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Abstract

Diurnal variations in precipitation, clouds and other related fields are of interest for many applications. Here I analyze surface
and satellite observations and ERAS data to quantify these variations and evaluate ERAS’s performance. Results show that
ERAS captures the observed seasonal climatology of precipitation and cloud amount remarkably well. Surface observations
show that warm-season precipitation exhibits a robust diurnal cycle with an amplitude of ~20 to 50% of the daily mean and
a peak around 1418 local solar time (LST) over most land areas and 04—08 LST over most oceans. ERAS approximately
reproduces these features with a slightly earlier peak (by ~2 h) over both land and ocean and a stronger amplitude over land,
mainly due to biases in its convective precipitation. The IMERG satellite product captures mainly the diurnal cycle of convec-
tive precipitation with a peak around 16-20 LST during the warm season. ERAS5 oceanic precipitation shows robust diurnal
variations that are comparable to observations despite its dampened marine surface diurnal cycle due to its use of daily-mean
SST. This suggests a free-tropospheric control of oceanic precipitation diurnal cycle. Surface and satellite observations show
more clouds (mainly from low clouds) during daytime (nighttime) over land (ocean). ERAS total cloud diurnal anomalies
are more comparable to surface observations than to ISCCP satellite product. Cloud base height shows a minimum in early
afternoon and a maximum around midnight with a diurnal amplitude of ~ 150 m over warm-season land in surface observa-
tions; ERAS approximately captures this diurnal cycle with a slightly stronger amplitude and earlier phase. Land planetary
boundary layer height (PBLH) in ERAS is around 250 m at night but increases after sunrise to a peak around 14-15 LST of
about 1500-1900 m in the warm season and ~650 to 1100 m in the cold season, with largest diurnal amplitudes over sum-
mer drylands. ERAS marine PBLH is higher in the cold season (~ 1000 m) than in the warm season (~ 530 m) in the extra-
tropics, suggesting a dominant role by low-level wind-induced mixing. ERAS5 CAPE shows out-of-phase diurnal variations
over land and ocean, with near-noontime peak (minimum) and an early morning minimum (peak) over land (ocean). ERA5
CIN’s diurnal cycle is approximately out of phase with CAPE. ERAS captures well the diurnal cycles and their land—ocean
and seasonal differences in surface net shortwave and longwave (LWnet) radiation seen in CERES satellite product, with a
near-noontime peak in land LWnet. A near-noontime peak is also seen in ERA surface sensible and latent heat fluxes over
land, while oceanic PBLH, LWnet and heat fluxes show little diurnal variation in ERAS, which may be partly due to its use
of daily-mean SST.
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1 Introduction

Solar heating near the surface and in the atmosphere gen-
erates pronounced diurnal variations not only in air tem-
perature, pressure, and winds (Dai 2023), but also in many
other surface and atmospheric fields, such as precipitation,
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convection have been studied by a large number of papers
(e.g., Ramage 1952; Kraus 1963; Wallace 1975; Oki and
Musiake 1994; Dai et al. 1999; Dai 2001a; Ohsawa et al.
2001; Yang and Slingo 2001; Mapes et al. 2003; Nesbitt and
Zipser 2003; Mori et al. 2004; Serra and McPhaden 2004;
Yang and Smith 2006; Dai et al. 2007; Yu et al. 2007; Car-
bone and Tuttle 2008; Li et al. 2008; Zhou et al. 2008; Wang
et al. 2011; Yuan et al. 2010, 2012; Yu and Li 2016; Yokoi
et al. 2017; Du and Rotunno 2018; Sungmin and Kirstetter
2018; Wu et al. 2018; Tan et al. 2019; Zheng et al. 2019;
Zhao et al. 2022, 2023a; Hayden et al. 2023). Because of
its robust signal, short time scale, and linkage to convection
and other processes, precipitation diurnal cycle has also been
used as a testbed to evaluate cumulus and other parameteri-
zations in climate and weather models (e.g., Randall et al.
1991; Dai et al. 1999; Lin et al. 2000; Dai and Trenberth
2004; Liang et al. 2004; Dai 2006; Lee et al. 2007a, b, 2008;
Takayabu and Kimoto 2008; Ploshay and Lau 2010; Strat-
ton and Stirling 2012; Wang et al. 2015, 2020; Covey et al.
2016; Mooney et al. 2017; Song and Zhang 2017, 2018;
Wang and Hsu 2019; Xie et al. 2019; Cui et al. 2021; Lee
and Wang 2021; Tang et al. 2021; Wei and Pu 2022; Chen
et al. 2023a; Tao et al. 2023). Many studies also examined
diurnal variations in cloudiness and convection (Gray and
Jacobson 1977; Hendon and Woodberry 1993; Cairns 1995;
Hahn et al. 1995; Rozendaal et al. 1995; Bergman and Salby
1996; Kondragunta and Gruber1996; Chen and Houze 1997,
Sui et al. 1997; Soden 2000; Wylie and Woolf 2002; Tian
et al. 2004; Stubenrauch et al. 2006; Ruppert and Johnson
2016; Noel et al. 2018; Chepfer et al. 2019; Chen et al. 2022,
Cao et al. 2022; Zhao et al. 2023b), atmospheric instabil-
ity (Dai et al. 1999; Bellenger et al. 2010; Ratnam et al.
2013; Tang et al. 2016), PBLH (Liu and Liang 2010; Seidel
et al. 2012; Gu et al. 2020; Zhang et al. 2020; Guo et al.
2021), and surface fluxes (Zhang and Klein 2010; Clayson
and Edson 2019; Yan et al. 2021; Zhu et al. 2023), although
relatively few studies examined these diurnal variations on
a global scale, which is needed for revealing any migrating
wave patterns (Dai 2023).

Hourly to 3-hourly observations from rain-gauges,
weather reports, weather radars and satellites have all been
used to quantify precipitation diurnal cycle. During the
warm season, precipitation and moist convection tend to
occur more frequently in late afternoon over most land areas
as daytime solar heating creates unstable atmospheric condi-
tions by early-late afternoon (Dai 2001a; Dai et al. 2007).
However, over the central U.S., the Tibetan Plateau and
its east periphery, and other regions, moist convection and
precipitation tend to occur from midnight to early morning
as daytime convection is suppressed by large-scale atmos-
pheric subsidence and due to other factors (Dai et al. 1999;
Yu et al. 2007, 2014; Zhao et al. 2022). Over open oceans,
precipitation tends to peak in early morning with a weaker

@ Springer

diurnal amplitude, roughly out of phase with continental
precipitation diurnal cycle (Dai 2001a; Dai et al. 2007). It is
suggested that strong summer diurnal cycle over land could
induce an out-of-phase diurnal cycle in surface convergence
and atmospheric convection over nearby oceans (Dai and
Deser 1999; Dai 2001a), thus contributing to the diurnal
cycle of oceanic precipitation. Showery or convective pre-
cipitation, which is a major form of warm-season precipita-
tion over both land and ocean (Dai 2001b), tends to peak
1-2 h later than total precipitation over most warm-season
land areas (Dai 2001a), and satellite observations tend to
capture mainly the diurnal phase of convective precipitation
(Dai et al. 2007). During the cold season, total precipitation
is dominated by non-showery precipitation (Dai 2001b),
whose diurnal cycle is weak and tends to peak around 0600
local solar time (LST) over most land areas and from mid-
night to 0400 LST over many oceans (Dai 2001a).

In general, warm-season moist convection and precipita-
tion in climate and weather models tend to start and peak too
early compared to observations, often soon after noon (Dai
and Trenberth 2004; Dai 2006; Lee et al. 2007a; Flato et al.
2013), although there are some improvements in the latest
CMIP6 models (Lee and Wang 2021; Tang et al. 2021; Tao
et al. 2023). Coarse model resolution, which fails to resolve
land—ocean contrast around coasts and islands, and problems
in convective initiation (or trigger function) and in coupling
to surface heating, have been identified as some of the major
factors contributing to the biases in model-simulated pre-
cipitation diurnal cycle (Dai and Trenberth 2004; Lee et al.
2008; Wang et al. 2015, 2020; Song and Zhang 2017, 2018;
Wang and Hsu 2019; Xie et al. 2019; Cui et al. 2021; Lee
and Wang 2021). The coarse resolution is also linked to the
“drizzling” bias in climate models (Dai 2006; Chen et al.
2021), which may affect the simulated precipitation diurnal
cycle as well. Regional models explicitly resolving con-
vection without cumulus parameterization generally show
improved diurnal cycles of convection and precipitation
(Prein et al. 2015; Li et al. 2020; Scaff et al. 2020; Liu et al.
2022), which further indicates the role of cumulus param-
eterization in causing the diurnal biases in model-simulated
precipitation and convection. Precipitation from atmospheric
reanalyses can capture many of the large-scale diurnal vari-
ations, but often lack some of the small-scale or regional
features (Chen et al. 2014; Hayden et al. 2023).

