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Abstract. Poor representations of aerosols, clouds, and
aerosol–cloud interactions (ACIs) in Earth system models
(ESMs) have long been the largest uncertainties in predict-
ing global climate change. Huge efforts have been made to
improve the representation of these processes in ESMs, and
the key to these efforts is the evaluation of ESM simula-
tions with observations. Most well-established ESM diag-
nostics packages focus on the climatological features; how-
ever, they lack process-level understanding and representa-
tions of aerosols, clouds, and ACIs. In this study, we de-
veloped the Earth System Model Aerosol–Cloud Diagnos-
tics (ESMAC Diags) package to facilitate the routine eval-
uation of aerosols, clouds, and ACIs simulated the Energy
Exascale Earth System Model (E3SM) from the US De-
partment of Energy (DOE). This paper documents its ver-
sion 2 functionality (ESMAC Diags v2), which has substan-
tial updates compared with version 1 (Tang et al., 2022a).
The simulated aerosol and cloud properties have been exten-
sively compared with in situ and remote-sensing measure-
ments from aircraft, ship, surface, and satellite platforms in
ESMAC Diags v2. It currently includes six field campaigns
and two permanent sites covering four geographical regions:
the eastern North Atlantic, the central US, the northeastern
Pacific, and the Southern Ocean. These regions produce fre-
quent liquid- or mixed-phase clouds, with extensive mea-
surements available from the DOE Atmospheric Radiation
Measurement user facility and other agencies. ESMAC Di-
ags v2 generates various types of single-variable and multi-

variable diagnostics, including percentiles, histograms, joint
histograms, and heatmaps, to evaluate the model represen-
tation of aerosols, clouds, and ACIs. Select examples high-
lighting the capabilities of ESMAC Diags are shown using
E3SM version 2 (E3SMv2). In general, E3SMv2 can rea-
sonably reproduce many observed aerosol and cloud prop-
erties, with biases in some variables such as aerosol parti-
cle and cloud droplet sizes and number concentrations. The
coupling of aerosol and cloud number concentrations may be
too strong in E3SMv2, possibly indicating a bias in processes
that control aerosol activation. Furthermore, the liquid water
path response to a perturbed cloud droplet number concentra-
tion behaves differently in E3SMv2 and observations, which
warrants further study to improve the cloud microphysics pa-
rameterizations in E3SMv2.

1 Introduction

Poor representations of aerosols, clouds, and aerosol–cloud
interactions (ACIs) in Earth system models (ESMs) have
long been the largest uncertainties in predicting global cli-
mate change (IPCC, 2021). Challenges come from several
aspects, as outlined in the following. First, there are many
aerosol properties (e.g., number, size, phase, shape, and com-
position) and cloud micro- and macro-physical properties
(e.g., fraction, water content, and number and size of liq-
uid and ice hydrometeors) that affect Earth’s climate. Coin-
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cident measurements of these properties remain largely un-
dersampled due to the substantial spatiotemporal variability
and logistical difficulties involved with making such mea-
surements. Second, there are complex interactive processes
between aerosols, clouds, and ambient meteorological con-
ditions, many of which are not fully understood but are crit-
ical to properly interpreting relationships between observ-
able properties. Third, many ACI processes are nonlinear,
multi-scale processes that involve feedbacks depending on
cloud types and meteorological regimes, which also shift in
space and time, presenting challenges with respect to assess-
ing causal effect and representing such processes in ESMs.

Huge efforts have been made to improve the representa-
tion of aerosols, clouds, and ACIs in ESMs. The key to these
efforts is the evaluation of ESM simulations with observa-
tions. Many modeling centers have developed standardized
diagnostics packages to document ESM performance. For
aerosol and cloud properties, most diagnostic packages rely
heavily on satellite measurements as evaluation data (e.g.,
AMWG, 2021; E3SM, 2021; Eyring et al., 2016; Gleck-
ler et al., 2016; Maloney et al., 2019; Myhre et al., 2013;
Schulz et al., 2006). Satellite remote-sensing measurements
have global or near-global coverage but limited spatial and
temporal resolution. They are also facing many challenges
to retrieve some variables, especially for aerosol properties
such as number concentration, size distribution, and chemi-
cal composition. Some recent studies (e.g., Choudhury and
Tesche, 2022) have retrieved the cloud condensation nuclei
(CCN) number concentration from satellite measurements,
which provides a great addition to investigate ACIs on the
global scale. However, large uncertainties exist in satellite
retrievals, even for more sophisticated retrieved cloud mi-
crophysical properties such as droplet number concentration
(e.g., Grosvenor et al., 2018). This limits their application
to robustly quantify aerosols, clouds, and ACI processes.
In situ measurements from ground, aircraft, or ship plat-
forms from field campaigns are also used in a few projects
to evaluate ESMs (e.g., Reddington et al., 2017; Watson-
Parris et al., 2019; Tang et al., 2022a; Zhang et al., 2020).
Some of these field campaigns were conducted over remote
or poorly sampled locations, which are highly valuable for
model evaluation, despite limited spatial coverage and time
periods. Moreover, the US Department of Energy (DOE) At-
mospheric Radiation Measurement (ARM) user facility has
conducted continuous field measurements at a few sites for
multiple years. These long-term, high-resolution field mea-
surements have also been demonstrated to be valuable for
evaluating ESMs (e.g., Zhang et al., 2020).

