
Evaluating the Diurnal and Semidiurnal Cycle of Precipitation in CMIP6 Models Using
Satellite- and Ground-Based Observations

SHUAIQI TANG,a PETER GLECKLER,a SHAOCHENG XIE,a JIWOO LEE,a MIN-SEOP AHN,a CURT COVEY,a

AND CHENGZHU ZHANG
a

aLawrence Livermore National Laboratory, Livermore, California

(Manuscript received 12 August 2020, in final form 10 December 2020)

ABSTRACT: The diurnal and semidiurnal cycle of precipitation simulated fromCMIP6models during 1996–2005 are evaluated

globally between 608S and 608Naswell as at 10 selected locations representing three categories of diurnal cycle of precipitation: 1)

afternoon precipitation over land, 2) early morning precipitation over ocean, and 3) nocturnal precipitation over land. Three

satellite-based and two ground-based rainfall products are used to evaluate the climate models. Globally, the ensemble mean of

CMIP6 models shows a diurnal phase of 3 to 4 h earlier over land and 1 to 2 h earlier over ocean when compared with the latest

satellite products. These biases are in line with what were found in previous versions of climate models but reduced compared to

the CMIP5 ensemble mean. Analysis at the selected locations complemented with in situ measurements further reinforces these

results. Several CMIP6 models have shown a significant improvement in the diurnal cycle of precipitation compared to their

CMIP5 counterparts, notably in delaying afternoon precipitation over land. This can be attributed to the use ofmore sophisticated

convective parameterizations.Mostmodels are still unable to capture the nocturnal peak associated with elevated convection and

propagatingmesoscale convective systems, with a few exceptions that allow convection to be initiated above the boundary layer to

capture nocturnal elevated convection. We also quantify an encouraging consistency between the satellite- and ground-based

precipitationmeasurements despite differing spatiotemporal resolutions and sampling periods, which provides confidence in using

them to evaluate the diurnal and semidiurnal cycle of precipitation in climate models.

KEYWORDS: Climate models; Convective parameterization; Model errors; Model evaluation/performance; Climate

variability; Diurnal effects

1. Introduction

Precipitation is among the most important variables in the cli-

mate system (e.g., Trenberth et al. 2003) and diurnal cycle is a

dominant component of its temporal variability (Dai 2006; Dai

et al. 2007). The diurnal cycle of precipitation is forced by the

diurnal variation of solar insolation but modulated by ocean–land

contrast (e.g.,Mori et al. 2004; Sato et al. 2009;Worku et al. 2019),

surface orography (e.g., Fitzjarrald et al. 2008; Houze 2014;

Junquas et al. 2018; Liu et al. 2009; Sato 2013), and propagating

weather systems (e.g., Burleyson et al. 2016; Carbone et al. 2002;

Filho et al. 2015;Greco et al. 1990; Janowiak et al. 2005; Jiang et al.

2006; Lee et al. 2007b; Machado et al. 2004). The diurnal cycle of

precipitation, as well as the closely related moist convection and

cloudiness, greatly affects the radiative budget at the surface and

regulates surface temperature (Dai et al. 1999b).

Global climatemodels (GCMs), including those used in phase 5

of the Coupled Model Intercomparison Project (CMIP5; Taylor

et al. 2012),were found to have difficulties in accurately simulating

the diurnal cycle of precipitation (e.g., Covey et al. 2016). There

are two common model errors. One is that GCM precipitation

diurnal cycle peaks earlier than observed. Over land,mostmodels

tend to start raining in the morning and reach maximum rainfall

soon after noontime, while the observed precipitation typically

peaks in late afternoon (Dai 2006; Guichard et al. 2004; Yang and

Slingo 2001). Over ocean, where observed precipitation peaks in

early morning, many GCMs also simulate precipitation maximum a

few hours earlier, although the diurnal cycle is relatively weak (Dai

2006;Yang andSlingo 2001). The second commonmodel error is the

missing nocturnal precipitation peak from GCMs in some regions

such as the central United States (Lee et al. 2007b), the Amazon

region (Dai 2006), northeast Argentina (Giles et al. 2020), and the

eastern periphery of the Tibetan Plateau (Zhou et al. 2008). These

errors are thought to be primarily related to the unrealistically strong

coupling between model convection and surface fluxes and the in-

ability of model to capture elevated convection or propagating

mesoscale convective systems (Dai 2006; Lee et al. 2007a,b; Liang

et al. 2004;Wang et al. 2015;Xie et al. 2002, 2019;Zheng et al. 2019;

Wang et al. 2020). It has been suggested that deficiencies in moist

convective parameterization largely account for the failure of

capturing diurnal cycle of precipitation in climate models (Betts

and Jakob 2002; Dirmeyer et al. 2012; Lee et al. 2008; Rio et al.

2009). In a recent study, Xie et al. (2019) demonstrated that sim-

ulation of the diurnal cycle of precipitation in climatemodels could

be substantially improvedby relaxing the coupling of convection to

the surface heating and allowing air parcels to launch above the

boundary layer to capture nocturnal elevated convection.

With the availability of 3-hourly or hourly datasets, the semi-

diurnal (twice daily) Fourier harmonic has also been examined in

recent studies. The semidiurnal variation is typically weaker than

the diurnal (once daily) harmonic (e.g., Covey et al. 2016; Dai

et al. 2007) but in some regions accounts for a similar or greater

variance than the diurnal cycle. This is particular true over the

oceans (Dai 2001) and in central China between the Yangtze and
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YellowRivers (Zhou et al. 2008). However, most datasets used in

previous studies are at 3-hourly temporal resolution. With only

four time points per semidiurnal cycle, the sampling frequency is

close to the Nyquist limit to resolve a sine wave (Nyquist 1928;

Shannon 1949). Therefore, large uncertainties may exist in the

previous semidiurnal cycle analysis.

The latest phase (phase 6) of CMIP (CMIP6; Eyring et al.

2016), archived by the Earth System Grid Federation (ESGF;

Williams et al. 2016), includes the world’s most recent climate

models. In this study, wewill evaluate the diurnal and semidiurnal

cycles of precipitation simulated in CMIP6 models and compare

their performances with the earlier version of CMIP5models.We

will use multiple state-of-the-art satellite-based high-resolution

precipitation products and long-term ground-based precipitation

measurements from the U.S. Department of Energy’s (DOE’s)

Atmospheric Radiation Measurements (ARM) program to

evaluate these models. Because the robustness of our model

evaluationdepends on the quality of these observational products,

the strengths, weaknesses, and level of consistency of the satellite-

and ground-based observations of precipitation are extensively

discussed in this paper and demonstrated in our analysis.