Most of the studies on cloudiness diurnal variations used
satellite observations, which observe high clouds better than
low clouds (e.g., Cairns 1995; Hahn et al. 1995; Rozendaal
et al. 1995; Bergman and Salby 1996; Kondragunta and Gru-
ber 1996; Wylie and Woolf 2002; Stubenrauch et al. 2006;
Noel et al. 2018; Chepfer et al. 2019). In contrast, relatively
few studies analyzed surface cloud observations, which
are more reliable for low clouds than high clouds (Hahn
et al. 1995). Three-hourly cloud data from the International
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Satellite Cloud Climatology Project (ISCCP; Rossow &
Schiffer 1991) show that low-level clouds tend to peak from
noon to 03PM LST over most continental areas and around
02-05 AM LST over many oceans within 40° N/S, while
mid-high clouds tend to peak from late afternoon to even-
ing over most ocean and land areas (Bergman and Salby
1996). Surface cloud observations also confirm that maxi-
mum cloud cover occurs at night over open oceans, while
there are more clouds during daytime than at night over land
(Hahn et al. 1995). Clearly, such diurnal variations will have
major impacts on shortwave and longwave radiation; thus,
their representation in climate models is of great concern.
Current climate models capture the observed cloud diurnal
variations reasonably well over the oceans, but over land
they show excessive clouds at night and too few clouds dur-
ing the day without the early afternoon peak (Chen et al.
2022). In addition, high climate sensitivity in latest climate
models is linked to strong positive extratropical cloud feed-
back (Zelinka et al. 2020).

Relatively few studies have examined the diurnal varia-
tions in convective available potential energy (CAPE) and
convective inhibition (CIN), PBLH and surface fluxes on a
global scale. Dai et al. (1999) used 6-hourly reanalysis data
to show that CAPE over the U.S. peaks around 00 or 18 UTC
(local afternoon). Estimates using in-situ soundings from a
few locations seem to suggest a nighttime peak of oceanic
CAPE (Bellenger et al. 2010) and an early afternoon peak
of CAPE over land (Ratnam et al. 2013; Tang et al. 2016).
Estimates of land PBLH using in-situ soundings and other
measurements show an early afternoon peak (Liu and Liang
2010; Gu et al. 2020; Zhang et al. 2020; Guo et al. 2021).
PBLH estimates from soundings from sparse oceanic field
campaigns (Liu and Liang 2010) and twice-daily operational
soundings from coastal and island stations (Gu et al. 2020)
show higher PBLH around noontime than at night over many
tropical and midlatitude oceans. Bulk formula-based esti-
mates of surface sensible heat (SH) and latent heat (LH)
fluxes using in-situ measurements from sparse locations over
land show either a near noontime peak for both SH and LH
fluxes over the central U.S. (Zhang and Klein 2010) or a
peak around 1500 LST for SH fluxes over the Tibetan Pla-
teau (Zhu et al. 2023).

In this study, I extend the analysis of Dai (2023) to exam-
ine the diurnal variations in precipitation and cloud cover in
observations and ERAS, and also briefly analyze the diurnal
variations in ERAS buoyancy, boundary layer, and surface
fluxes. ERAS (Hersbach et al. 2020) provides hourly data
for many surface and atmospheric fields; thus, it represents
a valuable resource for studying the diurnal cycle. How-
ever, precipitation, clouds and the other variables analyzed
here are not directly constrained by observations in ERAS;
thus, their usefulness needs to be validated. Previous stud-
ies have evaluated the diurnal cycle in ERAS5 precipitation

over specific regions, e.g., eastern China where ERAS repro-
duces the late-afternoon peak with an excessive amplitude
(Qin et al. 2021), the Tibetan Plateau (Chen et al. 2023b)
where ERAS precipitation peaks two early, and the mari-
time continent and the Amazon where ERAS precipitation
peaks a few hours early than satellite observations (Hayden
et al. 2023). Some regional studies also examined diurnal
variations in ERAS clouds, e.g., over western central Africa
(Dommo et al. 2022) and the Tibetan Plateau (Cao et al.
2022; Zhao et al. 2023b). However, few studies have exam-
ined the diurnal variations in ERAS precipitation or cloud
cover over the globe, which is necessary for revealing any
planetary-scale features, such as the migrating wave-number
1 or 2 mode seen in pressure and temperature fields (Dai
2023). The goal here is to provide a comprehensive global
analysis of the diurnal variations in precipitation and cloud
cover in observations and ERAS. The results should improve
our knowledge of the diurnal cycles in precipitation and
clouds over the globe and their representation in ERAS. The
diurnal results can also be used to evaluate climate model
simulations.

2 Data and method

The observational data for precipitation frequency and
cloud cover were derived from the 3-hourly weather reports
from over 15,000 weather stations on land (including many
islands) and ship and buoy observations over oceans dur-
ing 1976-2007 (1975-1997 for occurrence frequency for
non-drizzle, showery and non-showery precipitation as in
Dai 2001a). These surface weather reports were previously
used by the author to derive precipitation frequency over the
globe (Dai 2001a, b) and cloud amount (Dai et al. 2006).
For comparison, I also analyzed 30-min precipitation data
from June 2000-April 2021 (on 0.1° grid, averaged onto 1°
grids) from the IMERG v06B dataset (Huffman et al. 2021),
which was derived from satellite observations and scaled to
match rain-gauge-based monthly precipitation amount. Due
to the poor vision under dark night without moonlight, the
dark-night cloud amount from surface observations may be
underestimated, leading to slight underestimation (by ~2%)
of the mean cloud amount and significant impact on its diur-
nal cycle (Hahn et al. 1995). Here, I re-processed the surface
observations of total, low and middle cloud amount (exclud-
ing biased reports from automated measurements, Dai et al.
2006) from 1976 to 2007 to exclude the biased reports dur-
ing dark nights, which are defined as the nighttime with R
(relative lunar illuminance) <0.11 when the Sun is more
than 9° below the horizon following Hahn et al. (1995). I
found that excluding the dark-night reports has a significant
impact on cloud diurnal cycle and bring it closer to that seen
in satellite observations, consistent with Hahn et al. (1995).
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High cloud amount can be derived from the total, low and
middle cloud amounts using random overlapping but is less
reliable. For comparison, I also analyzed the 3-hourly total,
low, middle and high cloud amount data from the Inter-
national Satellite Cloud Climatology (ISCCP, Rossow &
Schiffer 1991) H-series product on 1° grids from July 1983
to June 2017 (Young et al. 2018; https://www.ncei.noaa.
gov/products/climate-data-records/cloud-properties-isccp).
I also analyzed hourly data for cloud amounts and surface
radiative fluxes from CERES SYNldeg_Ed4A dataset on 1°
grids from March 2000 to December 2022 (Doelling et al.
2016; https://ceres.larc.nasa.gov/data/), which was derived
from various satellite observations using algorithms similar
to that for ISCCP D2 for clouds and calculated using radia-
tive transfer and top-of-the-atmosphere flux measurements
for surface fluxes. Cloud diurnal anomalies from CERES
were found to be noisier than those seen in ISCCP and sur-
face observations and thus are not discussed below. I used
the monthly-averaged hourly data for total, convective and
large-scale precipitation, total, low, middle and high cloud
cover, PBLH, CAPE, CIN, and surface energy fluxes from
ERAS5 (Hersbach et al. 2020) on 1° grids from 1979 to 2020
to derive their mean diurnal variations. CAPE and CIN esti-
mates using twice-daily homogenized radiosonde data from
Chen and Dai (2023) are compared with the ERAS data.
However, PBLH (Guo et al. 2021) data are unavailable over
most of the globe; thus, I only analyzed PBLH from ERAS
with comparisons to results from some recent observational
studies.

I first averaged the observational and ERAS5 data over
their data periods to derive the long-term mean diurnal vari-
ations. The differences in the averaging time periods among
the different datasets should not impact the results signifi-
cantly as the long-term mean diurnal cycle is relatively

stable. I then mapped out the diurnal anomalies (relative to
the daily mean) for 00, 06, 12 and 18Z (or UTC) to exam-
ine their global patterns and any migrating features. The
local diurnal anomalies were also averaged spatially for each
LST hour to derive regional mean composite diurnal cycle
for three latitude zones for land and ocean separately: the
northern extratropics (25° N-70° N), tropics (25° S-25° N),
and southern extratropics (25° S—-50° S). For example, an
anomaly for 03Z at 15° E is for 04 LST and would be aver-
aged with the anomaly for 00Z at 60° E (which is also for 04
LST). Observations not exactly at an LST hour is assigned to
the nearest hour before the averaging. Furthermore, as in our
previous studies (Dai et al. 1999; Dai 2001a; Dai and Tren-
berth 2004), the long-term mean diurnal curve at each grid
box was fitted with the diurnal (24 h, S1) and semidiurnal
(12 h, S2) harmonics to quantify their contributions to the
diurnal variations (see eqs.1-2 in Dai and Wang 1999). As
an example, Fig. 1 shows the fitting to the hourly data from
00-24 h LST of the diurnal variations in ERAS precipita-
tion, total cloud cover, CAPE and PBLH at a grid box in
the Southeast U.S. It shows that the diurnal component S1
dominates the diurnal variations for all the four variables,
although the semidiurnal component S2 also has significant
contributions that improve the fitting substantially. In other
words, while the composite diurnal anomalies tend to have
only one peak, their diurnal variations do not exactly follow
the S1 harmonic, and the inclusion of the S2 harmonic sig-
nificantly improves the fitting. As in Dai (2023), here diurnal
variations or anomalies in all the figures and discussions
refer to the actual deviations from the daily mean (black dots
in Fig. 1), not the S1 or S1+ S2 component, and the diurnal
amplitude refers the maximum minus daily mean difference.
The use of daily-mean sea surface temperatures (SST) as the
lower boundary condition in ERAS5 suppresses near-surface
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diurnal cycle in air temperature and other fields (Dai 2023),
and it likely also dampens the diurnal variations in oceanic
PBLH, CAPE, CIN and surface heat fluxes, as shown previ-
ously (e.g., Bellenger et al. 2010).

