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Abstract Using high temporal resolution satellite observations and reanalysis data, we classify daily
weather into distinct regimes and quantify their associated cloud radiative effect (CRE) to better understand the
roles of various weather systems in affecting Earth's top-of-atmosphere radiation budget. These regimes include
non-precipitation, drizzle, wet non-storm, and storm days, which encompass atmospheric rivers (AR), tropical
storms (TS), and mesoscale convection systems (MCS). We find that precipitation (wet) days account for
roughly 80% (60%) of global longwave (LW) and shortwave (SW) CREs due to their large frequency and high
intensity in CRE. Despite being rare globally (13%), AR, TS, and MCS days together account for 32% of global
LW CRE and 27% of SW CRE due to their higher intensity in LW and SW CRE. These results enhance our
understanding of how various weather systems, particularly severe storms, influence Earth's radiative balance,
and will help to better constrain climate models.

Plain Language Summary Using detailed satellite observations and reanalysis data, we categorize
daily weather patterns into different types and measure the cloud radiative effects (CRE) associated with each
type. The weather patterns we study include non-precipitation days, drizzle, wet non-storm days, and storm
days, which include events like atmospheric rivers, tropical storms, and mesoscale convective systems. We
found that precipitation days, which include both drizzle and wet days, contribute to about 80% of global
longwave (LW) and shortwave (SW) CRE due to their high frequency and intensity. Even though storm days are
rare globally (only 13%), they collectively contribute to around 32% of global LW CRE and 27% of SW CRE
because of their stronger impact on both LW and SW CRE. These findings are important for understanding how
different weather systems influence the Earth's radiation balance and will help improve the accuracy of climate
models.

1. Introduction

Clouds cover about two-thirds of the Earth's surface and are often organized into coherent systems by large-scale
atmospheric flows. They can either warm the Earth by trapping outgoing longwave (LW) radiation (OLR) or cool
it by reflecting shortwave (SW) solar radiation back to space. The net effect depends on factors such as cloud
height, type, and optical properties. The impact of clouds on the Earth's top-of-atmosphere (TOA) radiation
budget, known as cloud radiative effect (CRE), can be deduced from satellite observations comparing upwelling
radiation in cloudy and non-cloudy regions. Globally, the annual mean LW and SW CRE are roughly 30 and
—50 W m™ respectively, resulting in a net CRE of about —20 W m™2 in the present climate, implying a net
cooling effect from clouds. Given the large magnitude of CRE, clouds have the potential to significantly influence
climate feedback. Indeed, cloud feedback has been identified as the primary source of uncertainties in climate
models' projections of future climate since the first IPCC assessment report (Cess et al., 1990; Flato et al., 2013;
Meehl et al., 2007; Randall et al., 2007; Soden & Held, 2006; Zhao, 2014, 2022a; Zhao et al., 2016). Unfortu-
nately, a reliable observational constraint on global cloud feedback remains elusive due to the short satellite
record as well as other complexities.

To narrow down cloud feedback uncertainty and improve climate models' fidelity in future projections, it would
be natural to focus on reducing model biases in simulations of the observed present-day CRE. Climate model
developments often tune present-day CRE toward observed long-term mean climatology (Danabasoglu
et al., 2020; Donner et al., 2011; Golaz et al., 2019; Held et al., 2019; Zhao et al., 2018). However, models with
similar climatological CRE can still differ substantially due to compensating errors among various weather re-
gimes. These differences could lead to varying cloud feedback as weather regime statistics change in warmer
climates. Thus, adding observational constraints to modeled CRE based on individual weather regimes is crucial.
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Earlier studies focused on cloud regimes classified by the radiative properties of clouds (Oreopoulos et al., 2016).
Many studies also emphasize fair-weather cumuli and stratocumulus clouds, which typically exhibit little surface
precipitation but have either large spatial coverage (shallow cumuli) or strong net CRE (stratocumulus), making
them important contributors to the global radiative budget (Bony & Dufresne, 2005; Bony et al., 2004; Breth-
erton, 2015; Yuan et al., 2018). In comparison, the CRE associated with precipitating clouds, particularly those
generated by high-impact severe storms, has received less attention regarding their contributions to the global
TOA radiative budget presumably due to their relatively rare occurrence.