The paper is organized as follows: Section 2 introduces the

CMIPmodels and observational data used in this study. Section 3

shows the results of diurnal and semidiurnal cycles of precipitation

globally between 608S and 608Naswell as at 10 selected locations.

Section 4 further discusses the performance of diurnal cycle of

precipitation from models available in both CMIP5 and CMIP6.

Section 5 summarizes the main conclusion of this study.

2. Data

a. CMIP models

In this study, we analyze results from the Atmospheric

Model Intercomparison Project (AMIP) simulations from 15

CMIP6 (Eyring et al. 2016) and 12 CMIP5 (Taylor et al. 2012)

models. AMIP simulations follow a common experimental

design, continuous across phases of CMIP, in which the ob-

served sea surface temperature (SST) and sea ice amounts

were prescribed in GCMs as lower boundary conditions.

Consequently, the prescribed SST in AMIP simulations en-

sures that precipitation biases over the ocean are not associ-

ated with SST biases. We evaluate the period 1996–2005 in this

study since this is the latest possible common decade between

CMIP5 and CMIP6. Moreover, it has been shown that a stable

diurnal cyclemay be obtainedwith just a few years of data (e.g.,

Dai et al. 2007), which is also confirmed by our own sensitivity

tests (not shown). Comparing model performance between the

CMIP6 and CMIP5 models allows us to examine model im-

provements over the past several years.

The models used in this study are listed in Tables 1 and 2. We

selectedonemodel version fromeachmodeling center thatprovides

TABLE 1. CMIP6 models used in this study. Models with CMIP5 counterparts are selected for further comparison (see text).

Models Institute

CMIP5

counterpart

Horizontal grid

size (lon 3 lat)

No. of

vertical levels References

ACCESS-CM2 Commonwealth Scientific and

Industrial Research Organization

(CSIRO) and Bureau of

Meteorology (BoM), Australia

ACCESS1.0 192 3 144 85 Dix et al. (2019)

BCC_CSM2-MR Beijing Climate Center, China BCC_CSM1.1-M 320 3 160 46 Wu et al. (2019)

CNRM-CM6.1 Centre National de Recherches

Météorologiques, France
256 3 128 91 Voldoire et al. (2019)

E3SM-1.0 U.S. Department of Energy 360 3 180 72 Golaz et al. (2019)

EC-Earth3 European Centre for Medium-Range

Weather Forecasts (ECMWF)

EC-Earth 512 3 256 91 Massonnet

et al. (2020)

FGOALS-g3 Institute of Atmospheric Physics,

Chinese Academy of Sciences, China

FGOALS-g2 180 3 80 30 Li et al. (2020)

GFDL-CM4 NOAA Geophysical Fluid Dynamics

Laboratory

144 3 90 33 Held et al. (2019)

IPSL-CM6A-LR Institute Pierre-Simon Laplace, France IPSL-CM5A-LR 144 3 143 79 Hourdin et al. (2020)

KACE-1.0-G National Institute of Meteorological

Sciences, Korea Meteorological

Administration, South Korea

192 3 144 85 Byun et al. (2019)

MIROC6 University of Tokyo, Japan MIROC5 256 3 128 81 Tatebe et al. (2019)

MPI-ESM1.2-HR Max Planck Institute, Germany 384 3 192 47 Mauritsen et al. (2019)

MRI-ESM2.0 Meteorological Research Institute,

Japan Meteorological

Administration, Japan

320 3 160 80 Yukimoto et al. (2019)

NESM3 Nanjing University of Information

Science and Technology, China

192 3 96 47 Cao et al. (2018)

SAM0-UNICON Seoul National University,

South Korea

288 3 192 30 Park et al. (2019)

TaiESM1 Research Center for Environmental

Changes, Taiwan, China

288 3 192 30 Lee et al. (2020)
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3-hourly precipitation. Different model versions from the same

center typically have little differences in diurnal and semidiurnal

cycles (not shown). A few modeling centers have 3-hourly precipi-

tation available in both CMIP6 and CMIP5: ACCESS-CM2 and

ACCESS1.0; BCC_CSM2-MR and BCC_CSM1.1-M; EC-Earth3

andEC-Earth; FGOALS-g3 and FGOALS-g2; IPSL-CM6A-LR

and IPSL-CM5A-LR; andMIROC6 andMIROC5 (see Tables

1 and 2 for model details). Comparing these models that ap-

pear in both CMIP6 andCMIP5 can help tracking performance

changes in newer model versions, albeit with a smaller sam-

pling size. In this study, we examine both the ensemblemean of

all available models as well as the ensemble mean of those

models that contribute to both CMIP6 and CMIP5.

b. Observations

Although there are many global products for precipitation mea-

surements, only a few have subdaily temporal resolution (Sun et al.

2018). Three satellite-based products with subdaily temporal fre-

quency are used in this study: the 3-hourly Tropical Rainfall

Measuring Mission (TRMM) 3B42 version 7 data, the hourly

Climate Prediction Center (CPC)Morphing technique (CMORPH)

bias-corrected product, and the 30-min Global Precipitation

Measurement (GPM) Integrated Multisatellite Retrievals for GPM

(IMERG).For selected regions,wealsouseground-based raingauge

or radar measurements from long-term ARM sites for cross com-

parison. Table 3 provides an overview of the products used in this

study. Although these products are available over different time

periods, our composite analysis will demonstrate an encouraging

level of consistency in their diurnal and semidiurnal cycle composites.

1) SATELLITE-BASED DATASETS

The TRMM 3B42 multisatellite product (Huffman et al. 2007)

is a widely used 3-h rainfall product with 0.258 3 0.258 resolution
covering 508S to 508N. It combines multiple satellite-based micro-

wave precipitation estimates from low-Earth-orbit satellites and

uses infrared (IR) estimates from geostationary satellites to fill data

gaps in microwave estimates. At the final data-processing step, the

3-h data are scaled to sum to the monthly rain gauge product from

the Global Precipitation Climatology Project (GPCP). This study

uses the TRMM 3B42 data for the period from 1998 to 2013 ar-

chived by the Observations for Model Intercomparisons Project

(Obs4MIPs; Waliser et al. 2020).

TABLE 2. CMIP5 models used in this study. Models with CMIP6 counterparts are selected for further comparison (see text).