3 Results
3.1 Diurnal variations in precipitation

Before evaluating the diurnal cycle, we will first examine
how well ERAS reproduces the precipitation climatology.
Figure 2 compares the 1979-2020 mean precipitation for
December—January—February (DJF) and June—July—August
(JJA) from ERAS and GPCP v2.3 (Adler et al. 2017; http://
eaglel.umd.edu/GPCP_CDR/Monthly_Data/), which is
derived mainly from rain-gauge data over land and satel-
lite observations over ocean. Given that ERAS assimilated
precipitation observations only over the contiguous USA
since about 2009 (Hersbach et al. 2020), it is remarkable
that ERAS reproduces the observed precipitation patterns
well over the globe, with a spatial pattern correlation of
0.97 with the GPCP data for both DJF and JJA. Noticeable
wet biases exist, however, in the tropics (especially over
the inter-tropical convergence zones) and some dry biases
are seen over Europe and northwestern Asia in DJF. Given
the considerable differences in current estimates of oceanic

Fig.2 Long-term (1979-2020)
mean DJF and JJA precipitation
froma, b GPCPv2.3and ¢, d
ERAS, and e, f the ERAS minus
GPCP preciptiation difference
in units of mm/day. The area-
weighted pattern correlation

precipitation amount (with the GPCP on the lower side of
the range, Dai 2006), the mean biases shown in Fig. 2e—f
over oceans is acceptable. On the other hand, ERAS hourly
precipitation was found to overestimate the frequency but
underestimate the intensity over eastern China (Qin et al.
2021), although the comparison of rain-gauge station data
with ERAS5 0.25° grid-box mean precipitation in Qin et al.
(2021) may have exacerbated these biases since estimated
precipitation frequency (intensity) increases (decreases) with
the averaging area (Chen and Dai 2018).

Figure 3 compares the diurnal anomalies in JJA precipita-
tion frequency from surface weather reports and precipita-
tion amount from IMERG and ERAS5 at 00, 06, 12 and 18Z.
Unlike surface temperature and pressure (Dai 2023), there
exist no clear global wave patterns in the precipitation anom-
alies; the land—ocean contrast seems to dominate together
with many localized features (e.g., over the central U.S. and
Southeast Asia). In general, land precipitation tends to peak
in the afternoon (i.e., to the right side of the vertical blue
line in Fig. 3), while ocean precipitation peaks in the early
morning. There exists some general consistency between the
IMERG and surface observed anomalies, although consider-
able differences exist among them. The ERAS precipitation
diurnal anomalies compare better with the surface observa-
tions than IMERG, although large differences exist (e.g.,
over the Southern Ocean where surface observations are
sparse). ERAS precipitation diurnal anomalies over northern
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(a) OOZ Non-drizzle P Freq (%), JJA

Latitude

(i) OOZ ERAS Precip (mm/day), JA

Latitude

Latitude

Latitude

Fig.3 Distributions of the long-term mean diurnal anomalies of
JJA precipitation a—d frequency (in % of time, multiplied by 0.5 to
use the same color scale, with spatial smoothing to reduce sampling
noise) and e-1 amount (in mm/day) at a, e, i 00Z (or UTC), b, f, j
06Z, ¢, g, k 127, and d, h, 1 18Z from a—-d surface weather reports

South America, central Africa and South Asia appear to be
either too strong or slightly out-of-phase with both the sur-
face and IMERG data (Fig. 3).

The land—ocean diurnal phase contrast becomes more
obvious in zonally averaged composite diurnal curves, which
show that warm-season precipitation peaks around 16—17
LST over land but around 05-06 LST over ocean (Fig. 4a—c),
consistent with previous estimates (e.g., Dai 2001a; Dai
et al. 2007). For the cold season (i.e., DJF for 25° N-70° N
and JJA for 25° S—50° S), precipitation diurnal variations
are small in observations (Fig. 4a—c). The IMERG satellite
observations capture these broad features, with a sharper and
slightly delayed peak (around 17 LST) over land and oceanic
peak around O6LST (Fig. 4d—f). ERAS captures the general
phase contrast between land and ocean for warm-season
precipitation, with a stronger amplitude and an earlier peak
around 14—16 LST over land (Fig. 4g—i). Over oceans, ERAS
precipitation diurnal variations are comparable to IMERG,
with a slightly stronger peak around 03-05 LST, about
1 h earlier than that in surface and satellite observations
(Fig. 4). This is somewhat surprising given that ERAS does
not have a diurnal cycle in its specified SST, leading to weak
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180 -180  -120 -60

02 03 05 07 10 15

during 1975-1997, e-h IMERG satellite observations averaged from
6/2000-4/2021, and i-1 ERAS reanalysis averaged over 1979-2020.
The vertical blue line indicates the location of the Sun, with the
region to the left (right) side of the line is in the morning (afternoon)
hours

diurnal variations in surface air temperature and humidity
fields over oceans (Dai 2023). These results suggest that
oceanic precipitation diurnal cycle is not tightly coupled
to near-surface diurnal variations but is more controlled by
free-tropospheric processes such as large-scale land—ocean
diurnal circulation and local radiative cooling (Gray and
Jacobson 1977; Dai 2001a). This is in sharp contrast to land
precipitation diurnal cycle, which is greatly influenced by
surface daytime heating induced by solar radiation (Dai et al.
1999; Liang et al. 2004).

The diurnal cycle in ERAS convective precipitation is
also comparable to surface observations of showery precipi-
tation, with a slightly earlier peak around 15 LST (compared
with 16—17 LST in surface observations) and a stronger
amplitude for warm-season precipitation over land (Fig. 5).
The excessive amplitude, as well as the earlier phase, in con-
vective precipitation is the main contributor to the excessive
amplitude in ERAS’s total precipitation diurnal anomalies
(Fig. 4), as its large-scale precipitation has smaller diur-
nal amplitudes and different phases (Fig. 6). Warm-season
convective precipitation over oceans in ERAS also peaks
slightly earlier (by ~ 1 h) around 03-05 LST than surface
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25N-70N, Sfc. Observed Precip. Freq.

25N-70N, IMERG Precipitation

25N-70N, ERAS5 Precipitation
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Fig.4 Mean diurnal cycles of precipitation a—c frequency and d-i
amount averaged over land (solid lines) and ocean (dashed lines)
in December-January—February (DJF, black lines) and June-July—
August (JJA, red lines) within the a, d, g northern extra-tropics (25°
N-70° N), b, e, h tropics (25° S-25° N), and ¢, f, i southern extra-
tropics (25° S-50° S) from a—c surface weather reports during 1975-
1997 (Dai 2001a, b), d—f IMERG averaged from 6/2000 to 4/2021,
and g-i ERAS reanalysis hourly data averaged from 1979 to 2020

observations, with slightly stronger percentage amplitudes
(Fig. 5). Both DJF convective precipitation over 25° N-70°
N land and JJA convective precipitation over 25° S-50° S
land show a moderate peak around 15-16 LST in surface
observations (Fig. 5a, c), suggesting that cold-season con-
vective precipitation does have a weak diurnal cycle that
peaks slightly earlier than that for the warm season. ERAS5
also shows a moderate early afternoon peak (around 14
LST) in cold-season land convective precipitation (Fig. 5d,
f), while it produces very similar diurnal cycles for both DJF
and JJA for both convective and total precipitation for the
tropics (Figs. 4h, 5e). The DJF versus JJA differences for 25°
S—25° N are also small in IMERG (Fig. 4¢) but noticeable in
surface observations (Figs. 4b, 5b).