In this study, we aim to quantify the CRE associated with atmospheric rivers (AR), tropical storms (TS), and
mesoscale convection systems (MCS)—collectively referred to as storms here—in addition to other daily weather
regimes such as non-precipitating, drizzle, and wet non-storm days (i.e., days that are wet but not AR, TS, or
MCS). Zhao (2022b) demonstrated that despite their rare occurrence globally (~13%), these organized storm
systems collectively account for more than 50% of global and annual mean precipitation and ~75% of extreme
precipitation, with daily rate exceeding the local 99th percentile of daily precipitation. However, their contri-
bution to the global and annual mean TOA radiation has not yet been estimated in the literature. Here, we utilize
high-temporal-resolution satellite observations and reanalysis data to estimate the TOA CREs associated with
these high-impact weather events. In doing so, we also attempt to assess the CRE associated with other daily
weather regimes characterized by significant surface precipitation, such as drizzle and wet non-storm days. The
results will be useful for understanding the roles of various weather systems in Earth's radiative budget and for
more in-depth climate model evaluations. Below Section 2 describes the observational data and analysis methods.
Section 3 presents the results. Section 4 provides a summary and discussion.

2. Data and Methods

We utilize the synoptic TOA and surface fluxes, and clouds data set (SYN1deg-Ed4.1—Level 3) at 1° X 1°
resolution from the Clouds and the Earth's Radiant Energy System (CERES) (Smith et al., 2011), accessible at
https://ceres.larc.nasa.gov/data/, to derive daily LW and SW CRE for the period of 2001-2020. It's important to
note that the long-term global and monthly mean values of TOA radiative fluxes from CERES-SYN1deg-Ed4.1
are not identical to those from the CERES Energy Balanced and Filled data (CERES-EBAF-Ed4.1) (Loeb
et al., 2009), which are routinely used for evaluating global climate models at monthly or longer time scales. To
facilitate comparisons with climate model simulations in the future, the small difference in the long-term (2001—
2020) global and monthly mean values of TOA fluxes between CERES-SYN1deg-Ed4.1 and CERES-EBAF-
Ed4.1 is added to the CERES-SYN1deg-Ed4.1 data as a global constant for each month. This adjustment en-
sures that the corrected CERES-SYN1deg-Ed4.1 data produce identical global and monthly mean values of TOA
fluxes as CERES-EBAF4.1-Ed4.1. This small adjustment does not significantly affect our results and
conclusions.

To classify daily precipitation regimes, we utilize observed daily precipitation data from the Multi-Source
Weighted-Ensemble Precipitation (MSWEP-v2) data set (Beck et al., 2019), which offers global coverage of
precipitation at fine spatial and temporal resolutions. For detecting ARs, we employ 6-hourly vertically integrated
vapor transport (IVT) data from the ERA-5 reanalysis (Hersbach et al., 2020). TS tracks are obtained from the
International Best Track Archive for Climate Stewardship (IBTrACS) (Knapp et al., 2010), which provides global
coverage of 6-hourly TS track data. To detect MCSs, we utilize the CLoud Archive User Service (CLAUS)
multisatellite infrared brightness temperature data set (Hodges et al., 2000), which offers 3-hourly global
coverage of brightness temperature (7},) for the 1985-2008 period. Since the CLAUS data only cover the 1985—
2008 period, whereas the CERES data start from 2001, we analyze the MCS-associated CRE for the period of
2001-2008, with the rest of the analysis covering the period of 2001-2020. All data are first regridded to a
common grid before analysis.

The methods for detecting AR, TS, and MCS objects have been documented in (Dong et al., 2021; Guan &
Waliser, 2015; Zhao, 2020, 2022b; Zhao et al., 2009). Following Zhao (2022b), for any given grid cells, if at least
one AR/TS/MCS condition is identified from the 6-hourly data during a calendar day and the daily surface
precipitation rate P,, > 1 mm day ™, the day is subsequently identified as an AR/TS/MCS day. We also make the
AR, TS, and MCS days mutually exclusive by setting a priority for each identified phenomenon. Specifically, for
any given grid cell, if a day satisfies multiple conditions, it is first considered as a TS day, then an AR day, and
finally an MCS day. This priority choice is partly due to our confidence level in detecting TS, AR, and MCS days.
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Among the three phenomena, we have relatively lower confidence in detecting MCS; thus, we consider a day as
an MCS day only when it is neither an AR nor a TS day. Below, we also refer to an AR, TS, or MCS day as a
storm day.