Models Institute

CMIP6

counterpart

Horizontal grid

size (lon 3 lat)

No. of

vertical levels References

ACCESS1.0 CSIRO and BoM, Australia ACCESS-CM2 192 3 145 38 Bi et al. (2013)

BCC_CSM1.1-M Beijing Climate Center, China BCC_CSM2-MR 320 3 160 26 Wu et al. (2014)

BNU-ESM Beijing Normal University, China 128 3 64 26 Ji et al. (2014)

CCSM4 NCAR 288 3 192 26 Neale et al. (2010)

CMCC-CM Centro Euro-Mediterraneo sui

Cambiamenti Climatici, Italy

480 3 240 31 Scoccimarro

et al. (2011)

EC-Earth ECMWF EC-Earth3 320 3 160 62 Hazeleger et al. (2010)

FGOALS-g2 Institute of Atmospheric Physics,

Chinese Academy of

Sciences, China

FGOALS-g3 128 3 60 26 Li et al. (2013)

GFDL-HIRAM-C360 NOAA Geophysical Fluid

Dynamics Laboratory

1152 3 720 32 Zhao et al. (2009)

HadGEM2-A Met Office, United Kingdom 192 3 145 38 Collins et al. (2011)

INMCM4 Institute for Numerical

Mathematics, Russia

180 3 120 21 Volodin et al. (2010)

IPSL-CM5A-LR Institute Pierre-Simon Laplace,

France

IPSL-CM6A-LR 96 3 96 39 Dufresne et al. (2013)

MIROC5 University of Tokyo, Japan MIROC6 256 3 128 40 Watanabe et al. (2010)

TABLE 3. Observation products. See text for acronym meanings.

Data Time period Spatial coverage Horizontal resolution Time resolution Reference

TRMM 3B42V7 1998–2013 508S–508N 0.258 3 0.258 3 h Huffman et al. (2007)

CMORPH_V1.0 1998–2018 608S–608N 0.258 3 0.258 1 h Joyce et al. (2004)

IMERG 2001–2018 908S–908Na 0.18 3 0.18 30min Huffman et al. (2019)

ARMBE SGP: 1993–2018 Single point Single point 1 h Xie et al. (2010)

ENA: 2014–2018

TWPC2: 1998–2010

MAO: 2014–2015

VARANAL SGP: 2004–2016 Single point SGP: ;38 3 38 SGP: 1 h SGP: Xie et al. (2004);

Tang et al. (2019)

MAO: 2014–2015 MAO: ;28 3 28 MAO: 3 h MAO: Tang et al. (2016)

a IR estimates are unavailable outside 608S–608N.
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CMORPH (Joyce et al. 2004) is also a combination of PMW

and IR satellite retrievals.However, unlikeTRMMand IMERG

that directly combine PMW and IR estimates, CMORPH only

uses motion vectors of precipitating clouds from IR brightness

temperature to propagate PMW retrievals. The final bias cor-

rected CMORPH data are formed by combining forward- and

backward-propagated PMW retrievals and calibrating with CPC

gauge analysis over land and GPCP over ocean. There are three

versions of CMORPH data with different temporal and spatial

resolution at https://data.nodc.noaa.gov/cgi-bin/iso?id5gov.noaa.ncdc:

C00948. In this study we use the version with 0.258 3 0.258 and 1-h

resolution.

IMERG (Huffman et al. 2019) is designed to supersede the

TRMM data with a much higher temporal (30min) and spatial

(0.18 3 0.18) resolution. The operational algorithm is also

changed. Instead of using IR estimates to infill passive micro-

wave (PMW)maps, IMERG uses CMORPH-style wind vectors

to advect microwave-observed precipitating areas, then applies a

Kalman filter (Kalman 1960) to combine these maps and the IR

estimates into a weighted estimate. As in TRMM3B42, IMERG

also uses GPCP ground-based data to scale the 30min estimates

to the monthly sum. Although IMERG data are available from

908S to 908N, poleward of 608S and 608N there are gaps in the

analysis due to the unavailability of IR data.

2) GROUND-BASED DATASETS

In this study we select a few locations to further evaluate the

diurnal cycle of precipitation in different climate regimes.

Some of these locations coincide with the ARM long-term

observational sites: the Southern Great Plains site (SGP), the

Eastern North Atlantic site (ENA), the Tropical Western

Pacific site C2 facility (TWPC2), and the Manacapuru site for

the GOAmazon campaign (MAO). At these ARM sites, the

available surface rain gauge measurements and/or radar re-

trievals provide additional information to validate satellite-

based precipitation products and evaluate climate models. The

ARM products used in this study are described below.

The ARM best estimate (ARMBE; Xie et al. 2010) data

products are specifically tailored ARM measurements for the

use in the evaluation of global climate models. They contain a

best estimate of several atmosphere, cloud, and radiation

quantities, including surface precipitation from in situ instru-

ments such as rain gauge or optical rain gauge. The original

precipitation measurements at the ARM sites are typically in

30-s or 1-min frequency. In theARMBEdata they are averaged into

1-h frequency for comparison with climate model output.

The ARM variational analysis (VARANAL) products

(Zhang and Lin 1997; Zhang et al. 2001) are designed to pro-

vide the large-scale forcing fields for driving single-column

version of climate models or cloud-resolving or large-eddy

simulation models, but it also includes many important geo-

physical quantities (e.g., precipitation) that are often used in

model evaluation. Unlike ARMBE, which uses single-point

in situ rain gauge measurements, VARANAL uses ground-

based radar data representing the average over a domain

comparable to a GCM grid box. This study uses VARANAL

products at twoARM sites: the continuous forcing data at SGP

averaged over a ;370 km 3 300 km domain (Tang et al. 2019;

Xie et al. 2004) and the forcing data at MAO averaged over a

circle of 110 km in radius (Tang et al. 2016).

3) RECONCILING DIFFERENT TYPES OF PRECIPITATION

MEASUREMENTS

Rain gauge observations are the most direct and accurate

measurements of surface precipitation (Dai 2001; Dai et al. 2007;

Sun et al. 2018; Xie and Arkin 1997), although measurement

errors such as wind-induced low bias (e.g., Bowman 2005; Serra

and McPhaden 2003) do exist. Rain gauge data are often avail-

able at high temporal resolution (e.g., 1min) and long-term time

coverage, but with poor spatial coverage. This single-point mea-

surement may frequently miss precipitation events occurring

nearby but not reaching the instrument location. When catching

the precipitation, they typically measure much larger rainfall in-

tensity than the area average. A single-point measurement be-

comes less representative of the region as the domain size

increases (Bowman 2005), but the representation of a domain

becomes more accurate when many rain gauges are averaged for

long time period. In contrast, satellite measurements offer dis-

tinctly different strengths and weaknesses when compared to

gauge data. They provide large and homogeneous spatial cov-

erage, but with comparatively poor time sampling. IR measure-

ments from geostationary satellites are usually needed to obtain

subdaily information, as described in the previous subsection.