Non-showery precipitation from surface observations and
large-scale precipitation from ERAS (Fig. 6) both show a
moderate diurnal cycle with a morning peak and an evening
minimum. Over 25° N-70° N, ERAS5 captures the observed
non-showery precipitation diurnal cycle in JJA very well for
both land and ocean, with a comparable amplitude (~ 15%
of the daily mean) and a slightly delayed (by ~1 h) peak

Local Solar Time (hr)

Local Solar Time (hr)

(note the larger y-axis scale on g—i). The mean composite diurnal
cycle was derived by first converting the UTC time into local solar
time (LST=UTC +longitude/15, where longitude varies from — 180
to+ 180, negative longitudes for the western hemisphere), and then
averaging the diurnal anomalies (relative to the long-term mean of
the daily mean) at each nearest LST hour over all the land or ocean
grid boxes within the latitudinal zone and then expressed in percent-
age of the daily mean of the region

around 07-08 LST over land and 04-05 LST over ocean
(Fig. 6d). DJF land non-showery precipitation shows a weak
peak around 10 LST in surface observations, while ERA5
DIJF large-scale precipitation shows little diurnal variation
over 25° N-70° N (Fig. 6a, d). In the tropics, ERAS large-
scale precipitation shows a plateau with elevated amounts
from 04-16 LST and a minimum around 18-22 LST over
land, and a weak peak around 04 LST over ocean (Fig. 6e);
while tropical non-showery precipitation from surface obser-
vations shows a weak peak around 07 LST except DJF land,
which peaks around 02-04 LST (Fig. 6b). Over 25° S-50°
S, surface observations show little diurnal variation in non-
showery precipitation (Fig. 6¢), while ERAS shows a moder-
ate morning peak for DJF large-scale precipitation around 09
LST over land and 05 LST over ocean (Fig. 6f).

Figure 7 compares the amplitude (i.e., the deviation
from the daily mean) and phase (expressed as the LST of
the peak) of the estimated diurnal harmonic S1 in DJF and
JJA precipitation from surface observations and ERAS. In
general, the S1 has an amplitude of ~20 to 50% (less than
20%) of the daily mean over most land and oceans during the
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Fig.5 Same as Fig. 4 but for diurnal anomalies (in % of the daily mean) for a—c showery precipiation frequency from surface observations
(1975-1997 mean) and d—f convective precipiation from ERAS (1979-2020 mean). Note the larger y-axis scale on d—f

warm (cold) season (Fig. 7a, b), and peaks from 14-20 LST
in JJA and around 06—10 LST in DJF over most Northern
Hemisphere land in surface observations (Fig. 7e, f), con-
sistent with previous estimates (e.g., Dai 2001a; Dai et al.
2007). The phase over Southern Hemisphere land is noisy
likely due to stronger influences from the oceans, but it tends
to peak around 18-20 LST over many areas in Africa and
South America in DJF (Fig. 7f). The estimated S1 in ERAS
total precipitation tends to have a stronger (weaker) ampli-
tude over low-latitude land (mid-high latitudes) than surface
observations (Fig. c—d), and the phase tends to be a couple
of hours earlier than that in surface observations over both
land and ocean, although the land—ocean phase contrast is
well captured in ERAS (Fig. 7g, h).

The estimated S1 of warm-season showery precipitation
tends to peak from late afternoon to early evening (16-20
LST) over most land and around 04-08 LST over most
ocean in surface observations (Fig. 8a, b), which are 1-2 h
later than that for total precipitation over many land areas
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(Fig. 7e, f), consistent with previous estimates (e.g., Dai
2001a; Dai et al. 2007). The S1 of ERAS convective precipi-
tation (Fig. 8c, d) has a phase similar to that for its total pre-
cipitation for the warm season (Fig. 7g, h) and it is a couple
of hours earlier than that for observed showery precipitation
(Fig. 8a, b). In contrast, the non-showery or large-scale pre-
cipitation tends to peak in the morning (around 06—10 LST)
over most land areas and many oceans in both observations
and ERAS (Fig. 8e-h), although the phase is noisy over the
oceans partly due to its weak amplitude (Fig. 6).

The phase of the estimated S1 in IMERG total precipita-
tion is closer to that for showery precipitation (Fig. 9e—h)
than for total precipitation (Fig. 7e, f) from surface obser-
vations. This suggests that satellite observations capture
mainly convective precipitation (and clouds), leading to a
late afternoon to early evening (17-20 LST) peak over most
warm-season land (Fig. 9g, h), as noticed previously (Dai
et al. 2007), although Tan et al. (2019) found a smaller
phase delay in IMERG v06 compared with a ground-based
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Fig.6 Same as Fig. 4 but for diurnal anomalies (in % of the daily mean) for a—¢ non-showery precipiation frequency from surface observations
(1975-1997 mean) and d—f large-scale precipiation from ERAS (1979-2020 mean)

multi-sensor product over the U.S. The S1 amplitude in
IMERG precipitation is comparable to that in surface obser-
vations, with slightly lower amplitudes over some midlati-
tude oceans (Figs. 9a—d, 7a, b). Thus, the IMERG data cap-
ture the diurnal cycle of mainly convective precipitation with
a slightly delayed (by ~2 h) phase compared with surface
observations of total precipitation over many warm-season
land areas. The IMERG’s S1 phase over low-midlatitude
oceans is around 04-08 LST (Fig. 9¢g, h), which is compara-
ble to that in surface observations (Figs. 9e, f, 7e, f).

3.2 Diurnal variations in cloud cover and cloud base
height

Clouds reflect sunlight during the day and absorb and
re-emit longwave radiation back to Earth’s surface; thus,
diurnal variations in cloud cover and cloud base height,
which affects cloud-base temperature and thus its emitted
downward longwave radiation, can have large impacts on

Earth’s surface energy budget. ERAS does not assimilate
any observations of clouds (Hersbach et al. 2020); thus,
how well ERAS reproduces the observed cloud climatol-
ogy deserves examination. Figure 10 compares the DJF
and JJA total cloud amount averaged over recent dec-
ades from surface observations, two satellite products
and ERAS. There are noticeable differences between the
ISCCP and CERES satellite products, e.g., over the North
Pacific, Southern Ocean, and Antarctica (Fig. 10c—f).
The satellite products also show generally higher cloud
amount than surface observations over the North Pacific,
North Atlantic, Southern Ocean, and other oceanic regions
(Fig. 10a—f). Outside the polar regions where surface
observations are sparse and satellite observations are less
reliable, ERAS cloud cover (Fig. 10g, h) is remarkably
comparable with the surface observations, especially
given the differences among the observational datasets.
For example, ERAS captures the observed sharp cloudi-
ness gradients over Africa, Southwest North America,
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Fig. 7 a—-d The amplitude (in % of daily mean) of the 24-h harmonic
of the mean diurnal variations in a, ¢ DJF and b, d JJA 3-hourly pre-
cipitation frequency from surface observations (left) and hourly pre-
cipitation amount from ERAS5 (right). e-h Same as a—d but for the
local solar time (LST, in hours) of the peak of the 24-h harmonic.
The composite diurnal data were fitted with the 24-h harmonic for

and South America. ERAS assimilated a lot of satel-
lite radiance and other data of the troposphere since the
1980s, which may help its cloud simulation. However, I
also examined ERAS5 mean cloud amount for 1950-1978
when few satellite observations were available, and the
1950-1978 climatology (not shown) is still very simi-
lar to that shown in Fig. 10g, h. This suggests that the
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ics for the ERAS hourly data. The 12-h harmonic is generally weaker
than the 24 h harmonic. Amplitude values over 80% are largely due
to small daily mean and thus were removed, and then small data gaps
were infilled through spatial interpolation

assimilation of recent satellite observations is not the key
factor for ERAS to produce realistic cloud cover over most
of the globe.

Over the Arctic, ERAS5 seems to produce too many clouds
for both DJF and JJA with little seasonal variation, although
satellites may underestimate cloud amount over Arctic sea
ice as noticed previously (Liu et al. 2010; Yeo et al. 2022;
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Fig.8 a—d The local solar time (LST, in hours) of the peak of the
24-h harmonic of the mean diurnal variations in (left) showery pre-
cipitation frequency from surface observations and (right) ERAS5
convective precipitation for a, ¢ DJF and b, d JJA. e-h Same as a-d

Jenkins et al. 2023). The two satellite products (especially
ISCCP) significantly underestimate low cloud cover over
most of the globe (except arid land areas) compared with
surface observations and ERAS5 (figure not shown). Since
low clouds account for a large portion of the total cloud
amount in surface observations and ERAS, especially over
the central Arctic, it is possible that the satellite products
may significantly underestimate Arctic total cloudiness.
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|

12 14 16 18 20 22 24

but for the phase of (left) surface observed non-showery precipitation
frequency and (right) ERAS large-scale precipitation for e, g DJF and
f,hJJA

Given the lack of surface observations and possible under-
estimation of Arctic clouds by satellites, it is premature to
conclude that ERAS greatly overestimates cloud cover over
the central Arctic. Over the Southern Ocean, where positive
cloud feedback is linked to high climate sensitivity in models
(Zelinka et al. 2020), both surface (sparse sampling in JJA)
and satellite observations show high (> 80%) cloud cover,
and ERAS captures this high cloudiness band although its
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Fig.9 a—d The amplitude (in % of daily mean) of the 24-h harmonic
of the mean diurnal variations in a, ¢ DJF and b, d JJA 3-hourly
showery precipitation frequency from surface observations (left)
and 30 min precipitation amount from IMERG (right). e-h Same as
a—d but for the local solar time (LST, in hours) of the peak of the
24-h harmonic. The composite diurnal data were fitted with the 24-h

DJF cloud cover is relatively low over the Southern Ocean
(Fig. 10). Large amounts of low clouds (not shown) are also
seen in ERA5 and warm-season surface observations over
the Southern Ocean.