In response to the need for more ESM diagnostics for eval-
uating ACI processes, Tang et al. (2022a) developed an ESM
aerosol–cloud diagnostics (ESMAC Diags) package to facili-
tate the routine evaluation of aerosols, clouds, and ACIs sim-
ulated by the Energy Exascale Earth System Model (E3SM;
Golaz et al., 2019) from the US DOE. It includes diagnos-
tics that leverage in situ measurements from multiple plat-

forms during six field campaigns since 2013, which have not
been included in previous diagnostics tools (e.g., Redding-
ton et al., 2017). Version 1 of ESMAC Diags (ESMAC Diags
v1; Tang et al., 2022a) mainly focused on aerosol properties.
Here, we present version 2 of ESMAC Diags (ESMAC Diags
v2) that is a direct extension of ESMAC Diags v1 with two
major additions:

1. measurements from satellite and long-term diagnostics
at the ARM Southern Great Plains (SGP) and eastern
North Atlantic (ENA) sites;

2. diagnostics for cloud properties and aerosol–cloud in-
teractions.

The new measurements and major data quality controls are
introduced in Sect. 2. Additional discussions on the re-
trieval uncertainties of cloud microphysical properties are
performed in Sect. 3. Details of the code structure of ESMAC
Diags v2, which has substantially changed since version 1,
are described in Sect. 4. Section 5 provides selected exam-
ples of single-variable and multivariable diagnostics using
ESMAC Diags v2 to highlight its capabilities. Lastly, Sect. 6
provides a summary.

2 Aerosol and cloud measurements from ground,
aircraft, ship, and satellite platforms

Following the initial development in version 1, ESMAC Di-
ags v2 continues to focus on six field campaigns conducted
in four geographical regions: the central US (CUS, where the
ARM Southern Great Plains, SGP, site is located), the east-
ern North Atlantic (ENA), the northeastern Pacific (NEP),
and the Southern Ocean (SO). Information on the six field
campaigns is shown in Table 1 and their locations are shown
in Fig. 1, reproduced from Table 1 and Fig. 3 in Tang et
al. (2022a), respectively.

The collection and processing of observations are the most
time-consuming part of developing ESMAC Diags, and these
processes also impact the reliability of conclusions drawn
from the model diagnostics. In this section, we introduce
the data used in ESMAC Diags v2, existing quality issues in
some datasets, and treatments to address these quality issues.
Some variables are difficult to directly measure or have lim-
ited in situ sampling and, thus, must be derived from remote-
sensing measurements using retrieval algorithms. In Sect. 3,
we further discuss the uncertainty and reliability of some
cloud retrieval products via comparisons with in situ aircraft
measurements.

2.1 Data availability

All measurements, instruments, and data products used in
the six field campaigns and two long-term sites in ESMAC
Diags v2 are shown in Table 2. Further details of the mea-
surements, data product names, and DOIs are given in Ta-
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Figure 1. Aircraft (black) and ship (red) tracks for the six field campaigns. Red stars on the enlarged map indicate two ARM fixed sites that
have long-term measurements available for model diagnostics: SGP and ENA. Overlaid is aerosol optical depth at 550 nm averaged from
2014 to 2018 simulated in E3SMv1. (The figure is reproduced from Fig. 3 in Tang et al., 2022a.)

Table 1. Descriptions of the field campaigns used in this study. (The table is reproduced from Table 1 in Tang et al., 2022a.)

Campaign∗ Period Platform Typical conditions Reference

HI-SCALE IOP1: 24 April–21 May 2016
IOP2: 28 August–24 September
2016

Ground and aircraft (IOP1:
17 flights; IOP2: 21 flights)

Continental cumulus with high
aerosol loading

Fast et al. (2019)

ACE-ENA IOP1: 21 June–20 July 2017
IOP2: 15 January–18 Febru-
ary 2018

Ground and aircraft (IOP1:
20 flights; IOP2: 19 flights)

Marine stratocumulus with low
aerosol loading

Wang et al. (2022)

MAGIC October 2012–September 2013 Ship (18 legs) Marine stratocumulus to cumu-
lus transition with low aerosol
loading

Lewis and Teixeira (2015) and
Zhou et al. (2015)

CSET 1 July–15 August 2015 Aircraft (16 flights) Same as above Albrecht et al. (2019)

MARCUS October 2017–April 2018 Ship (4 legs) Marine liquid- and mixed-
phase clouds with low aerosol
loading

McFarquhar et al. (2021)

SOCRATES 15 January–24 February 2018 Aircraft (14 flights) Same as above McFarquhar et al. (2021)

∗ Full names of the listed field campaigns: HI-SCALE – Holistic Interactions of Shallow Clouds, Aerosols, and Land Ecosystems; ACE-ENA – Aerosol and Cloud Experiments in the Eastern North
Atlantic; MAGIC – Marine ARM GPCI Investigation of Clouds; CSET – Cloud System Evolution in the Trades; MARCUS – Measurements of Aerosols, Radiation, and Clouds over the Southern
Ocean; SOCRATES – Southern Ocean Cloud Radiation and Aerosol Transport Experimental Study.

bles S1 to S6 (for field campaigns) and Tables S7 and S8
(for SGP and ENA sites) in the Supplement. To allow for
the maximum overlap of key measurements while also en-
suring a long enough period for statistical evaluation, we se-
lect the periods of 1 January 2011–31 December 2020 for
SGP and 1 January 2016–31 December 2018 for ENA for
long-term analyses. In addition to the aerosol measurements
discussed in Tang et al. (2022a), we incorporate more cloud
and radiation measurements as well as geostationary satel-
lite retrievals using the Visible Infrared Solar-infrared Split-
window Technique (VISST) (Minnis et al., 2008, 2011) algo-
rithm. The VISST products archived by ARM cover approxi-
mately 10◦× 10◦ regions at a 0.5◦× 0.5◦ resolution centered
over ARM sites. Moreover, ARM recently released products

consisting of merged aerosol particle and cloud droplet size
distributions from aircraft measurements for the HI-SCALE
and ACE-ENA campaigns. These data are now used in ES-
MAC Diags v2.