Additionally, the indirect nature of the relationship between ra-

diance measurements and precipitation, connected by an em-

pirical retrieval algorithm, is the main source of data uncertainty.

The strengths and weaknesses of ground-based radar lie

somewhere between those of single-point in situmeasurements

and satellite data. Ground-based radar provides coverage of a

few hundred kilometers from the radar location with high-

frequency sampling but is sparse over unpopulated areas. Like

satellite measurement, the major error source of radar mea-

surement is from the retrieval algorithm, which usually in-

cludesmany uncertain assumptions and empirical relationships

[e.g., see Villarini and Krajewski (2010) for a review of un-

certainty in radar rainfall].

Previous studies have compared the diurnal cycle of precipi-

tation from different types of measurements. Over most land

areas, satellite products lag surface gauge-measured precipitation

by a few hours (Dai 2006; Dai et al. 2007). This may be related to

the fact that satellite instruments especially their IR measure-

ments are more sensitive to high clouds such as cold anvil cirrus

from deep convection but have difficulty in detecting warm

low-cloud rainfall (Dai et al. 2007; Kikuchi and Wang 2008;

Sorooshian et al. 2002; Zhao and Yatagai 2014). This lagging of

diurnal phase in satellite measurements is not always true for all

regions. Tian et al. (2005) compared GOES satellite-retrieved

precipitation with surface station records over the United States

and found that they are broadly consistent with each other.

Gourley et al. (2010) compared TRMM 3B42 and another satel-

lite product, Precipitation Estimation from Remotely Sensed

Information Using Artificial Neural Networks (PERSIANN),

with dense rain gauge measurements over Oklahoma in summer

2007 and found a 3–4-h-earlier nocturnal rainfall maximum in

satellite data compared to rain gauge. They attributed this bias

to the large cirrus shields associated with mesoscale convective
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systems (MCSs). Zhou et al. (2008) evaluated the PERSIANN

and TRMM 3B42 datasets with gauge measurements over China

for a 5-yr period and found that satellite may lead, be in phase

with, or lag gauge data depending on the location of analysis.

Surface-based precipitation radarmay also have slight differences

in the diurnal phase when compared to gauge data (Gourley et al.

2010; Liang et al. 2004; Santos e Silva et al. 2009), especially over

high terrains (Nesbitt et al. 2008).

With these caveats in mind, we compare these three types of

observational datasets in this study and use the results to guide the

evaluation of the diurnal cycle of precipitation in CMIP models.

As will be shown later, the satellite- and ground-based observa-

tions at the ARM locations in this study have good consistency in

diurnal cycle, and in general the differences between these dif-

ferent classes of observational products are small in comparison to

the large biases evident in climate models.

3. Results

Although our focus is on the diurnal and semidiurnal cycles

of precipitation, it is important to first evaluate the overall

performance of climatological mean of precipitation in CMIP

models. After this baseline evaluation, we will examine the

global pattern of diurnal and semidiurnal cycles and use diur-

nal harmonic polar plots to evaluate the model performance.

The diurnal cycle of precipitation at 10 selected locations will

then be examined using satellite and ground-based observa-

tions for cross validation.

a. Mean climate

Figures 1 and 2 compare the mean spatial pattern of pre-

cipitation from the three satellite products and CMIP6 models

in January and July, respectively. The three observations are

FIG. 1. Spatial distribution of mean precipitation (mmday21) in January from (top row) different satellite products and (bottom 5 rows)

CMIP6models. The value at the top-right corner in each panel is mean precipitation (mmday21) averaged from 608S to 608N (from 508S to
508N for TRMM).
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consistent with each other in terms of the spatial pattern, ex-

cept that CMORPH underreports the January precipitation

over mid- and high-latitude land areas over Eurasia and North

America. This has been recognized previously (e.g., Xie et al.

2017), and attributed to the poor capacity of the input PMW

retrievals in detecting snowfall and cold season rainfall. Over

the tropics, CMORPH data show slightly smaller rain rate than

TRMM and IMERG. Note that although all three satellite

products use PMW retrievals as the primary source of rain rate,

the microwave measurement gaps in CMORPH are filled with

propagating PMW retrievals while those in TRMM and

IMERGare filled with IR estimates. The strong dependence of

IR measurements with high clouds associated with deep con-

vection may explain these differences.

Most CMIP6 models reproduce the broad patterns of pre-

cipitation in the observations, such as the intertropical con-

vergence zone (ITCZ), the South Pacific convergence zone

(SPCZ), and storm tracks as well as seasonal migration of

monsoon precipitation. However, some models have notable

discrepancies with the observations. For example, in January,

ACCESS-CM2, BCC_CSM2-MR, GFDL-CM4, MPI-ESM1.2-

HR, MRI-ESM2.0, and NESM3 show wet bias over South

America. FGOALS-g3 and IPSL-CM6A-LR underestimate

precipitation over the SPCZ and South America. In July,

CNRM-CM6.1 and FGOALS-g3 simulate stronger precipi-

tation over the west Pacific and weaker precipitation over the

central Africa. NESM3 shows strong precipitation from South

Asia to the west Pacific without capturing the land–ocean con-

trast of the Asian monsoon precipitation.

The performance of the individual and the ensemble mean

of CMIP6models are shown as a Taylor diagram (Taylor 2001)

in Fig. 3, with respect to IMERG data. Also shown are the

ensemble mean of CMIP5 models and the other two satellite

products. Diagrams quantify spatial characteristics between

508S and 508N over land and ocean, separately. CMORPH and

TRMM are quite consistent with IMERG, with .0.95 spatial

FIG. 2. As in Fig. 1, but for July.
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correlation coefficient and slightly smaller standard deviation.

Most CMIP6 models have similar standard deviation and good

correlation (between 0.7 and 0.9) with IMERG. Some models

perform better over land, while some others perform better

over ocean. The ensemble mean of the CMIP6 models out-

performs the individual members and shows improvements

(smaller distance to the reference point IMERG) compared to

the ensemblemean of the CMIP5models, both for all available

models and the subset of models that participated in both

CMIP5 and CMIP6. However, none of the individual models

or the ensemble mean is as close to IMERG as TRMM or

CMORPH. This suggests that despite improvements over the

years, the model simulations still have pattern errors outside of

observational error bounds.

b. Global distribution of diurnal precipitation

Because wintertime precipitation is more impacted by syn-

optic systems that have a smaller diurnal signal, we only focus

on summertime (January for the Southern Hemisphere and

July for the Northern Hemisphere) precipitation in this study.