In addition to the storm days, we define a wet day as a calendar day with a daily precipitation rate
Py > 1 mm day ™' so that an AR, TS, or MCS (i.e., storm) day must also be a wet day. We refer to a wet day that
is not an AR, TS, or MCS day as a wet non-storm day. Furthermore, we define a precipitation (drizzle) day as a
calendar day with a daily precipitation rate P,,, > 0.2 mm day™' (0.2 mm day™' < Pguy <1 mm day™"). Any
calendar day with P,,, < 0.2 mm day ™' is considered as a non-precipitation day (i.e., no significant measurable
precipitation at the surface). Thus, for any given grid cells, a calendar day is classified into one of the following six
categories: non-precipitation, drizzle, wet non-storm, AR, TS, or MCS days. Note that by definition, precipitation
and non-precipitation days together encompass all calendar days. Drizzle and wet days combined constitute all
precipitation days. Wet non-storm days and storm days collectively comprise all wet days. Finally, AR, TS, and
MCS days collectively constitute all storm days. Using this classification, we conditionally sample the daily TOA
radiation fluxes to explore the contribution of each daily weather regime to the global and regional mean TOA
radiative budget as well as the CREs. Below, we present the results.

3. Results

We first illustrate in Figure 1 the annual occurrence frequency of the precipitation, drizzle, wet, AR, TS, MCS,
storm (i.e., AR + TS + MCS), and wet non-storm days. Globally, the frequency of precipitation days is 62.5%,
substantially larger than that of non-precipitation days (37.5%). Among the 62.5% precipitation days, 22.6% are
drizzle days and 39.9% are wet days, with 27% classified as non-storm days and 13% as storm days. Furthermore,
among the 13% storm days, approximately 8% are AR days, 4.2% are MCS days, and 0.72% are TS days. Thus,
globally, storm days may be considered as rare events. Regionally, each type of storm days can occur more
frequently, with most AR days occurring in the mid-latitudes, TS days in the subtropical tropical cyclone main
development region, and MCS days in the deep tropics. Compared to storm days, wet non-storm days tend to be
more widespread, with a higher occurrence frequency over the Inter-Tropical Convergence Zone (ITCZ), South
Pacific Convergence Zone (SPCZ), equatorial Indian Ocean, northern edge of the mid-latitude storm track re-
gions, as well as parts of tropical land. In contrast, drizzle days tend to occur more frequently over the eastern part
of the Pacific, Atlantic, and South Indian Ocean basins, where there is a large coverage of stratocumulus clouds,
with minimum occurrence in the ITCZ, SPCZ and equatorial Indian Ocean. The occurrence frequency of each
daily precipitation regime is important for its contribution to the annual mean LW and SW CRE, as well as
precipitation.

In Figure 2, we present the annual mean LW CRE and its contributions (i.e., the cumulative LW CRE over all
event days) from drizzle, wet, AR, TS, MCS, storm, and wet non-storm days. The global mean values are shown
at the top of each panel. Note that the combined contributions from drizzle and wet days represent the total LW
CRE from all precipitation days, while the difference between the annual mean LW CRE and that from all
precipitation days indicates the contributions from non-precipitation days. Both the global mean and spatial
distribution of LW CRE are largely determined by precipitation days, especially wet days. However, storm days
produce disproportionately larger global LW CRE. For instance, globally, although storm (AR + TS + MCS)
days account for only about 13% of the total days, they contribute to 32% (i.e., 8.27/25.84) of the global LW CRE.
This contribution is close to that produced by all wet non-storm days, which occur about twice as frequently as
storm days. Individually, the global and annual mean LW CRE associated with AR, TS, and MCS days are
3.92 W m™2 (15.2%), 0.54 W m™> (2.1%), and 3.77 W m~> (14.6%), respectively. Regionally, the percentage
contribution to LW CRE from AR, TS, and MCS days can be substantially larger (40%—-50%) over regions such as
the ITCZ, the SPCZ, and the mid-latitude storm track regions, with AR dominating in the mid-latitudes and MCS
days in the tropics. Thus, these severe storms are important contributors to TOA LW CRE both globally and
regionally. Storm days and wet non-storm days (i.e., wet days) together account for approximately 67% of the
global TOA LW CRE. If we further include the drizzle days, the total contribution from all precipitation days
amounts to approximately 83% of the global LW CRE.