All of the observational data are quality controlled with
their time resolution rescaled to that suitable for evaluating
E3SM, and the rescale resolution can be adjusted to fit dif-
ferent model output frequencies. Currently, ground, ship, and
satellite measurements are rescaled to a 1 h frequency to be
consistent with the current E3SM output frequency. Rescal-
ing consists of computing either the median, mean, or inter-
polated value depending on the original data frequency and
variable properties. For most aerosol and cloud microphysics
measurements, the median value is computed to remove oc-
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Table 2. List of instruments and measurements used in ESMAC Diags v2.

Platform Measurements Instruments/data products Available campaigns

Ground Surface temperature, relative humid-
ity, wind, pressure, and precipitation;
upper-level temperature, relative hu-
midity, and wind

Surface meteorological station (MET)
and ARM Best Estimate (ARMBE)
products

HI-SCALE, ACE-ENA, SGP, and ENA

Longwave and shortwave radiation and
cloud fraction

ARM Best Estimate (ARMBE) prod-
ucts

HI-SCALE, ACE-ENA, SGP, and ENA

Aerosol number concentration Condensation particle counter (CPC),
condensation particle counter – fine
(CPCF), condensation particle counter
– ultrafine (CPCU), Ultra-High Sensi-
tivity Aerosol Spectrometer (UHSAS),
and scanning mobility particle sizer
(SMPS)

HI-SCALE, ACE-ENA, SGP, and ENA

Aerosol size distribution Ultra-High Sensitivity Aerosol Spec-
trometer (UHSAS), scanning mobility
particle sizer (SMPS), and nano-
scanning mobility particle sizer
(nanoSMPS)

HI-SCALE, ACE-ENA, SGP, and ENA

Aerosol composition Aerosol chemical speciation monitor
(ACSM)

HI-SCALE, ACE-ENA, SGP, and ENA

CCN number concentration Cloud condensation nuclei (CCN)
counter

HI-SCALE, ACE-ENA, SGP, and ENA

Cloud optical depth Multifilter rotating shadowband ra-
diometer (MFRSR)

HI-SCALE, ACE-ENA, SGP, and ENA

Cloud droplet number concentration Cloud droplet number concentration re-
trieval (Ndrop) and cloud retrieval from
Wu et al. (2020)

HI-SCALE, ACE-ENA, SGP, and ENA

Cloud droplet effective radius Multifilter rotating shadowband ra-
diometer (MFRSR) and cloud retrieval
from Wu et al. (2020)

HI-SCALE, ACE-ENA, SGP, and ENA

Cloud liquid water path Microwave radiometer (MWR) and
ARM Best Estimate (ARMBE) prod-
ucts

HI-SCALE, ACE-ENA, SGP, and ENA

Cloud-base height and cloud-top height Active remote sensing of clouds (AR-
SCL)

HI-SCALE, ACE-ENA, SGP, and ENA

Satellite Top-of-atmosphere (TOA) shortwave
and longwave radiation

Geostationary satellite-based retrievals
using the Visible Infrared Solar-infrared
Split-window Technique (VISST) algo-
rithm

HI-SCALE, ACE-ENA, MAGIC,
MARCUS, SGP, and ENA

Cloud fraction and height, pressure, and
temperature at cloud top

Geostationary satellite-based retrievals
using the Visible Infrared Solar-infrared
Split-window Technique (VISST) algo-
rithm

HI-SCALE, ACE-ENA, MAGIC,
MARCUS, SGP, and ENA

Liquid water path, cloud optical depth,
and droplet effective radius

Geostationary satellite-based retrievals
using the Visible Infrared Solar-infrared
Split-window Technique (VISST) algo-
rithm

HI-SCALE, ACE-ENA, MAGIC,
MARCUS, SGP, and ENA

Cloud droplet number concentration Retrieved from VISST data using the
algorithm in Bennartz (2007)

HI-SCALE, ACE-ENA, MAGIC,
MARCUS, SGP, and ENA
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Table 2. Continued.

Platform Measurements Instruments/data products Available campaigns

Aircraft Navigation information and meteoro-
logical parameters

Interagency working group for airborne
data and telemetry systems (IWG)

HI-SCALE and ACE-ENA

Aerosol number concentration Condensation particle counter (CPC),
condensation particle counter – ul-
trafine (CPCU), condensation nuclei
counter (CNC), Ultra-High Sensitiv-
ity Aerosol Spectrometer (UHSAS),
and passive cavity aerosol spectrometer
(PCASP)

HI-SCALE, ACE-ENA, CSET, and
SOCRATES

Aerosol size distribution Ultra-High Sensitivity Aerosol Spec-
trometer (UHSAS), fast integrated mo-
bility spectrometer (FIMS), passive
cavity aerosol spectrometer (PCASP),
and best estimate aerosol size distribu-
tion (BEASD)

HI-SCALE, ACE-ENA, CSET, and
SOCRATES

Aerosol composition High-resolution time-of-flight aerosol
mass spectrometer (AMS)

HI-SCALE and ACE-ENA

CCN number concentration Cloud condensation nuclei (CCN)
counter

HI-SCALE, ACE-ENA, and
SOCRATES

Cloud liquid water content Water content measuring system
(WCM) and PMS King liquid water
content (LWC)