We apply Fourier analysis on the diurnal time series of pre-

cipitation as follows (Dai 2001):

F(t0)5F
0
1S

1
(t0)1 S

2
(t0)1 residual and (1)

S
n
(t0)5A

n
sin(nt0 1s

n
) , (2)

and consider the first two harmonic components: diurnal (S1)

and semidiurnal (S2) cycles. In the above equations, F0 is the

mean value, An is the harmonic amplitude, sn is the phase,

and t0 is local solar time (LST) expressed in degrees or ra-

dians. Previous studies have shown that the diurnal and

semidiurnal harmonics can well represent the daily variations

of precipitation over most of the locations over the world

(e.g., Dai 2001). The summertime diurnal harmonic ampli-

tude ratio (amplitude normalized by mean precipitation)

and phase (in LST) of precipitation for the three satellite

FIG. 3. Taylor diagram for mean precipitation (mm day21) with respect to IMERG data in (left) January and

(right) July and for (top) all grids, (middle) land grids, and (bottom) ocean grids between 508S and 508N. All data

are regridded into 28 3 28. ‘‘CMIP6_subset’’ and ‘‘CMIP5_subset’’ are the ensemble mean of models with CMIP5/

CMIP6 counterpart in Tables 1 and 2, respectively.

15 APRIL 2021 TANG ET AL . 3195

Brought to you by Meteo-France | Unauthenticated | Downloaded 07/22/21 04:48 PM UTC



products and CMIP6 models are shown in Figs. 4 and 5,

respectively.

In the observations, the amplitude ratio is saturated (.1)

prominently over dry regions such as North Africa, the

Middle East, the western part of North and South America,

and the eastern part of the Pacific and the Atlantic Ocean,

where the mean precipitation is small and contributed pri-

marily by a few short-time events. Over other regions, the

diurnal amplitude ratio ranges from 0.2 to 1 over land

and typically below 0.6 over ocean. These broad diurnal

amplitude characteristics in the state-of-the-art observational

products used in this study are generally consistent with the

data used in earlier studies (Dai et al. 2007). The observed

diurnal phase shows a clear late afternoon peak over most

land areas, with propagating systems regulating the phase

over some regions such as the central United States, the

Amazon region, and northern Argentina (e.g., a red to violet

to blue phase progression looking eastward over the central

United States in the top panels of Fig. 5). Over the open ocean

the observed diurnal phase generally peaks in the early

morning, while over the southern Atlantic and many coastal

areas including the Bay of Bengal, the South China Sea, the

Gulf of Mexico, and the Caribbean, precipitation peaks in

the daytime due to offshore propagation of convection (e.g.,

Aves and Johnson 2008; Yang and Slingo 2001).

CMIP6 models capture the amplitude ratio and phase over

ocean fairly well, although some models (e.g., BCC_CSM2-

MR, EC-Earth3, FGOALS-g3, MIROC6, and NESM3) peak

several hours earlier. Over land, some models (IPSL-CM6A-

LR, MPI-ESM1.2-HR, NESM3, and SAM0-UNICON) over-

estimate amplitude ratio. None of themodels produce the peak

as late as in the observations. E3SM-1.0, EC-Earth3, IPSL-

CM6A-LR, MRI-ESM2.0, and SAM0-UNICON have rela-

tively delayed diurnal peaks of ;1500 LST compared to other

FIG. 4. Summertime (July in the NorthernHemisphere and January in the SouthernHemisphere) diurnal harmonic amplitude ratio (ratio

of diurnal harmonic amplitude to monthly mean precipitation).
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models with peaks around noon, but they are still a couple

hours early compared to the observations.

Over the central United States, the clear signal of observed

nocturnal precipitation peak is a well-known feature that

climate models have long had trouble capturing (Dai et al.

1999a; Dirmeyer et al. 2012; Lee et al. 2007b; Liang et al.

2004; Wang et al. 2015; Xie et al. 2019; Wang et al 2020).

Observations have shown that the nocturnal peak primarily

results from elevated convective systems associated with the

eastward-propagating mesoscale convective systems origi-

nating over the Rocky Mountain range and decoupled from

the surface (e.g., Geerts et al. 2017; Marsham et al. 2011; Xie

et al. 2014). Missing the mechanism to represent elevated

convection in most cumulus parameterizations is one of the

main reasons for the failure of capturing the nocturnal peak

in many GCMs (Xie et al. 2019). In CMIP6, most models still

have a problem capturing this propagation of precipitation,

but a few models including BCC_CSM2-MR and TaiESM1

do capture the propagation signal over the central United

States. A few other models (EC-Earth3, FGOALS-g3, and

MRI-ESM2.0) show a nocturnal peak but without a propa-

gation signal. More details about the nocturnal precipitation

peak over the central United States and other locations will

be discussed in section 3d.

FIG. 5. As in Fig. 4, but for diurnal harmonic phase expressed as LST of maximum precipitation. Areas where either monthly mean

precipitation is weaker than 0.75mm day21 or its diurnal amplitude ratio is weaker than 0.25 (Covey et al. 2016) are masked white.
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The overall performance of CMIP models in simulating

the summertime diurnal cycle of precipitation is shown as

harmonic dial plots (Covey et al. 2016) in Fig. 6. The radial

distance from the origin represents the diurnal amplitude, with

the angle representing the diurnal phase. The harmonic am-

plitude and phase are averaged over all land (ocean) points in

summertime hemisphere between 508S and 508N using vector

averaging. Covey et al. (2016) have shown that vector aver-

aging is robust: it automatically downweights the areas with a

weak diurnal cycle. The three observational products are

consistent with each other, with only slight differences in am-

plitude and phase. Over land, observations show a late after-

noon peak after 1800 LST, while most models show earlier

phases between 1000 and 1600 LST with notable spread in

amplitude. The CMIP6 ensemble mean shows improved phase

over CMIP5 models, but is still 3 to 4 h earlier than observed.