The geographical distribution of LW CRE (i.e., the mean LW CRE intensity of an event day) averaged from non-
precipitation, drizzle, wet, AR, TS, MCS, storm, and wet non-storm days is shown in Figure S1 of Supporting
Information S1. As expected, LW CRE generally increases with surface precipitation at a given location.

ZHAO

3 0of 10



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL109090

latitude

latitude

latitude

latitude

(a) frequency of precipitation days (62.503%)

(e) frequency of AR days (7.981%)

60

50

40

30

20

10

0 100 200 300

60

%
%
= 50
' 40
30
20
“ 10
0
%
%

0 100 200 300

(g) frequency of MCS days (4.156%) &0

50

40

30

20

10

0 100 200 300

(h) frequency of wet non-storm days (26.999%) 60
50
40
30
20

10

o]

100

200 300 0 100 200 300

longitude longitude

Figure 1. Geographical distribution of annual occurrence frequency (unit: %) of (a) precipitation, (b) drizzle, (c) wet, (d) storm (i.e., AR + TS + MCS), (e) AR, (f) TS,
(g) MCS, and (h) wet non-storm days derived from observations. The global area-weighted mean value is shown on the top of each panel. Note panel (c) is the sum of
panels (d and h). Panel (d) is the sum of panels (e-g).

Globally, the frequency-weighted average of LW CRE from non-precipitation, drizzle, and wet non-storm days
are 11.8, 18.6, and 33.1 W m™2, respectively. In contrast, the frequency-weighted average of LW CRE from AR,
TS, and MCS days is 49.1, 75.5, and 90.6 W m_z, respectively. On average, the LW CRE from storm days is about
twice as large as that from wet non-storm days, 3—4 times that from drizzle days, and 5-6 times that from non-
precipitation days, which explains their disproportionately larger contribution to global and annual LW CRE.
Additionally, there is significant spatial variation in the LW CRE associated with AR and TS days, with larger
LW CRE typically occurring over warmer oceans. However, the spatial variation of LW CRE associated with
MCS days is generally small in the tropics. This is likely due to the definition of MCS, which relies on a brightness
temperature threshold corresponding to an OLR threshold.

We now depict the spatial distribution of the annual mean SW CRE and its contributions from drizzle, wet, AR,
TS, MCS, storm, and wet non-storm days in Figure 3. The SW CRE associated with AR, TS, and MCS days
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Figure 2. Geographical distribution of (a) annual mean LW CRE (unit: W m_z) and its contributions from (b) drizzle, (c) wet, (d) storm (i.e., AR + TS + MCS), (e) AR,
() TS, (g) MCS, and (h) wet non-storm days derived from observations. The contribution from each regime is computed as the accumulated LW CRE of that regime at
any given grid cell, which depends on both the regime's occurrence frequency and its intensity in LW CRE. The global area-weighted mean value is shown on the top of
each panel. Note panel (c) is the sum of panels (d and h). Panel (d) is the sum of panels (e-g).

together is roughly 27% (—12.2 W m™2) of the global and annual mean SW CRE, which is also disproportionately
larger in magnitude than their global frequency of occurrence. In comparison, the SW CRE associated with the
wet non-storm days contributes roughly (33%) (—15.2 W m™2). Thus, wet days account for a total of 60% of the
global TOA SW CRE, which is smaller than their contribution to TOA LW CRE. Combined with drizzle days, the
total precipitation days account for 82% of the global and annual SW CRE, which is only slightly smaller than
their contribution to the global LW CRE (83%). Thus, precipitation days are important to both LW and SW CRE.
Individually, the global and annual mean SW CRE associated with AR, TS, and MCS days are respectively
—6.76 W m™2 (15%), —0.73 W m~2 (1.6%), and —4.65 W m™> (10%). Regionally, the percentage contribution to
SW CRE from AR, TS, and MCS days can also be substantially larger (40%—-50%), especially over the ITCZ, the
SPCZ, and the mid-latitude storm track regions, with AR and MCS days dominating the mid-latitudes and tropics,
respectively. Taking together, the storm days contribute significantly to both SW and LW CRE around the globe,
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Figure 3. As in Figure 2 but for SW CRE.

except over the subsiding branch of the Hadley and Walker circulation and the high latitudes, roughly 60°
poleward.

