the lower-
tropospheric buoyancy can also be useful in testing and develop-
ing deep convection parameterizations in coarse-resolution
models (such as CAM6+) to reduce precipitation bias over
the Amazon region. For example, more realistic simulations
of the propagating convection system over the central United
States in coarse-resolution models using the Grell scheme
(Grell 1993; Grell and Freitas 2014) could be ascribed to the
responsiveness of the Grell scheme to large-scale tropospheric
forcing (Liang et al. 2004; Jiang et al. 2006; Gao et al. 2017).
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Additionally, the improved representation of diurnal propa-
gating signals in the Department of Energy’s Energy Exascale
Earth System Model (E3SM) may be attributed to the enhanced
depiction of the precipitation-buoyancy relationship through the
modified convection triggers in the Zhang-McFarlane scheme
(Xie et al. 2019).

Despite its overall improvement over coarser-resolution
simulations, notable deficiencies in depicting the diurnal cycle
of precipitation over east Amazon remain evident in the 6-km
RR-CAMB6 simulations. For instance, the organization of the
diurnal rain belt over coastal land in the afternoon is too nar-
row compared to observations, and its southwestward propaga-
tion inland is relatively weak and confined to the coastal region,
unlike the more extensive propagation observed during the late
afternoon and early evening. Meanwhile, all the RR-CAM6
simulations show deficiencies in depicting the observed grad-
ual westward migration of diurnal lower-tropospheric moisture,
which may also contribute to the less coherent westward propa-
gation of the diurnal rain belt captured in the high-resolution
RR-CAMG6 simulations. Besides horizontal resolution, these
model deficiencies may also be linked to model physics, in-
cluding processes such as convection triggering, vertical mix-
ing over the land surface, and cloud-radiation feedbacks. Future
investigations are needed to understand how improvements in
model physics can further enhance the representation of the di-
urnal cycle and the mean state of precipitation over east Ama-
zon in high-resolution models. While this study primarily focuses
on the diurnal cycle of precipitation, examining the detailed
characteristics of mesoscale convective systems (e.g., Bai and
Schumacher 2021; Feng et al. 2021) in global cloud-resolving
models at resolutions finer than 6 km, such as those partici-
pating in the Dynamics of the Atmospheric General Circula-
tion Modeled On Nonhydrostatic Domains (DYAMOND)
project (Stevens et al. 2019), can provide further insights into
improving the modeling of regional precipitation patterns over
east Amazon.
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both observations and CAM6+ simulations, are available at
https://ucla.box.com/v/amazon-diurnal-cycle. Due to project data
sharing policies and the exceptionally large data volume, the
high-resolution RR-CAMS6 outputs are not publicly available at
this time but can be made available upon reasonable request to
the corresponding authors.
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