Figure 11 compares the long-term mean diurnal anom-
aly patterns of total cloud cover in JJA at 00, 06, 12 and
18Z from surface observations, ISCCP and ERAS5. Without
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harmonic for the 3-hourly surface observations and with the 12- and
24-h harmonics for the 30 min IMERG data. The 12-h harmonic is
generally weaker than the 24 h harmonic. Amplitude values over 80%
are largely due to small daily mean and thus were removed, and then
small data gaps were infilled through spatial interpolation

excluding the biased dark-night reports, total cloud cover
from surface observations (figure omitted) would show a
clear one-wave pattern with more (fewer) clouds during the
day (at night). After excluding the dark-night reports, the
westward migrating pattern (Fig. 11a-d) becomes noisy
but more comparable to that for precipitation (Fig. 3a—d)
and also to the ISCCP data (Fig. 11e-h). This increases our
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Fig. 10 Long-term mean total cloud cover (in % of the sky for sur-
face observations or of the grid box for ISCCP and ERAS) for (left)
DJF and (right) JJA from a, b surface observations (DJF 1976 to
MAM 2007 mean; updated from Dai et al. 2006; dark-night reports
were excluded), ¢, d ISCCP satellite observations (1983-2017 mean),

confidence in the cloud data (after removing the dark-night
reports) as such a close association between cloudiness and
precipitation is expected physically. The surface and satellite
observations show that there are more clouds during daytime
(nighttime) over land (ocean), as noticed previously (Hahn
et al. 1995). ERAS captures the broad patterns from observa-
tions, e.g., over western North America, Europe and South
America at 00Z, and over North America, Asia and the east-
ern Atlantic at 06Z and 18Z (Fig. 11). Cloud cover (mainly
from low clouds, Fig. 13) over the subtropical eastern Pacific
(especially off Peru and Ecuador), which has been prob-
lematic in climate models (Dai and Trenberth 2004), peaks

180 —-180

-120  -60 0 60 120 180
-

70.0 80.0 90.0 100.0

and e, f CERES satellite observations (2001-2022 mean). g, h ERAS
reanalysis (1979-2020 mean). The area-weighted pattern correlation
between a and c is r(a, ¢)=0.90; other pattern correlations are r(a,
e)=0.94, r(a, g)=0.82, r(c, €)=0.96, r(c, g)=0.87; r(b, d)=0.91,
(b, £)=0.96, r(b, h)=0.96, r(d, £)=0.95, and r(f, h)=0.96

around 127 (06 LST) and shows a minimum around 00Z (18
LST) in surface observations and ERAS (Figs. 11 and 13).
The day-night differences in land cloud cover are shown
more clearly in the zonal-mean averages (Fig. 12), which
show a peak around 14 LST for warm-season clouds and
elevated cloudiness from around 08—16 LST for the cold sea-
son in surface observations (Fig. 12a, c). Over tropical land,
cloud cover shows two weak peaks around 07 and 16 LST
(Fig. 12b). Over ocean, cloud diurnal variations are small,
with slightly more clouds during early morning (Fig. 12a—c).
The ISSCP clouds show sharper early afternoon peaks for
both JJA and DJF over land than in surface observations,
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Fig. 11 Distributions of the long-term mean diurnal anomalies of JJA
total cloud cover (in %) from a—d surface observations (1976-2006
mean, excluding dark-night reports), e-h ISCCP H-series (1983—
2017 mean, and i-1 ERAS (1979-2020 mean) at a, e, i 00Z (or UTC),

while its marine clouds also show weak diurnal variations
with slightly more clouds at night. In general, ERAS cloud
diurnal anomalies are more comparable to surface observa-
tions than ISCCP, which have too strong diurnal variations
over land as shown by both Figs. 11 and 12.

The diurnal variations in total cloud cover result mainly
from low clouds (Fig. 13), whose diurnal anomaly patterns
resemble those in total clouds (Fig. 11), while diurnal vari-
ations in middle and high cloud cover are smaller (figure
omitted). ERAS low clouds show a strong diurnal cycle
with a peak around 06 LST and a minimum in around 19
LST in the tropics and similar phases for the extratropical
zones, while the peak is around 13-15 LST for warm-sea-
son low clouds over land in surface and satellite observa-
tions (Fig. 14). Figures 13 and 14 also show that the diurnal
anomalies in ISCCP low clouds are too strong over land
compared to surface observations, which are most reliable
for low clouds. I recognize that the definitions of low clouds
may differ somewhat among the three datasets; nevertheless,
it is likely that ISCCP overestimates land low-cloud diurnal
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variations, which leads to its overestimation of total cloud
diurnal variations over land. On the other hand, the phase
biases in ERAS5 low clouds (Fig. 14) likely have contrib-
uted to its biases in total clouds, especially for the tropics
(Fig. 12).

Figure 15 shows the estimated amplitude and local time
of the peak of the 24-h harmonic (S1) of the long-term aver-
aged diurnal variations in total cloud cover for DJF and JJA
from surface and satellite observations, and ERAS5. Con-
sistent with the anomaly maps (Fig. 11) and zonal averages
(Fig. 12), Fig. 15a—d show that the cloudiness diurnal ampli-
tude is strongest over land (especially warm-season land)
and the marine stratus regions in the subtropical eastern
Pacific and Atlantic, where it can reach 4-9% of the sky
in surface observations and 10-20% in ISCCP. The ERAS
amplitude is generally comparable to surface observations,
except for some overestimation over some areas in Africa
and North America (for JJA) and some coastal regions and
underestimation over extratropical oceans in the cold season
(Fig. 15e, f). The estimated peak is around 10—14 LST in
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Fig. 12 Mean diurnal cycles of total cloud cover (in %) from a—c
surface observations during 1976-2007 (excluding dark-night obser-
vations), d—f ISCCP H-series during 1983-2017, and g-i ERAS dur-
ing 1979-2020 averaged over land (solid lines) and ocean (dashed
lines) in December—January—February (DJF, black lines) and June—
July—August (JJA, red lines) within the a, d, g northern extra-trop-
ics (25° N-70° N), b, e, h tropics (25° S-25° N), and ¢, f, i south-

DJF and 12-16 LST in JJA over land in both the surface
and satellite observations; while the phase over the oceans
is noisy with a tendency to peak around midnight-morning
(Fig. 15g—j). ERAS clouds show more coherent phase over
the oceans, with a peak around 00-04 LST over most low-
latitude oceans and 04-06 LST over extratropical oceans;
over land, ERAS JJA clouds peak in early to late afternoon
over northern hemisphere land, where the peak is around
06-10 LST in DJF, which is much earlier than the observa-
tions (Fig. 15k, 1).

The amplitude and phase of the 24-h harmonic in low
clouds (Fig. 16) are comparable to those in total cloud
cover in surface observations, suggesting that total cloud
diurnal cycle mainly comes from low clouds. In ISCCP
and ERAS, however, the phase of low cloud diurnal cycle
differs substantially from that of total clouds: ISCCP low
clouds tend to peak around 12-14LST over most land for
both JJA and DIJF, while ERAS5 low clouds peak round
06-10 LST over land and many oceans (Fig. 16i-1), which
is consistent with the zonal averages shown in Fig. 14.
Given that surface observations are most reliable for low

Local Solar Time (hr)

Local Solar Time (hr)

ern extra-tropics (25° S-50° S). The mean composite diurnal cycle
was derived by first converting the UTC time into local solar time
(LST=UTC+longitude/15, where longitude varies from — 180
to+ 180, negative longitudes for the western hemisphere), and then
averaging the diurnal anomalies (relative to the long-term mean of
the daily mean) at each nearest LST hour over all the land or ocean
grid boxes

cloud cover, I believe that the results from surface obser-
vations in Fig. 16 are likely to be more reliable.