Figure S2 in Supporting Information S1 displays the geographical distribution of SW CRE averaged from non-
precipitation, drizzle, wet, AR, TS, MCS, storm, and wet non-storm days. Comparing with Figure S1 in Sup-
porting Information S1, we can see that the SW CRE associated with stratocumulus clouds along the west coast of
North and South America, Africa, and Australia, as well as the stratus over high latitude oceans stands out as a
much larger contributor to SW CRE than LW CRE despite producing little precipitation (Figures S2a and S2b in
Supporting Information S1). In contrast, non-precipitation and drizzle days produce much less SW CRE over
other regions. Globally, the frequency-weighted average of SW CRE from non-precipitation, drizzle, wet non-
storm days are —22.2, —42.6, —56.1 W m ™2, respectively. In contrast, the frequency-weighted average of SW
CRE from AR, TS, and MCS days is —84.7, —101.2,and —111.9 W m~2, respectively. On average, the SW CRE
from storm days is about 1.7 times as large as that from wet non-storm days, 2.2 times that from drizzle days, and
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Figure 4. (a) Global and annual mean surface precipitation (unit: mm per 10 days, scaled up by a factor of 10 for plotting
convenience), TOA LW, SW, and net CRE (unit: W m_z), and their contributions from non-precipitation, precipitation,
drizzle, wet, wet non-storm, storm, AR, TS, and MCS days. Yellow bars show the global occurrence frequency of each
weather regime studied here. The global and annual mean values are denoted as “all.” Note that, by definition, all = non-
precip + precip; precip = drizzle + wet; wet = wet non-storm + storm; storm = AR + TS + MCS. (b) As in (a) but
normalized by the global mean value of each variable to illustrate their percentage contribution to the global means (%).

4.3 times that from non-precipitation days, which explains their disproportionately larger contribution to global
and annual SW CRE.

We summarize in Figure 4 the global frequency of daily precipitation regimes and their associated CRE, as well as
precipitation. Table S1 in Supporting Information S1 provides the detailed numbers. The precipitation days
account for roughly 80% of global LW, SW, and net CREs, despite their frequency being approximately 60%.
When comparing drizzle and wet days, it becomes evident that wet days exert greater influence on LW, SW, and
net CRE among the total precipitation days. This dominance stems from their higher frequency and intensity in
CRESs. Comparing storm and wet non-storm days, storm days produce nearly as large CREs as the wet non-storm
days despite their frequency being only half of the wet non-storm days. This is especially true for LW CRE. Their
disproportionately larger impact on CREs is due to their greater intensity in CREs. Among the storm days, the AR
and MCS days dominate the total storm days, while TS days contribute minimally to the global CRE (1%—2%) due
to their very low occurrence frequency. The global frequency of AR days is approximately 8% but their
contribution to global LW and SW CRE amounts to about 15%. Similarly, the global frequency of MCS days is
around 4%, but their contribution to global LW and SW CRE is approximately 15% and 10%, respectively. The
net CRE associated with MCS days is substantially smaller than that from the AR days. This discrepancy arises
because MCS days exhibit a larger compensation (in absolute values) between the LW and SW components
(Figure 4a). However, since LW CRE primarily affects the atmosphere and SW CRE mainly impact the ocean and
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Figure 5. (a) Frequency-weighted global mean ([@]) precipitation (mm dayfl), TOA LW, SW, and net CRE (W m™?)
averaged across various weather regimes, including non-precipitation, precipitation, drizzle, wet, wet non-storm, storm, AR,
TS, and MCS days. The global and annual mean values are denoted as “all.” The expression [@] is computed as follows:
[@] =4 L Ox(x,y)Fx(x,y)dx dy/ Ji Ji Fx(x,y)dx dy. Here X represents non-precipitation, precipitation, drizzle, wet, wet non-
storm, storm, AR, TS, and MCS days, @y denotes the mean quantity averaged over all X days at each location (x, y), and Fy
denotes the occurrence frequency of X days at (x, y). (b) As in (a), but normalized by the corresponding global mean value of
each variable to show their intensity relative to the global annual mean.

land surface, their influence on weather and climate needs to be separately considered in the ocean-atmosphere
and land-coupled Earth system.