Five CMIP6 models have a diurnal peak after 1500 LST:

IPSL-CM6A-LR, E3SM-1.0, EC-Earth3, SAM0-UNICON,

and MRI-ESM2.0. However, different factors may to explain

why these models have a diurnal peak closer to the observa-

tions over land. For example, EC-Earth3 modified the closure

adjustment time scale and a coupling coefficient between the

boundary layer and the free atmosphere to improve the diurnal

phase (Bechtold et al. 2014); IPSL-6A-LR considered the

preconditioning of deep convection by a phase of shallow cu-

mulus convection and the self-maintenance of deep convection

through its interplay with cold pools, which are believed to be

responsible for the diurnal cycle improvement (Hourdin et al.

2020; Rio et al. 2009); SAM0-UNICON applied an unified

convective scheme that improve the diurnal cycle of precipi-

tation through its ability to ‘‘simulate complex feedback pro-

cesses among convective updrafts, convective downdrafts, and

mesoscale organized flows and the interactions between sub-

grid and grid-scale processes’’ (Park 2014a,b). Over ocean,

CMIP6 models have a smaller model spread than over land.

The majority of models and the ensemble mean are 1 to 2 h

earlier than observations. Exceptions include IPSL-CM6A-LR

and SAM0-UNICON, which are consistent with observations

in terms of both amplitude and phase.

c. Global distribution of semidiurnal precipitation

The second harmonic (semidiurnal cycle) amplitude ratio

and phase of summertime precipitation are shown in Figs. 7

and 8, respectively, with harmonic dial plots in Fig. 9. Compared

to the diurnal cycle, the observed semidiurnal cycle has a rela-

tively weaker amplitude ratio except over dry regions where the

mean precipitation is small and contributed primarily by a few

short-time events. The semidiurnal phase is generally consistent

among different satellite products, with the peak around 0400

LST over land, and around 0300 LST over ocean. These are

consistent with the results from previous studies (Covey et al.

2016; Dai 2001; Dai et al. 2007).

Over land, some CMIP6 models such as EC-Earth3, IPSL-

CM6A-LR, MPI-ESM1.2-HR, and NESM3, have a larger

amplitude ratio than observations. E3SM-1.0, EC-Earth3, and

SAM0-UNICON show a similar phase (after 0300 LST) to

observations. Other models are a few hours earlier over land,

with the ensemble mean peaks at ;0200 LST. The model

spread is relatively larger in the semidiurnal cycle than the

diurnal cycle, indicating larger uncertainty in semidiurnal sig-

nal. Nevertheless, the CMIP6 ensemble mean shows out-

performance compared to CMIP5 ensemblemean. This is even

more clear for those models where their performance can be

tracked from CMIP5 to CMIP6. Over ocean the models are

more consistent with each other and with the observations,

despite some having smaller amplitudes. However, models

have large spread in spatial distribution of the semidiurnal

cycle over ocean, which also differs from the satellite products.

d. Diurnal cycle over selected locations

We select 10 locations around the world to further investi-

gate the diurnal cycle of summertime precipitation over dif-

ferent climate regimes (July for the Northern Hemispheric and

January for the Southern Hemispheric locations, except for

TWPC2 that located at 0.58N but to the south of the ITCZ, so

January is used for TWPC2). All satellite observations are

regridded into 28 3 28 in latitude and longitude. Although the

diurnal cycle metrics are insensitive to spatial resolution, re-

gridding helps to reduce the sampling error in high-resolution

data (e.g., 0.18 in IMERG). These locations are selected

because their diurnal cycles are relatively large and represen-

tative, and/or at ARM sites with long-term surface measure-

ments. The 10 locations can be divided into three groups: the

ARM ENA site, ARM TWPC2 site, and the southern Pacific

FIG. 6. Harmonic dial plots of summertime amplitude (mmday21)

and phase of the first (diurnal) Fourier component averaged over

land and ocean areas.
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(SPC) are locations representing oceans—although the two

ARM sites are deployed on islands—with an early morning

peak; India (IND), southeastern China (SEC), ARM MAO

site, and southern Africa (SAF) are land points with an after-

noon peak; the ARM SGP site, northern Argentina (NAR),

and western Africa (WAF) are land points with a noctur-

nal peak.

Figure 10 shows the mean diurnal time series (dot) and the

first harmonic component (line) of summertime precipitation

from the 10 selected locations around the world. Figure 11

shows the first harmonic dial plots. Overall, the three satellite-

based products and two surface-based products (when avail-

able) are in good consistency in the first harmonic, despite

differences in the averaging time periods (Table 3). There are

some site-specific uncertainties among the three satellite

products on the mean value (e.g., SPC), amplitude (e.g., ENA)

and phase (e.g., SAF). This is not unexpected since satellite

data for individual small grid boxes can have larger errors than

averaged in a broad domain (e.g., Dai et al. 2007; Huffman

et al. 2007; Joyce et al. 2004; Sorooshian et al. 2000). Although

the ARMBE data have large high-frequency variation, likely

due to its small sampling area as a point measurement, the

diurnal harmonic is quite consistent with the collocated radar

and satellite products. The consistency of these observational

products from various sources builds confidence in using them

to evaluate diurnal variability simulated by climate models.

The 10 locations represent the three typical features of di-

urnal cycle in observations: early morning peak over ocean,

afternoon-to-early-evening peak over land, and nocturnal

peak related to propagating convective systems. Over ocean

points (ENA, TWPC2, and SPC) the observed diurnal cycles

are relatively weak. The surface measurement (ARMBE) is

consistent with the satellite products at ENA and TWPC2,

although the instruments are located on small islands. CMIP6

models generally capture the early morning peak (cf.

section 3b), but many of them underestimate the diurnal

FIG. 7. As in Fig. 4, but for semidiurnal harmonic amplitude ratio.
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amplitude at TWPC2 and SPC and overestimate it at ENA

(Fig. 11).

Over land points with an afternoon-to-early-evening pre-

cipitation peak (MAO, SAF, IND, and SEC), the CMIP6 en-

semble mean peaks a few hours too early. However, the model

spread is quite large in both amplitude and phase. EC-Earth3,

E3SM-1.0, SAM0-UNICON, MRI-ESM2.0, and IPSL-CM6A-

LR simulate diurnal phase close to the observations, although

IPSL-CM6A-LR has an overly strong amplitude (this bias is

also evident at large scales in Figs. 4 and 6). Significant im-

provements in the diurnal phase can be seen from CMIP5 to

CMIP6 models, in which CMIP6 peaks are a few hours later

than CMIP5. These results are in agreement with the global

analysis in section 3b. Also notable is the early afternoon peak

at MAO. The diurnal cycle of precipitation over central

Amazonia is the combined contribution of different types of

convective systems (e.g., Greco et al. 1990; Tanaka et al. 2014;

Tang et al. 2016), including propagating convective systems

from the east coast of South America. Although some models

produce an afternoon precipitation peak at MAO site, they

may not be able to simulate all the mechanisms since they miss

the propagating signal seen in observations (Fig. 5).