HI-SCALE, ACE-ENA, CSET, and
SOCRATES

Cloud droplet number size distribution one-dimensional cloud probe (1DC),
two-dimensional cloud probe (2DC),
two-dimensional stereo probe (2DS),
cloud droplet probe (CDP), and
cloud probe merged size distribution
(mergedSD)

HI-SCALE, ACE-ENA, CSET, and
SOCRATES

Ship Navigation information and meteoro-
logical parameters

Meteorological station (MET) MAGIC and MARCUS

Aerosol number concentration Condensation particle counter (CPC)
and Ultra-High Sensitivity Aerosol
Spectrometer (UHSAS)

MAGIC and MARCUS

Aerosol size distribution Ultra-High Sensitivity Aerosol Spec-
trometer (UHSAS)

MAGIC and MARCUS

CCN number concentration Cloud condensation nuclei (CCN)
counter

MAGIC and MARCUS

Cloud liquid water path Microwave radiometer (MWR) MAGIC and MARCUS

Cloud droplet number concentration
and cloud effective radius

Cloud retrieval from Wu et al. (2020) MAGIC

casional spikes or zeros resulting from data contamination
or measurement error. For some bulk cloud properties (e.g.,
cloud fraction or liquid water path – LWP), the mean value is
computed to be consistent with the grid-mean E3SM output.
Interpolation is only used when the input frequency is equal
to or coarser than the frequency of model output. For air-
craft measurements, a 1 min resolution is used to retain high

variability and allow the matching of samples of aerosol and
cloud at the same time. For comparison with high-frequency
aircraft data, E3SM output is interpolated to the same res-
olution using the nearest grid cell and time slice. Although
the current 1 h, 1◦ E3SM output could not capture the high
variability in the aircraft measurements, we are targeting the
exascale E3SM version planned in the next few years. In
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kilometer-scale-resolution ESM simulations, the high vari-
ability in aircraft measurements will be better captured. In
the current diagnostics, we only focus on the statistics for the
entire campaign. As seen later in Sect. 5.1, coarse-resolution
model output shows similar percentile ranges with the high-
resolution aircraft measurements, indicating that, for sim-
ple percentiles, large-scale variabilities dominate over sub-
grid variabilities over monthlong field campaign periods.
Further analysis is needed to understand the importance of
other statistics (e.g., variance and covariance) of sub-grid-
scale variabilities. All of the processed data are saved in a
standardized network common data form (NetCDF) format
(NETCDF, 2022) and are available for download (see the
“Data availability” section) and direct use.

2.2 Data quality issues and treatments

Many observation datasets used in ESMAC Diags are ARM
level-b (quality-controlled) or level-c (value-added) prod-
ucts, which include quality control (QC) flags to indicate data
quality issues. For most datasets, a QC treatment is applied
to remove all data with questionable flags. However, there
are certain datasets or circumstances in which a QC flag is
overly strict (too many good data are removed) or not strict
enough (some bad data are not removed). Here, we document
some of these situations and how we handle them in our data
processing.

2.2.1 ARM condensation particle counter (CPC)
measurements

ARM CPC data have several QC values representing the fail-
ure of different quality checks. One of the checks establishes
if the concentration is greater than a maximum allowable
value, which is set to 8000 cm−3 for model 3010 (CPC, size
detection limit 10 nm), 10 000 cm−3 for model 3772 (CPCF,
size detection limit 10 nm), and 50 000 cm−3 for model 3776
(CPCU, size detection limit 3 nm). At SGP, new particle for-
mation (NPF) events occur frequently during which CPC and
CPCF measurements can exceed 30 000 cm−3. This is much
higher than the maximum allowable value but physically rea-
sonable. Simply removing these large values results in an un-
derestimation of the aerosol number concentration and pro-
duces an unrealistic diurnal cycle, as they usually occur dur-
ing the daytime (Tang et al., 2022a). After consultation with
the ARM instrument mentor, we only remove data with crit-
ical QC flags but keep data with this QC flag that is overly
restrictive.

2.2.2 National Center for Atmospheric Research
(NCAR) research flight aerosol number
concentration (CN) measurements

NCAR research flight (RF) data used in ESMAC Diags do
not include QC flags but occasionally show suspiciously

large or negative aerosol counts. The following minimum and
maximum thresholds are applied to remove suspicious data:

– total CN from a condensation nucleation counter (CNC,
reported as CONCN), minimum of 0 and maximum of
25 000 cm−3;

– total CN from an Ultra-High Sensitivity Aerosol Spec-
trometer (UHSAS, reported as UHSAS100), minimum
of 0 and maximum of 5000 cm−3;

– aerosol number size distribution from an UHSAS
(reported as CUHSAS_RWOOU or CUHSAS_LWII),
minimum of 0 and maximum of 500 cm−3 per size bin.

2.2.3 Ship-measured aerosol properties

Aerosol instruments on ships are occasionally contaminated
by ship emissions, which present as large spikes in aerosol
and CCN number concentrations. For ARM MARCUS mea-
surements, Humphries (2020) published reprocessed CN
and CCN data to remove ship exhaust contamination us-
ing method described in Humphries et al. (2019). These
data are used in this diagnostics package. For MAGIC,
we could not find any ship exhaust contamination informa-
tion. By visually examining the dataset, a simple maximum
threshold (25 000 cm−3 for CPC, 5000 cm−3 for UHSAS100,
2000 cm−3 for CCN at 0.1 % supersaturation, and 4000 cm−3

for CCN at 0.5 % supersaturation) is applied to remove likely
contamination from ship emissions.