Finally, we summarize in Figure 5 the frequency-weighted global mean intensities in CRE and precipitation
averaged from each weather regime. Table S2 in Supporting Information S1 provides the detailed numbers. On
average, precipitation days produce 2-3 times larger LW and SW CRE than non-precipitation day. Wet days
generate 2.3 times larger LW CRE and 1.6 times larger SW CRE larger than that of drizzle days. However, the
two components tend to cancel each other out to some extent, leaving a smaller difference in the intensity of net
CRE. Storm days produce nearly twice as large LW CRE and 1.7 times larger SW CRE than wet non-storm days.
TS and MCS days produce significantly larger LW and SW CRE than AR days. However, the two components
tend to cancel to a larger extent and thus result in a smaller net CRE than the AR days.

4. Summary

We have utilized high temporal resolution satellite observations, reanalysis data, observed TS tracks, and surface
precipitation data to quantify, for the first time, the global number and regional distribution of LW, SW, and net
CRE associated with AR, TS, and MCS. In doing so, we have also examined other distinct daily weather regimes
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such as wet non-storm, drizzle, and non-precipitation days based on daily precipitation rates. While previous
studies tend to emphasize fair-weather cumuli and stratocumulus clouds, which usually exhibit little surface
precipitation but extensive spatial coverage (shallow cumuli) or strong net CRE (stratocumulus), our focus here is
on high-impact storm systems such as AR, TS, and MCS. These events, often associated with extreme precip-
itation, strong winds, and local disasters, are typically considered rare events. Our findings reveal that despite
their rarity (13% globally), these events significantly contribute (32% and 27%) to global LW and SW CRE. These
figures are nearly equivalent to those from wet non-storm days. Moreover, the wet days collectively contribute
approximately 67% and 60% to the global LW and SW CRE, respectively. When combined with drizzle days,
total precipitation days contribute 83% and 82% to global LW and SW CRE, respectively. Thus, various pre-
cipitation weather regimes, including storms, are essential for regulating Earth's radiation budget. It is important
to note that our study quantifies only the direct CRE associate with storms. However, these storms can also have
indirect effect on CRE over remote regions by inducing large-scale circulation and transporting water vapor and
heat. Quantifying these impacts, however, is more challenging.

The present study is important not only for better quantifying and understanding the roles of various weather
systems in the TOA radiation budget but also for evaluating climate models. Climate model development often
tunes present-day CRE to match observed long-term mean climatology. However, models with similar clima-
tological CRE can exhibit significant differences due to compensating errors across various weather regimes.
These discrepancies among weather regimes in climate models could lead to diverse cloud feedback as weather
patterns evolve in a warmer climate. Hence, it is imperative to incorporate additional observational constraints on
modeled CREs specific to individual weather regimes. Our study serves as an example of this endeavor.
Furthermore, given the large contribution of precipitating clouds to Earth's TOA radiation budget, as demon-
strated here, accurately modeling precipitation processes in climate models is crucial. However, representing
precipitation in climate models remains challenging and must be parameterized due to coarse model resolution
and long time-steps. The analysis based on precipitation weather regimes presented here offers additional avenues
to constrain modeled CRE and precipitation at the process level.

Data Availability Statement

The synoptic TOA and surface fluxes and clouds data set (SYN1deg-Ed4.1 Level 3) from Clouds and the Earth’s
Radiant Energy System (CERES) are available at https://ceres.larc.nasa.gov/data/. The Multi-Source Weighted-
Ensemble Precipitation (MSWEP-v2) data set is available at https://www.gloh20.org/mswep/. The integrated
vapor transport (IVT) data from ERA-5 reanalysis are available at https://www.ecmwf.int/en/forecasts/dataset/
ecmwf-reanalysis-v5. The International Best Track Archive for Climate Stewardship (IBTrACS) data are
available at https://www.ncei.noaa.gov/products/international-best-track-archive. The CLoud Archive User
Service (CLAUS) multisatellite infrared brightness temperature data set is available at https://data.ceda.ac.uk/
badc/claus/data.
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