Over land points with a nocturnal precipitation peak (WAF,

SGP, and NAR), the CMIP6 ensemble mean and most of its

FIG. 8. As in Fig. 5, but for semidiurnal harmonic phase.
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members show a noon or afternoon peak rather than the ob-

served nighttime peak. Only a fewmodels capture the signal of

nocturnal precipitation. At the north Argentina location,

BCC_CSM2, EC-Earth3, and TaiESM1 are the only three

models that capture well the nocturnal precipitation phase.

This may be because all the three models allow convection to

be triggered above the boundary layer (Bechtold et al. 2004;

Lee et al. 2020; Wu 2012), which is found to be important in

realistically simulating nocturnal elevated convection inGCMs

(Wang et al. 2020; Xie et al. 2019). At SGP, only EC-Earth3

and FGOALS-g3 have a nocturnal precipitation peak between

1800 and 0600 LST, in agreement with the observed phase,

albeit with weak amplitude. One must also note that

FGOALS-g3 gives a nocturnal or early morning peak over

most of the world’s land regions, in disagreement with obser-

vations (Fig. 5). BCC_CSM2, MRI-ESM2.0, and TaiESM1

show an early morning peak around 0700 to 0800 LST. At

WAF, FGOALS-g3 and GFDL-CM4 produce a precipitation

peak around 0400 LST and EC-Earth3 produces a nocturnal

precipitation peak around 2000 LST; all other models have a

precipitation peak in the daytime. However, the performance

of diurnal precipitation over western and central Africa is

highly dependent on the choice of location, as the diurnal

phase has large spatial variability (Fig. 5). This is primarily

controlled by mesoscale convective systems that are often

triggered over a few highlands in this region (Hodges and

Thorncroft 1997; Rowell and Milford 1993; Yang and Slingo

2001) and propagate away from their source areas. The reso-

lution used in the CMIP6 models is too coarse to resolve these

mesoscale convective systems.

In additional to our diagnostic evaluation of the simulated

diurnal cycle precipitation, we have quantified the consistency

between models and observations with several large-scale ob-

jective performance metrics, including spatial characteristics in

the form of Taylor diagrams (Fig. 3) and the amplitude/phase

harmonic dial plots (Figs. 6 and 9). In Table 4 we provide

several additional summary statistics quantifying the differ-

ences between models and the IMERG data for each of the

selected location time series data included in Fig. 10. These

include the root-mean-square difference (RMS) and its ‘‘cen-

tered’’ counterpart with the time mean removed from both the

observations and models (RMSC). The former includes both

bias and pattern error whereas the bias is removed from the

later. Not surprisingly, the largest errors in Table 4 are for the

IND location, with the bias making up an important contri-

bution for many models. The bias dominates for several other

locations including ENA and SPC. To further reveal the rela-

tionship between these objective summary statistics and the

subpanels of Fig. 10, we provide (supplementary online ma-

terial) interactive bar charts1 that can be navigated to the un-

derlying time series subpanel of Fig. 10. Absolute and relative (to

other models) errors are readily shown in these online figures that

also highlight the RMS and RMSC partitioning at each location.

The performance metrics in this study will be incorporated into a

benchmarking framework for simulated precipitation currently

under development (Pendergrass et al. 2020).

The above analysis at selected locations further highlights

the results of the global analysis: GCMs participating in the

current CMIP6 project can capture the diurnal cycle of pre-

cipitation over ocean fairly well; a too-early peak of afternoon

precipitation over land still exists but is improved over the

CMIP5 models; most models (with a few exceptions) still

cannot capture the nocturnal precipitation over land.

4. Tracking performance changes across model versions

A subset of the CMIP6 models are clearly identified as

newer versions of a model contributed to CMIP5. In this

section we further examine the diurnal cycle of precipitation in

those models that are available in both CMIP6 and CMIP5:

ACCESS-CM2 andACCESS-1.0, BCC_CSM2-MR and BCC_

CSM1.1-M, EC-Earth3 and EC-Earth, FGOALS-g3 and

FGOALS-g2, IPSL-CM6A-LR and IPSL-CM5A-LR, and

MIROC6 and MIROC5. Figures 12 and 13 show the diurnal

harmonic amplitude ratio and phase, respectively, for thesemodel

pairs; Fig. 14 shows the corresponding harmonic dial plots.

Among the six model pairs, three of them (ACCESS,

FGOALS, and MIROC) have no or minor improvement on

their physical parameterizations for cumulus convection from

their CMIP5 to CMIP6 version (Bi et al. 2013; Li et al. 2020;

FIG. 9. As in Fig. 6, but for the second (semidiurnal) Fourier

component.

1 https://pcmdi.llnl.gov/pmp-preliminary-results/interactive_

plot/precip/diurnal/pr_diurnal.cycle_rms.bar_all.loc.mod_

interactive.html.
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Tatebe et al. 2019;Walters et al. 2019). Therefore, their diurnal

cycles are basically unchanged from CMIP5 to CMIP6. The

other three (BCC_CSM, EC-Earth, and IPSL) documented

notable modifications in their cumulus parameterizations that

contribute to the improvement of diurnal cycle of precipitation,

as discussed below. This further suggests that themodel errors in

the diurnal cycle of precipitation can be related to deficiencies in

representing convection in climate models.

BCC_CSM modified its convective triggering function

from the relative humidity threshold in BCC_CSM1.1-M to

FIG. 10. Summertime mean diurnal cycle of precipitation (dot) and the first Fourier component (line) for 10 selected locations. One

standard error bar is shown for IMERG data. The colors of the arrows pointing from the locations represent the different types of diurnal

cycle: black represents afternoon peak over land, red representsmorning peak over ocean, and green represents nocturnal peak over land.

FIG. 11. Harmonic dial plots of the first Fourier component of summertime precipitation over the 10 selected locations. The unit of

amplitude is mm day21.
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the vertical velocity threshold in BCC_CSM2-MR. It also

slightly changed the calculation of the lifting condensation

level. Wu et al. (2019) found that these modifications im-

proved the diurnal cycle of precipitation over China.

Globally, BCC_CSM2-MR also shows delayed diurnal phase

from ;0300 to ;0600 LST comparing to BCC_CSM1.1-M

over land such as East Asia, the east United States, Africa,

and South America (Fig. 13). However, the diurnal peak is

still out of phase in comparison to the observations and no

improvement is seen over ocean.