2.2.4 CCN measurements

There are different supersaturation (SS) setting strategies
for CCN measurements. Some aircraft campaigns measured
CCN with constant SS (ACE-ENA and HI-SCALE). Some
other campaigns measured CCN with time-varying (scan-
ning) SS (SOCRATES, surface CCN counters at SGP and
ENA). However, the actual SS in a scanning strategy has fluc-
tuations that are different from the target SS. For the latter,
CCN for each SS (0.1 %, 0.2 %, 0.3 %, and 0.5 %) are ob-
tained by selecting CCN measured within±0.05 % of the SS
target.

For long-term measurements at SGP and ENA, near-
hourly CCN spectra data are available, and a quadratic poly-
nomial is fit to the spectra such that the CCN number con-
centration can be estimated at any SS between the measured
minimum and maximum SS values. We calculate and out-
put CCN number concentration from these fits at three target
supersaturations (0.1 %, 0.2 %, and 0.5 %). The fitted spec-
tra data provide the CCN number concentration at the ex-
act target supersaturations, but the sample number is slightly
smaller due to the occasional failure of polynomial fitting.
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2.2.5 Contaminated surface aerosol measurements at
ENA

The ARM ENA site is located at a local airport. Aerosol mea-
surements at ENA are sometimes contaminated by aircraft
and vehicle emissions, rendering the measurements unrepre-
sentative of the background environment. Gallo et al. (2020)
identified periods when CPC measurements were likely con-
taminated from localized emissions (Fig. 2a). Their aerosol
mask data have a 1 min resolution. When we rescale the data
to a 1 h resolution and apply the mask on other coarse-time-
resolution aerosol measurements (e.g., ACSM; Fig. 2c), we
mask hours in which more than half of the hour is flagged
by the aerosol mask. The masking slightly increases the oc-
currence fraction of small values due to removing many large
values, but it does not change the overall distribution (Fig. 2b,
d). A sensitivity analysis was performed, showing that 50 %
is a reasonable threshold to balance the removal of contami-
nation with the conservation of reasonable data (not shown).

3 Verification of cloud retrievals with in situ
measurements

Cloud microphysical properties such as the droplet number
concentration (Nd) and effective radius (Reff) are important
variables that connect clouds to other aspects in the climate
system such as aerosols and radiation. Except in field cam-
paigns where in situ aircraft measurements are available,
remote-sensing retrieval algorithms are usually needed to de-
rive these quantities. Several cloud retrieval products from
ground and satellite measurements with different algorithms
are used in ESMAC Diags v2. This section compares these
cloud retrievals with in situ aircraft measurements to as-
sess retrieval limitation, uncertainty, and utility. Nd and Reff
from aircraft measurements taken during the HI-SCALE and
ACE-ENA field campaigns are calculated from merged cloud
droplet number size distributions (mergedSD) from three dif-
ferent cloud probes with different size ranges. The mergedSD
product comprises the size range from 1.5 to 9075 µm, cover-
ing the entire E3SM cloud droplet size distribution range and
extending to the rain droplet size range (> 100 µm). For field
campaigns used in this study, the aircraft only flew through
non-precipitating or drizzling clouds, in which the airborne
measurements usually measure rain droplet numbers 3 to 5
orders of magnitude smaller than the cloud droplet number.
Therefore, the inclusion of the rain droplet size range has an
ignorable impact on the aircraft-estimated Nd and Reff.

Table 3 lists the Reff and Nd retrieval products used in
ESMAC Diags v2. We retrieved Nd_sat with input data
from VISST products using the algorithms described in Ben-
nartz (2007) but assuming a drop volume mean radius to Reff
ratio (commonly referred to as k) of 0.74 and a cloud adia-
baticity of 80 % (Varble et al., 2023). Other datasets are all
available as released products. All retrievals assume a hori-

zontally homogeneous single-layer liquid-phase cloud with
constant Nd throughout the cloud layer. However, retrieval
algorithms are usually run for all conditions whenever they
return valid values. When assumptions are not satisfied, re-
trieved properties may contain large errors and likely alter
statistics, such as increasing the occurrence frequency of
small Nd, as will be shown next.

Figure 3 shows the occurrence fraction histograms of Nd
retrievals with aircraft measurements for the HI-SCALE and
ACE-ENA field campaigns, with the comparison of the orig-
inal temporal resolution versus the 30 min mean, and the
use of all available samples and samples that are filtered as
overcast (cloud fraction > 90 %) low-level cloud (cloud-top
height < 4 km) conditions. Figure 4 shows similar plots but
for Reff. We also selected two cases with single-layer bound-
ary layer stratus or stratocumulus clouds and plotted their
time series of original-resolution and 30 min averaged Reff
and Nd in Fig. S1 in the Supplement. The high-frequency
aircraft measurements and MFRSR/Ndrop retrievals exhibit
much larger variability than the coarse-frequency retrievals
of Wu_etal and VISST. They frequently sample cloud edges
or cloud top/cloud base (for aircraft), where Nd values are
typically lower than those further into the cloud. This causes
large occurrence fractions in the lowest few bins in the Nd
histograms (Fig. 3a, d). The 30 min VISST products also
show a large occurrence fraction in the lowest Nd bin for
HI-SCALE (Fig. 3a), likely due to the high frequency of
partially cloudy conditions over the continental US. Filter-
ing conditions to only include overcast, low-level cloud con-
ditions (Fig. 3b, e) and averaging into a coarser resolution
(Fig. 3c, f) both contribute to the reduction in the occurrence
fraction in small-Nd bins and make the measurements from
different instruments more comparable.