Besides cloud cover, cloud-base height also exhibits
considerable diurnal variations (Fig. 17), with a minimum
in the early afternoon and a maximum around midnight in
surface observations over both land and ocean. The mean
amplitude is about 150 m over warm-season land and only
about 50 m over cold-season land and over the oceans. As
the cloud base is visually estimated by trained observers,
the amplitude likely contains substantial uncertainties. The
daytime minimum cloud base is likely due to formation of
low cumulus clouds from late morning to early afternoon;
these cumulus clouds tend to dissipate after moist deep
convection in the late afternoon or evening over warm-
season land. ERAS5 cloud base also shows considerable
diurnal variations with an amplitude of ~200 m over
warm-season land and slightly smaller over the oceans and
cold-season land, a peak in the evening and a minimum in
the morning between 06 and 12 LST (Fig. 17g-i). Thus,
its amplitude is slightly stronger, and its phase is several
hours earlier than the surface observations.
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Fig. 13 Same as Fig. 11 but for low cloud cover, which is defined as
the % of the sky covered by clouds with a base below 2 km above
the ground for surface observations, and as the % of the grid-box area

3.3 Diurnal cycle in PBLH, CAPE and CIN in ERA5

ERADS calculates PBLH based on assimilated radiosonde
and other profile data and the commonly used bulk Richard-
son number method (Zhang et al. 2020). Therefore, ERAS
should provide a useful estimate of PBLH and its diurnal
variations with hourly resolution. Figure 18 shows that land
PBLH is typically around 250 m at night and increases after
sunrise to a peak around 14—15 LST of about 1500-1900 m
in the warm season and about 650—1100 m in the cold sea-
son. The results are comparable to previous estimates based
on in-situ soundings and other measurements (Liu and Liang
2010; Gu et al. 2020; Zhang et al. 2020; Guo et al. 2021).
Over the oceans, ERAS PBLH diurnal variations are small
and noticeable only in the tropics, where there is a mini-
mum around 04 LST. PBLH estimates from soundings from
sparse oceanic field campaigns (Liu and Liang 2010) and
twice-daily operational soundings from coastal and island
stations (Gu et al. 2020) show much higher PBLH around
noontime than at night over many tropical and midlatitude
oceans. This suggests that the lack of SST and marine air
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covered by clouds with a top below 680 hPa (~3.5 km) for ISCCP or
by clouds occurring within the lower approximately 2 km for ERAS

temperature diurnal cycles in ERAS (Dai 2023) may have
contributed to its weak PBLH diurnal cycle over oceans.
Interestingly, marine PBLH is considerably higher in the
cold season (around 1000 m) than in the warm season
(~530 m over 25° N-70° N and 820 m over 25° S-50° S)
in the extra-tropics. I was unable to find discussions on this
seasonal difference in previous studies. One plausible expla-
nation is that marine PBLH depends on the mixing strength
induced by low-level winds, which are stronger in the cold
season than in the warm season, rather than the mixing
induced by surface heating as for continental PBLH. Over
tropical oceans, JJA PBLH is slightly higher (by ~35 m) than
that in DJF. This difference, together with the weak morn-
ing minimum and midday peak, may be partly due to the
influence from tropical land, which has a higher daytime
PBLH in JJA than DJF, although the nighttime PBLH over
tropical land is very similar for both seasons. In the tropics,
it is possible that the higher daytime marine PBLH in JJA
resulting from strong continental influence may persist into
the nighttime, leading to higher nighttime PBLH as well.
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Fig. 14 Same as Fig. 12 but for low cloud cover

Figure 19 shows the amplitude and phase of the 24-h
harmonic of the diurnal variations in the long-term mean
PBLH from ERAS for DJF and JJA. Clearly, the PBLH
has the largest diurnal amplitude over inland areas dur-
ing summer, especially drylands such northern Africa, the
Middle East, the western North America, southern Africa,
and Australia, where summer daytime solar radiation can
quickly heat up the surface, leading to large sensible heat
fluxes into the PBL, which increases the turbulent mixing
and height of the PBL. The amplitude over these drylands
can reach 1000-1500 m during summer. In DJF, the PBLH
shows much weaker diurnal amplitudes of 50-400 m over
the northern mid-high latitude land (Fig. 19a), while the
amplitude is still large over most Southern Hemisphere land
in JJA. Over most oceans, ERAS5 PBLH shows small diurnal
amplitudes (<50 m) that are slightly larger over the tropi-
cal regions and the summer subtropical areas (Fig. 19a, b),
which is likely linked to ERAS5’s use of daily-mean SST. The
PBLH generally peaks around 13—-15 LST over most land
areas for both DJF and JJA (slightly earlier in JJA over many
Northern Hemisphere lands); over most oceans, it peaks in
late afternoon to evening (16-20 LST), although the peak
is in the morning (08—12 LST) over some coastal areas, the
northern North Pacific and the Southern Ocean (Fig. 19c, d).

CAPE (the positive buoyancy experienced by a listed
parcel above the level of free convection, LFC), and CIN

Local Solar Time (hr)

Local Solar Time (hr)

(the negative buoyancy a lifted parcel needs to overcome
before reaching the LFC) are two metrics commonly used to
quantify atmospheric thermodynamic conditions for convec-
tion (Chen et al. 2020; Chen and Dai 2023). Their diurnal
variations are tightly linked to the diurnal cycle of moist
convection and precipitation over warm-season land (Dai
et al. 1999). Here, I compare the mean diurnal variations in
ERAS5 CAPE and CIN with those estimated from homog-
enized radiosonde temperature and humidity data, which
are available only at 00 and 12 UTC from around 300-500
land stations mostly located in the Northern Hemisphere
(Chen and Dai 2023). I averaged the 1979-2020 mean from
all the stations within each of the three latitudinal bands to
the nearest 3-hourly intervals (00, 03, 06, 09, 12, 15 and 21
LST). Given the twice daily soundings, the radiosonde data
do not sample the diurnal cycle adequately. Nevertheless,
they provide some qualitative check of the diurnal variations
in ERAS CAPE and CIN over land.

Figure 20 shows that ERA5 CAPE and CIN have consid-
erable diurnal variations during the warm season over both
land and ocean, and the CAPE’s phase tends to be opposite
over land and ocean, with near-noontime peak (minimum)
and an early morning minimum (peak) over land (ocean).
The day-night phase contrast for CAPE is consistent with
the estimates from field experiments over the tropical Indian
Ocean (Bellenger et al. 2010), India (Ratnam et al. 2013),
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Fig. 15 a—f The amplitude (in % of the sky) of the 24-h harmonic of
the mean diurnal variations in a, ¢, ¢ DJF and b, d, f JJA total cloud
cover from a, b surface observations, ¢, d ISCCP, and e, f ERAS. g-1
Same as a—f but for the local solar time (LST, in hours) of the peak

and the Amazon (Tang et al. 2016). While the near-noontime
peak CAPE over land is likely due to solar heating and the
resultant surface heat fluxes, the cause of the early morn-
ing maximum CAPE over ocean, which could contribute to
the early morning peak in precipitation over ocean (Figs. 4
and 7), requires investigation. Possible causes may include
radiative cooling of the free troposphere and oceanic heating
of the surface air at night. In general, CIN’s diurnal cycle
is nearly out of phase with CAPE, with an early afternoon
minimum and elevated values at night over land, and a late
afternoon peak (around 16-18 LST) and morning minimum
(around 04—06 LST) over ocean (Fig. 20d—f). The CIN’s oce-
anic diurnal phase is consistent with the observed CIN under
conditions without large SST diurnal variations over the
tropical Indian Ocean (Bellenger et al. 2010). In the tropics,
the CAPE and CIN diurnal variations are large and similar
for DJF and JJA, while in the extratropics, the cold-season
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of the 24-h harmonic. See Fig. 10 for the data averaging periods. The
long-term mean diurnal anomalies were fitted with the 12- and 24-h
harmonics. The 12-h harmonic is much weaker than the 24 h har-
monic

diurnal variations are weak, especially for CAPE. The diur-
nal amplitude over ocean is only about one fifth of that over
land (note the different y-axis scales on Fig. 20) for both
CAPE and CIN, which is not surprising given the strong sur-
face heating over land during the day. Warm-season ERAS
CAPE over land shows a small but robust dip around 16 LST
in all latitudinal zones, which is likely related to the peak
precipitation around 15-16 LST (Figs. 4g—i and 5d-f), as
moist convection consumes CAPE in the atmosphere. The
CIN variations estimated using the sounding data over land
are generally consistent with ERAS5 CIN (Fig. 20d-f), con-
firming the daytime minimum and nighttime maximum over
land, which are expected given the reduced stability during
the day due to solar heating and increased stability at night.
However, the sounding-based CAPE variations are noisy
and do not always agree with the ERAS5 CAPE variations
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Fig. 16 Same as Fig. 15 but for low cloud cover

(Fig. 20a—c). This may be partly due to insufficient temporal
sampling by the twice-daily soundings.

Amplitude maps of the diurnal (24-h) harmonic of the
ERAS CAPE and CIN (not shown) revealed that CAPE
diurnal variations are largest over tropical land areas, such
as tropical South America, Africa and the Maritime Conti-
nent around Indonesia, while CIN shows strongest diurnal
variations over many drylands, such as the western U.S. and
northern Africa in JJA.

3.4 Diurnal cycle in surface energy fluxes

The strong diurnal cycle over land relative to ocean in
surface air temperature and pressure (Dai 2023), precipi-
tation, PBLH, CAPE and CIN results mainly from strong
daytime heating from the land surface, which absorbs
solar radiation and heats up more quickly than the ocean
surface due to the low heat capacity and slow downward
transfer of heat in land surface layer. Therefore, we need

to examine diurnal variations in surface energy fluxes in
order to understand the diurnal cycle in many other fields.
Here I examine the zonally-averaged mean diurnal cycles
in surface shortwave (SW) and longwave (LW) radiation,
and sensible heat (SH) and latent heat (LH) fluxes from
ERAS5 and from CERES satellite-based estimates (avail-
able only for SW and LW).