EC-Earth3 modified the convective adjustment time scale

and a coupling coefficient a between the boundary layer and

the free troposphere in its convective closure (Bechtold et al.

2014). Although Bechtold et al. (2014) state that this approach

is pragmatic and ‘‘we do not yet know if this closure and the

parameter range for a indeed reflect the actual physical cou-

pling between the boundary layer and the deep convection,’’

the diurnal cycle over land is significantly improved with the

phase shifting from noon in EC-Earth to after 1500 LST in EC-

Earth3. This result and a recent study by Yang et al. (2020)

indicate that the coupling among boundary layer, shallow

convection, and deep convection in a climate model could

largely impact the simulated diurnal cycle of precipitation.

IPSL also shows clear improvement of diurnal phase from its

CM5A to CM6A, both over land and over ocean. The new

convective parameterization in IPSL-CM6A includes a com-

prehensive interaction between the boundary layer shallow

convection, deep convection, and cold pools. The consider-

ation of preconditioning of deep convection by shallow con-

vection and the effect of cold pools to the self-maintenance of

deep convection are believed to be responsible for the diurnal

cycle improvements (Hourdin et al. 2020; Rio et al. 2009).

Overall, with the contribution from these individual models,

the ensemble mean performance of diurnal cycle of precipi-

tation is improved (Fig. 6).

5. Summary and discussion

GCMs have shown persistent problems in representing the

diurnal cycle of precipitation through many years of model

development. These problems include 1) too-early precipita-

tion peak over ocean with the observed peak in the early

morning, 2) too-early precipitation peak over land with the

observed peak in the late afternoon, and 3) missing nocturnal

precipitation peak over some regions. With the evaluation of

precipitation in the AMIP simulations from the recently re-

leased CMIP6 models, we found that most of the CMIP6

models are still suffering from these problems.

Nevertheless, substantial improvements have been made in

CMIP6 models compared to CMIP5 versions. Over land, most

of the CMIP5 models have precipitation ‘‘phased locked’’ to

insolation with a peak at or near noontime, while in CMIP6

many models have delayed their precipitation peak over land,

leading to an improved diurnal phase in the ensemble mean.

Better treatments of the interactions between convection and

boundary layer processes (e.g., Hourdin et al. 2020; Park

2014a,b) and more sophisticated convective triggering and

closure functions (e.g., Bechtold et al. 2014) contribute to thisT
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improvement. Nocturnal precipitation peaks over certain re-

gions, however, are still missing in most CMIP6 models. A few

models can capture this facet of the observations, but the

simulated peak time varies. One common feature of the more

successful models is that they all allow convection to be trig-

gered above the boundary layer (Bechtold et al. 2004; Wang

et al. 2015; Wu 2012), indicating the importance of the capa-

bility to capture midlevel convection for climate models to

simulate nocturnal precipitation peaks. In line with this, a re-

cent work by Xie et al. (2019) proposed a new convective

trigger that emulates collective dynamical effects that prevent

convection from being triggered too frequently and allows

air parcels to launch above the boundary layer to capture

nocturnal elevated convection to improve the modeling of di-

urnal cycle of precipitation. Testing of this new trigger in the

E3SM atmospheric model version 1 (Rasch et al. 2019; Xie

et al. 2018) showed that it can significantly improve the diurnal

cycle of precipitation without degrading the mean climatology.

The observed nocturnal peaks in the central United States,

Maritime Continent, and Amazon can be well captured with

the new trigger. It should be noted that the nocturnal precip-

itation events over these regions are primarily associated with

the propagation of MCSs that results from moist conditionally

unstable layers located above the stable boundary layer at

night. Given the resolution used in current climate models,

the propagating MCSs cannot be resolved and are poorly

FIG. 12. Summertime diurnal harmonic amplitude ratio from the subset of models that appear in both (left) CMIP5

and (right) CMIP6.
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simulated. Allowing convection to be triggered above the

boundary layer is one way for climate models to detect the

middle level atmospheric instability caused by propagating

MCSs and thereby they can capture the resulting nocturnal

precipitation. Other ongoing efforts include the introduction of

convective memory (i.e., a prognostic variable, such as the cold

pools and mesoscale organized flows in the boundary layer) in

convective parameterizations (e.g., Davies et al. 2009; Mapes

and Neale 2011; Pan and Randall 1998; Park 2014a; Rio et al.

2009) to capture the propagation of convection.

Uncertainty of precipitation measurements at diurnal and

subdiurnal time scales is a continuing concern in comparing

climate models with observations. This study used three

satellite-based products covering global tropics and subtropics

together with two types of ground-based measurements at se-

lected locations. Although all observations are subject to un-

certainties as discussed in section 2b(3), we have shown that

these observational datasets used here are consistent in diurnal

and semidiurnal cycles. Therefore, these observations can

serve as suitable references for evaluation of the precipitation

diurnal cycle in climate models.

The semidiurnal cycle is usually weaker than diurnal cycle.

Moreover, the consistency between different observational

products and between observations and models is notably less

than for the diurnal cycle. This is partly due to the signal pro-

cessing limits in the mathematical calculation of Fourier

analysis. Although satellite products are now available in 1-h

or half-hour frequency, CMIP6 models are still archived in 3-h

frequency. With 3-hourly data, the semidiurnal harmonic has

only four time points per cycle, which has large uncertainties,

while harmonic analysis with higher frequency will add little

real information since the limiting Nyquist period is 6 h.

Increasing the temporal resolution from 3 h to higher fre-

quency (e.g., 1 h or 30min) in the CMIP data will reduce the

FIG. 13. As in Fig. 10, but for diurnal harmonic phase.
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sampling errors and help the evaluation of semidiurnal cycle

and other subdiurnal variabilities such as intermittency (Covey

et al. 2018; Trenberth et al. 2017).

CMIP6 is still ongoing and it is expected that more simula-

tions with newmodels will be contributed over the next several

years. Via a concerted effort to advance the benchmarking of

simulated precipitation, the performance metrics (and under-

lying diagnostics) from our study will be updated online to

include newer model contributions to CMIP6. Moreover, our

emphasis in this study is on the composite diurnal and semi-

diurnal composite averaged across a decade. Our sensitivity

tests confirm earlier studies that a decade is sufficient for ro-

bustly isolating the solar forced diurnal cycle from longer time

scale unforced variations including dominant interannual var-

iability such as El Niño. Accurate representation of unforced

precipitation variability needs to be examined across time

scales and is currently ongoing, but is beyond the scope of

this study.
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