Overall, the remote-sensing retrievals and aircraft mea-
surements produce reasonable ranges of Nd and Reff. Marine
clouds (ACE-ENA) have smaller Nd (Fig. 3) and larger Reff
(Fig. 4) values than continental clouds (HI-SCALE). Differ-
ent retrievals are more consistent with each other for marine
clouds than for continental clouds. Even after rescaling to
the same temporal resolution, aircraft and Ndrop data exhibit
broader Nd distributions than satellite retrieval data, likely
due to their high sampling frequency that may capture more
extreme conditions with very high or low Nd values. More-
over, the assumption of a fixed adiabaticity (0.8) in satellite
retrieval data will also narrow the Nd distribution. For Reff,
we do not expect different datasets to agree perfectly with
each other, as the cloud droplet size grows with height in the
cloud. All remote-sensing retrievals have larger Reff values
than aircraft measurements, potentially because remote sen-
sors are more sensitive to the upper cloud where the droplet
size and liquid water content (LWC) are larger. Wu_etal re-
trieves vertical profiles of Reff, and a median value of the Reff
profile is used to represent the entire cloud. This makes the
Wu_etal retrieval less sensitive to large droplets; thus, its Reff
is less than MFRSR and VISST. VISST data have the largest
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Figure 2. (a) CPC-measured CN from 10 to 15 October 2017 (1 min resolution) with local contamination flagged by Gallo et al. (2020).
(b) Histogram of CPC-measured CN for all data from 2016 to 2018. (c) ACSM-measured total organic matter from 10 to 15 October 2017 (1 h
resolution). Hours with more than half of the hour flagged in 1 min CPC data are masked as contaminated. (d) Histogram of ACSM-measured
total organic matter for all data from 2016 to 2018.

Table 3. Cloud droplet effective radius (Reff) and number concentration (Nd) retrievals.

Variable Dataset Platform Campaign/site Retrieved from Reference

Reff MFRSRCLDOD Ground HI-SCALE, ACE-ENA,
SGP, and ENA

SW diffuse flux and
LWP

Min and
Harrison (1996), and
Turner et al. (2021)

VISST Satellite HI-SCALE, ACE-ENA,
MAGIC, MARCUS,
SGP, and ENA

Brightness temperature Minnis et al. (2011)

Wu_etal Ground ACE-ENA, MAGIC,
and ENA

Radar reflectivity and
LWP

Wu et al. (2020)

Nd Ndrop Ground HI-SCALE, ACE-ENA,
SGP, and ENA

LWP, COD, and cloud
height

Riihimaki et al. (2021)
and Lim et al. (2016)

Nd_sat (calculated
from VISST)

Satellite HI-SCALE, ACE-ENA,
MAGIC, MARCUS,
SGP, and ENA

LWP, COD, and CTT Bennartz (2007)

Wu_etal Ground ACE-ENA, MAGIC,
and ENA

Radar reflectivity and
LWP

Wu et al. (2020)

The abbreviations/acronyms used in the table are as follows: MFRSRCLDOD – Cloud Optical Properties from the Multifilter Rotating Shadowband Radiometer
(MFRSR); SW – shortwave; COD– cloud optical depth; CTT – cloud-top temperature.

Reff values, likely because satellite retrievals reflect condi-
tions at the cloud top. Given the spread in retrieved cloud
properties, the limitations and uncertainties of cloud micro-
physics retrievals clearly need to be considered when they
are used to evaluate model performance.

4 Structure of the diagnostics package

Figure 5 shows the directory structure of ESMAC Diags v2.
It is substantially changed compared with ESMAC Diags
v1 (Tang et al., 2022a). First, we save all data separately
as raw_data, which stores all input datasets collected from
field campaigns, and prep_data, which stores preprocessed
data with a standardized time resolution and quality controls,
as described in Sect. 2. The structure is still designed to be
flexible for future extension with additional measurements
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Figure 3. Histogram of Nd from different measurements/retrievals from the (a, b, c) HI-SCALE and (d, e, f) ACE-ENA field campaigns,
with total sample numbers given in parentheses. Panels (a) and (d) use data samples in their original resolution (1 s for aircraft measurements,
20 s for Ndrop data, 5 min for Wu_etal data, and 30 min for VISST data). Panels (b) and (e) include only overcast, low-cloud situations. For
aircraft data, this means that Nd is > 1 cm−3 for 5 s before and after the sampling time; for Ndrop and VISST data, it means that the cloud
fraction > 90 % and the cloud-top height < 4 km. Panel (c) and (f) include only overcast, low-cloud situations, and they average them into a
30 min resolution. For all of the plots, VISST data with a solar zenith angle > 65◦ are removed to avoid artifacts due to sunlight.

Figure 4. Similar to Fig. 3 but for Reff.

and/or functionality. Second, the diagnostics functions now
give users more freedom to modify analyses, such as select-
ing different time periods, performing additional data filter-
ing or treatments, and examining ACI relationships in speci-
fied variable combinations (for scatterplots, joint histograms,
or heatmaps). We provide a set of example scripts to assist
users with designing their own diagnostics based on their
needs. We also provide the source code of data preparation
for observations and model output as well as detailed instruc-
tions on how to run the code. Users can revise the code to pro-
cess their own observational data or model output. All of the

information is available in the ESMAC Diags GitHub repos-
itory.

ESMAC Diags v1 included diagnostics of aerosol mean
statistics (mean, bias, RMSE, and correlation), time series,
diurnal cycle, vertical profiles, mean particle number size
distribution, percentiles by height/latitude, and pie/bar charts
(Tang et al., 2022a). ESMAC Diags v2 now comprises the
following new diagnostics that include cloud variables:

– 5th, 25th, 50th, 75th, and 95th percentiles;

– seasonal cycle at SGP and ENA;
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Figure 5. Directory structure of ESMAC Diags v2. Blue boxes describe the functions of the directory. Asterisks represent boxes that follow
the same format as those shown in parallel.