Figure 21 shows that daytime surface net SW radiation
(SWhet), which depends on atmospheric (mainly cloud) and
surface albedo, is higher over ocean than over land in both
the tropics and northern extratropics, but the opposite over
the southern extratropics, where the land areas have fewer
clouds (Fig. 10). Over tropical oceans, the mean SWnet noon
peak can reach 750 W m~2 in DJF and around 700 W m—2
in JJA, while the noon peak is around 600 W m~2 for both
DIJF and JJA over tropical land (Fig. 21a—c). ERAS cap-
tures the SWnet magnitude and its diurnal variations seen
in CERES remarkably well, including the seasonal and
land—ocean differences. This may be partly due to ERAS’s
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Fig. 17 Mean diurnal cycles of cloud base height (in km above the
ground) from a—c surface observations during 1976-2007 (exclud-
ing dark-night observations) and d—f ERAS5 during 1979-2020 aver-
aged over land (solid lines) and ocean (dashed lines) in December—
January—February (DJF, black lines) and June—July—August (JJA,
red lines) within the a, d northern extra-tropics (25° N-70° N), b, e
tropics (25° S-25° N), and ¢, f southern extra-tropics (25° S-50° S).

realistic simulations of cloud cover (Fig. 10), which has a
major impact on surface SW radiation.

Diurnal variations in surface net LW radiation (LWnet)
from CERES and ERAS are also very similar, both show-
ing a peak of 100-150 W m~2 around noon over extratropi-
cal land and around 13 LST over tropical land (Fig. 22).
The near-noontime peak in LWnet results mainly from the
strong peak in surface upward LW radiation around 13
LST, while the peak in surface downward LW radiation
(also around 13 LST) is comparatively weak (figure omit-
ted). Nighttime LWnet is around 45-55 W m~2 and upward
over both land and ocean in the tropics for both DJF and
JJA, and slightly higher (lower) during the warm season
over land (ocean) in the extratropics. LWnet and surface
upward LW radiation (figure omitted) over ocean shows
little diurnal variation for both ERAS5 and CERES, which
used atmospheric profiles from NASA’s reanalysis product
that also did not include SST diurnal variations. CERES’s

@ Springer

=JJA)

DJF, red

Cloud Base Height Anomaly (km, solid, black:

25N-70N, ERAS Cloud Base Height

0.8

R I N N B N I B N R B B

PSP T S T T T I T Y

-0.8

258-25N, ERAS5 Cloud Base Height

BT T T T T 1 T T T T T[T 1

0.8

ol 1 L L L |

-0.8

25S-508, ERAS Cloud Base Height
L L L L L

0.8 — 0.8

ol L e L |

-0.8

Local Solar Time (hr)

The mean composite diurnal cycle was derived by first converting the
UTC time into local solar time (LST=UTC +longitude/15, where
longitude varies from — 180 to+ 180, negative longitudes for the
western hemisphere), and then averaging the diurnal anomalies (rela-
tive to the long-term mean of the daily mean) at each nearest LST
hour over all the land or ocean grid boxes

surface downward LW radiation over ocean shows small
diurnal variations (figure omitted), which contribute
to the small diurnal variations in its LWnet over ocean
(Fig. 22a-c).

The near-noontime peak in LWnet over land indicates
that the surface-air temperature gradient peaks near the
noon, which is confirmed by the noontime peak in surface
SH flux from ERAS over land (Fig. 23). The noontime peak
can reach 195 W m~2 over tropical land and 260 W m™>
over southern extratropical land in DJF (Fig. 23). Surface
LH flux over land also shows a sharp peak slightly after
12 LST, with a mean amplitude comparable to that for SH
fluxes (Fig. 23d—f). Such a noontime peak is consistent with
bulk formula-based estimates over the central U.S. (Zhang
and Klein 2010) but is a few hours earlier than that observed
for SH fluxes over the Tibetan Plateau (Zhu et al. 2023).
Oceanic SH and LH fluxes show little diurnal variations
in ERAS, in contrast to estimates based on tropical buoy
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Fig. 18 Same as Fig. 17 but for the zonal-mean diurnal variations in
the planetary boundary layer height (m above the surface) averaged
over 1979-2020 from ERAS5. Note the daily mean is included in the
plot and ocean PBL height is plotted on the right y-axis

observations which show a noon-early afternoon peak for
LH fluxes (Yan et al. 2021). Satellite-based LH estimates
also show considerable diurnal variations over the oceans,
especially over the western boundary currents and coastal
regions (Clayson and Edson 2019). The SH flux is low (~ 10
W m~2) over tropical oceans, while it is slightly higher (~ 35
to 40 Wm™2) over the extratropical oceans during the cold
season when the ocean-air temperature gradient is larger and
it is windy. In contrast, the LH flux is comparatively high
over the oceans, around 140 and 50-115 W m~2 respectively
over the tropical and extratropical oceans, where the LH flux
is also higher in the cold season. Maps of the S1 amplitude
(figure omitted) for SH fluxes revealed that the largest SH
diurnal variations are over drylands during the warm season,
such as Southwest North America, northern Africa and the
Middle East and northern Australia in JJA and the central
and southern Australia, southern African, and southern
Argentina in DJF, where the amplitude can reach 120-180

W m~2. In contrast, the largest diurnal amplitude for LH
fluxes is seen over the warm-season wet land areas, such
as tropical South America and Africa in DJF, and Central
America, northern South America, northern Central Africa,
Southeast Asia, and the central-eastern U.S. in JJA; whereas
the mean LH flux and its diurnal variations over drylands
are small as expected.

4 Summary and discussion

In this study, I have examined the mean diurnal variations
over the globe in precipitation, cloud cover and cloud base
height, PBLH, CAPE, CIN, and surface fluxes in ERA5 and
compared them with available observations. Table 1 summa-
rizes the key findings. ERAS captures the seasonal climatol-
ogy of precipitation and cloud cover remarkably well, espe-
cially given that ERAS5 does not assimilate their observations
over most of the globe. Surface and satellite observations
show that warm-season precipitation exhibits a robust diur-
nal cycle, with an amplitude of ~ 20 to 50% of the daily mean
and a peak around 14-18 LST over most land areas and
04—-08 LST over most oceans in surface observations, con-
sistent with previous estimates (e.g., Dai 2001a; Dai et al.
2007). ERAS approximately captures these features with a
slightly earlier peak (by ~ 2 h) over both land and ocean and
a stronger amplitude over land. These biases mainly come
from convective precipitation in ERAS5, as the non-convec-
tive or large-scale precipitation shows a weak diurnal cycle
with a morning (06—10 LST) peak over many land and ocean
areas. On the other hand, warm-season precipitation from
IMERG satellite product captures mainly the diurnal cycle
of convective precipitation with a peak around 16-20 LST,
as noticed previously (Dai et al. 2007). Despite the lack of
SST diurnal variations and resultant weak marine surface
diurnal cycle in ERAS (Dai 2023), ERAS5 oceanic precipita-
tion shows robust diurnal variations that are comparable to
surface and satellite observations. This suggests that oceanic
precipitation diurnal cycle is likely controlled by free-trop-
ospheric processes such as large-scale land—ocean diurnal
circulation and local radiative cooling (Gray and Jacobson
1977, Dai 2001a), rather than near-surface diurnal varia-
tions in contrast to land precipitation diurnal cycle, which is
strongly influenced by daytime surface heating induced by
solar radiation (Dai et al. 1999; Liang et al. 2004).

Surface and satellite observations show that there are
more clouds during daytime (nighttime) over land (ocean),
as noticed previously (Hahn et al. 1995). This day-night
cloudiness difference is qualitative consistent with the dif-
ferent diurnal phase of precipitation over land and ocean.
Surface observations show a peak around 14 LST for warm-
season clouds and elevated cloudiness around 08—16 LST
for the cold season over extratropical land. Cloud cover over
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Fig. 19 a, b The amplitude (in m) of the 24-h harmonic of the mean
diurnal variations in a DJF and b JJA planetary boundary layer height
(PBLH) from ERAS averaged over 1979-2020. ¢, d Same as a, b but
for the local solar time (LST, in hours) of the peak of the 24-h har-

tropical land shows two weak peaks around 07 and 16 LST.
Marine cloudiness diurnal variations are small, with slightly
more clouds during early morning. The ISSCP satellite data
show sharper early afternoon peaks in cloud cover over land
for both JJA and DJF than in surface observations, while
its marine clouds also show small diurnal variations with
slightly more clouds at night. In general, ERAS cloud diur-
nal anomalies are more comparable to surface observations
than to ISCCP, which has too strong diurnal variations over
land partly due to the excessive diurnal variations in its low
clouds, whose observations are less reliable by satellites. In
surface and satellite observations, low clouds show diurnal
variations similar to those in total clouds and thus contribute
the most to the diurnal variations in total cloud cover, as
middle and high clouds exhibit only small diurnal varia-
tions. However, ERAS low clouds exhibit a different phase
(peak around 06-08 LST for both DJF and JJA) compared to
that in its total clouds (peak around 14-18 LST over warm-
season land). Even though the definitions of low clouds may
differ somewhat among these datasets (Fig. 13), such a large
phase difference in ERAS5 low clouds is still a concern.
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monic. The long-term mean diurnal anomalies for each hour were
fitted with the 12- and 24-h harmonics. The 12-h harmonic is much
weaker than the 24 h harmonic (cf. Figs. 1 and 18)

Surface visual observations of cloud base height show an
early afternoon minimum (likely due to late morning forma-
tion of cumulus clouds) and a midnight maximum over both
land and ocean, with a mean amplitude of about 150 m over
warm-season land and only about 50 m over cold-season
land and over the oceans. ERAS5 cloud base shows a slightly
stronger diurnal cycle, with an amplitude of ~200 m over
warm-season land and slightly smaller over the oceans and
cold-season land, and an earlier peak in the evening and a
minimum in the morning between 06 and 12 LST.

ERAS, which assimilates sounding profile data, shows
that land PBLH is typically around 250 m at night but
increases rapidly after sunrise to a peak around 14-15
LST of about 1500-1900 m in the warm season and about
650-1100 m in the cold season, consistent with previous
estimates based on limited sounding data (Liu and Liang
2010; Gu et al. 2020; Zhang et al. 2020; Guo et al. 2021).
The strongest PBLH diurnal cycle is seen over summer dry-
lands, where the diurnal amplitude can reach 1000-1500 m
with a peak around 13-15 LST due to strong sensible heating
from the ground. Likely influenced by the use of daily mean
SST in ERA5, marine PBLH in ERAS exhibits small diurnal
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Fig.20 Same as Fig. 17 but for
the zonal-mean diurnal varia-
tions in the a—¢ CAPE and d—f
CIN (expressed in positive val-
ues) averaged over 1979-2020
from ERAS. The dot (crosses)
are the estimates for JJA (DJF)
based on twice daily radiosonde
observations over land during
1979-2020 (requiring 20 or
more years of data) from Chen
and Dai (2023), with CAPE
values (based on a reversible
process) multiplied by 0.5 in
order to use the same y axis in
a—c

Fig.21 Long-term mean diur-
nal cycles of surface net short-
wave (SW) radiation (in W m™2,
positive downward) from a—c
CERES satellite product during
2000-2022 and d—f ERAS dur-
ing 1979-2020 averaged over
land (solid lines) and ocean
(dashed lines) in December—
January—February (DJF, black
lines) and June—July—August
(JJA, red lines) within the a,

d northern extra-tropics (25°
N-70° N), b, e tropics (25°
S-25° N), and ¢, f southern
extra-tropics (25° S-50° S). The
mean composite diurnal cycle
was derived by first converting
the UTC time into local solar
time (LST=UTC + longi-
tude/15, where longitude varies
from — 180 to+ 180, negative
longitudes for the western hemi-
sphere), and then averaging the
flux values at each nearest LST
hour over all the land or ocean
grid boxes within the latitudinal
zone
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Fig.22 Same as Fig. 21, but for
surface net longwave radiation
(in W m™2, positive upward)

Fig.23 Same as Fig. 21, but for
surface sensible heat (SH) (left)
and latent heat (LH) fluxes (in
W m™2, positive upward) from
ERAS
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variations (amplitude < 50 m) that are noticeable only in the
tropics, where there is a minimum around 04 LST, in con-
trast to previous estimates based on limited sounding data
that show a robust noontime peak over many tropical and
midlatitude oceans (Liu and Liang 2010; Gu et al. 2020).
Marine PBLH is higher in the cold season (~ 1000 m) than in
the warm season in the extratropics (~ 530 m over 25° N-70°
N and 820 m over 25° S—50° S). This seems to imply that
marine PBLH depends on low-level wind-induced mixing
rather than surface heating.

ERAS CAPE shows out-of-phase diurnal variations over
land and ocean, with near-noontime peak (minimum) and
an early morning minimum (peak) over land (ocean), con-
sistent with limited observational results (Bellenger et al.
2010; Ratnam et al. 2013; Tang et al. 2016). The exact cause
of the early morning maximum CAPE over ocean, which
could contribute to the early morning peak precipitation over
ocean, is unknown. One plausible explanation is the radiative
cooling (Gray and Jacobson 1977) in the free troposphere
coupled with a warm ocean surface (which keeps the near-
surface air warm) at night, which could increase the instabil-
ity of the atmosphere. CIN’s diurnal cycle is approximately
out of phase with CAPE, with an early afternoon minimum
and elevated values at night over land, and a late afternoon
peak (~16 to 18 LST) and morning minimum (~ 04 to 06
LST) over ocean, which is consistent with observed CIN
over the tropical Indian Ocean (Bellenger et al. 2010). In the
tropics, the CAPE and CIN diurnal variations are large and
similar for DJF and JJA, while in the extratropics, their cold-
season diurnal variations are small. The diurnal amplitude
in marine CAPE and CIN is only about one fifth of that over
land. CIN estimates based on homogenized station sounding
data are generally consistent with ERAS CIN, confirming
the daytime minimum and nighttime maximum over land.
However, the sounding-based CAPE variations are noisy
and do not always agree with ERA5 CAPE, which may be
partly due to limited temporal sampling by the twice-daily
soundings.

ERAS captures well the diurnal cycles and their
land—ocean and DJF-JJA differences in surface net short-
wave (SWnet) and longwave (LWnet) radiation seen in
CERES satellite-based estimates. SWnet is higher over
ocean than land over the tropics and northern extratropics
(25° N-70° N) but is the opposite over the southern extrat-
ropics (25° S-50° S). Over tropical oceans, the mean SWnet
noontime peak can reach 750 W m~2 in DJF and 700 W m™>
in JJA, while the noontime peak is ~600 W m~ for both
DIJF and JJA over tropical land. LWnet from both CERES
and ERA5 shows a peak of 100-150 W m~2 around noon
over extratropical land and around 13 LST over tropical land.
The near-noontime peak in land LWnet results mainly from
the strong peak in surface upward LW radiation around 13
LST. Nighttime LWnet is around 45-55 W m~2 and upward
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over both land and ocean in the tropics for both DJF and
JJA, and slightly higher (lower) during the warm season over
land (ocean) in the extratropics. Marine LWnet shows little
diurnal variation in both ERAS5 and CERES, which may be
partly due to their use of daily-mean SST.

The near-noontime peak in land LWnet is consistent with
the noontime peak in ERAS surface SH flux over land. The
SH noon peak can reach 195 W m~2 over tropical land and
260 W m~2 over southern extratropical land in DJF. The
largest diurnal amplitude of SH is seen over warm-season
drylands, where the PBLH has the largest diurnal variations.
Surface LH flux over land in ERAS also shows a large peak
(comparable to that of SH) slightly after 12 LST. These land
SH and LH diurnal variations are broadly consistent with
observational estimates from limited locations (Zhang and
Klein 2010), although LH fluxes were shown to peak around
1500 LST over the Tibetan Plateau (Zhu et al. 2023). Marine
SH and LH fluxes show little diurnal variation in ERAS,
inconsistent with buoy-based estimates over tropical oceans
(Yan et al. 2021) and satellite-based estimates of oceanic LH
fluxes (Clayson and Edson 2019). This deficiency may partly
result from ERAS5’s use of daily mean SST.

In summary (Table 1), I found that ERAS does a remark-
able job in capturing the observed seasonal climatology of
precipitation and cloud cover and their diurnal variations,
as well as the diurnal variations in surface energy fluxes,
despite its deficiency in using daily-mean SST. Examina-
tions of the seasonal and spatial patterns of the diurnal
variations in precipitation, clouds, PBLH and other fields
can help reveal the underlying controlling mechanisms. For
example, the fact that ERAS ocean precipitation shows a
comparatively strong diurnal cycle despite its dampened
near-surface diurnal variations due to its use of daily-mean
SST (Dai 2023) suggests that oceanic precipitation diurnal
cycle is likely controlled by free tropospheric processes,
rather than near-surface diurnal variations, which are critical
for continental precipitation diurnal cycle. Another exam-
ple is that the much higher PBLH in the cold season than
in the warm season over extratropical ocean suggests that
low-level wind-induced mixing is the controlling factor for
marine PBLH, in contrast to land PBLH that is controlled by
turbulence mixing induced by daytime surface heating. The
physical causes of many of the diurnal variations still require
further investigation; for example, it is unclear why CAPE
peaks in the early morning over ocean in ERAS. Is it linked
to radiative cooling of the free troposphere and oceanic heat-
ing of the lower troposphere at night? The connection or
relationship between the diurnal cycles in different fields
(e.g., precipitation, clouds, CAPE, CIN, and water vapor)
also needs more examination.
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