– histograms for individual variables;

– scatterplots;

– joint histograms of two variables; and

– heatmaps of three variables (mean of one variable
binned by two other variables).

The inclusion of two-variable scatterplots, joint histograms,
and three-variable heatmaps provides the functionality to
study ACI-related relationships. We present a few examples
in the next section to demonstrate these new diagnostics.

5 Diagnostics examples

In this section, we show some examples of diagnostics ap-
plied to E3SM version 2 (E3SMv2; Golaz et al., 2022).
Compared with the aerosol and cloud parameterizations in
E3SMv1 (Rasch et al., 2019; Golaz et al., 2019), E3SMv2
updated the treatments of dust particles, incorporated recali-
bration of parameters (Ma et al., 2022), changed the call or-
der and refactored the code of the Cloud Layers Unified By
Binormals (CLUBB) parameterization, and retuned some pa-
rameters (Golaz et al., 2022). We constrain the model simu-
lations by nudging the horizontal winds towards the 3-hourly
Modern-Era Retrospective analysis for Research and Appli-
cations, Version 2 (MERRA-2; Gelaro et al., 2017) with a
nudging timescale of 6 h. Previous studies have shown that,
with nudging, E3SM can simulate the large-scale circula-
tions in reanalyses well (Sun et al., 2019; Zhang et al., 2022).
The model was run for individual field campaigns (Table 1)
and from 2010 to 2020 for long-term diagnostics at the SGP

and ENA sites, with hourly model output saved over the
field campaign regions for detail evaluation. As described in
Sect. 2, all diagnostics for ground and ship campaigns are at
a 1 h resolution, whereas diagnostics for aircraft campaigns
are at a 1 min resolution. For aerosol and cloud variables,
model raw output variables (not from instrument simulators)
are used in this paper to reveal the intrinsic ACI relationships
in E3SM. However, as can be seen later in this section, instru-
ment simulators can be better used in some diagnostics to en-
sure more consistent comparison. Users may choose whether
or not to use simulators in their diagnostics depending on
their purpose.

5.1 Single-variable diagnostics

Figures 6 and 7 show mean and percentile values of aerosol
and cloud properties measured from field campaigns in the
four geographical regions: CUS, ENA, NEP, and SO. Fig-
ure 6 is for aircraft platforms, whereas Fig. 7 is for ground or
ship platforms; satellite data are also included in Fig. 7 when
available. Note that the aircraft and ground/ship campaigns
may cover different time periods (Table 1); thus, some differ-
ences seen between aircraft and ship measurements may be
caused by seasonal variation. As cloud microphysical prop-
erties are usually retrieved with assumptions (Sect. 3), for
ground/ship/satellite data, we only focus on overcast, low-
level, liquid-cloud conditions here (cloud fraction > 90 %,
cloud-top height < 4 km, and ice water path < 0.01 mm).
E3SM does not output cloud-top height, which is derived us-
ing a weighted integration method, as described in Varble et
al. (2023).
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From both aircraft and ground/ship data, HI-SCALE has
much larger aerosol and cloud droplet number concentrations
as well as smaller droplet sizes compared with other cam-
paigns, which is expected for a continental environment com-
pared with a marine environment. The cloud optical depth
is also greater for HI-SCALE than for other campaigns,
which is driven by smaller droplet sizes rather than LWP dif-
ferences. Satellite retrievals generally produce smaller Nd,
LWP, and cloud optical depth values with greater Reff val-
ues than surface retrievals. As discussed in Sect. 3, retrieval
uncertainties need to be kept in mind when these retrieved
microphysical properties are used to evaluate models.

E3SMv2 overestimates CN (> 10 nm) over CUS, ENA,
and NEP. Larger-particle (CN > 100 nm) concentration is
generally underestimated over CUS and overestimated over
ENA and NEP. Over SO, E3SMv2 produces fewer small
aerosol particles (CN > 10 nm) and about the same num-
ber of large aerosol particles (CN > 100 nm) compared to
the observations. These results are confirmed by both air-
craft and ground/ship campaigns, except for the HI-SCALE
aircraft campaign in which small particles from local emis-
sions were occasionally observed but were unable to be sim-
ulated. These results are consistent with our previous diag-
nostics for E3SMv1 (Tang et al., 2022a). E3SMv2 also un-
derestimates Nd over CUS and SO, which corresponds to
the underestimation of accumulation-mode (> 100 nm) CN
over CUS but the underestimation of Aitken-mode (> 10 nm)
CN over SO. It is possible that small particles are more im-
portant in cloud formation over very clean regions such as
SO than over continental regions such as CUS. The simu-
lated LWP (LWC) is generally consistent with satellite (air-
craft) measurements but smaller than ground/ship measure-
ments, which may be partly caused by rain contamination
of ground/ship retrievals. Reff evaluation is less certain given
large discrepancies between satellite and ground retrievals.

Figure 8 shows histograms of the surface CCN num-
ber concentration at 0.2 % supersaturation, cloud-layer-mean
Nd, Reff, cloud optical depth, and total cloud fraction for
long-term diagnostics at the SGP (2011–2020) and ENA
(2016–2018) sites. E3SMv2 fails to reproduce the long tail
of large CCN and Nd values, especially over SGP. This is
consistent with the underestimation of CN (> 100 nm) dur-
ing the HI-SCALE field campaign shown in Figs. 6 and 7.
Compared with ground retrievals, E3SMv2 Reff is larger at
SGP but smaller at ENA. However, satellite-retrieved Reff
has larger values than E3SMv2 at SGP. As discussed before,
discrepancies between satellite and ground retrievals can be
substantial for some locations and variables, and considering
both when evaluating model performance gives a sense of
how uncertain comparisons are. E3SMv2 generally captures
the histograms of cloud optical depth and total cloud fraction,
although it underestimates the frequency of partially cloudy
conditions and overestimates the frequency of clear-sky and
overcast conditions.

Figure 6. Box-and-whisker plots of (a) CN for size > 10 nm,
(b) CN for size > 100 nm, (c) in-cloud Nd, and (d) LWC for all
data from aircraft field campaigns in the CUS, ENA, NEP, and SO
regions (from left to right). Boxes denote the 25th and 75th per-
centiles, whiskers denote the 5th and 95th percentiles, the white
horizontal lines represent median values, and the white dots rep-
resent mean values. For aerosol number concentrations, the y axes
for HI-SCALE are separated from other field campaigns for bet-
ter visualization. The top whiskers that are out of the y-axis range
are HI-SCALE – Obs (13681), ACE-ENA – E3SMv2 (2061), and
SOCRATES – Obs (2745) in panel (a); ACE-ENA – E3SMv2 (304),
CSET – Obs (305), and CSET – E3SMv2 (400) in panel (b); and HI-
SCALE – Obs (397) in panel (c).

Figure 9 shows the long-term diagnostics of mean diurnal
cycles, seasonal cycles, and histograms of the cloud fraction
by height at the SGP and ENA sites. Overall, the mean frac-
tion of high clouds looks overestimated in E3SMv2. Similar
results have been reported in many previous studies using
the Community Earth System Model (CESM)–E3SM model
family (e.g., Song et al., 2012; Cheng and Xu, 2013; Xu
and Cheng, 2013b, a; Tang et al., 2016; Zhang et al., 2020).
However, this is not an apples-to-apples comparison, as the
cloud fraction in ESMs includes clouds that are optically
very thin and that cannot be detected by satellite passive
sensors or cloud radars. The comparison of the high-cloud
fraction from simulators with the corresponding satellite ob-
servations showed that E3SM slightly underestimates high
clouds over most tropical deep-convection regions (Zhang et
al., 2019; Xie et al., 2018; Rasch et al., 2019). Unfortunately,
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Figure 7. Box-and-whisker plots of (a) CN for size > 10 nm,
(b) CN for size > 100 nm, (c) layer-mean Nd, (d) LWP, (e) Reff, and
(f) cloud optical depth for overcast, low-level, liquid-cloud condi-
tions (cloud-top height < 4 km, cloud fraction > 90 %, and ice wa-
ter path < 0.01 mm) for ground- and ship-based field campaigns in
the CUS, ENA, NEP, and SO regions (from left to right). Boxes
denote the 25th and 75th percentiles, whiskers denote the 5th and
95th percentiles, the white horizontal lines represent median val-
ues, and the white dots represent mean values. For aerosol number
concentrations, the y axes for HI-SCALE are separated from other
field campaigns for better visualization. The top whiskers that are
out of the y-axis range are HI-SCALE – E3SMv2 (6102), ACE-
ENA – E3SMv2 (7575), MAGIC – Obs (3330), and MAGIC –
E3SMv2 (3771) in panel (a); ACE-ENA – Obs (304.7), ACE-ENA
– E3SMv2 (328.3), MAGIC – Obs (377.7), and MAGIC – E3SMv2
(577.8) in panel (b); and HI-SCALE Obs (670.9) in panel (c).

a ground-based radar simulator is not available in the current
model, which prevents a direct apples-to-apples comparison.
Thus, caution should be taken when comparing the magni-
tude of the cloud fraction from direct model output and radar
measurements. Here, we focus on the temporal variabilities
(diurnal and seasonal cycles) and the occurrence frequency
distribution of the cloud fraction, which are less relevant to
the detection threshold of cloud radars.

At SGP, observations show the formation of low clouds
in the afternoon and in late winter through springtime. High
clouds peak overnight into the early morning and in the
spring to summer, corresponding to nocturnal deep convec-
tive systems common over SGP (Tang et al., 2022b, 2021;
Jiang et al., 2006). These features are reasonably well rep-
resented in E3SMv2, although low-level cloud deepening in
the afternoon is not well predicted and high-level clouds peak
in the late rather than early morning. At ENA, marine stra-
tus or stratocumulus clouds occur in any month and at any
time of the day, although at a lower frequency in late summer
and in the afternoon. High clouds are more frequent in win-
ter months than in summer months and occur throughout the
diurnal cycle with a slight midday minimum. These features
are well captured by E3SMv2. At both sites, high clouds usu-
ally occur with a high fraction (> 95 %), whereas low clouds
are more likely associated with a small fraction (< 5 %) (bot-
tom row of Fig. 9). At SGP, the high occurrence of the low-
cloud fraction extends vertically up to the tropopause, repre-
senting frequently occurring deep convection. At ENA, low
clouds have a smaller vertical extension but are more likely to
expand to a greater fraction. E3SMv2 reproduces these cloud
features in the occurrence frequency.

5.2 Multivariable relationships related to ACIs

The effective radiative forcing due to ACI processes is com-
plex, nonlinear, and highly uncertain, despite its significant
impact on climate. ACI studies are usually conducted by ex-
amining relationships between aerosols, clouds, and radia-
tion variables that are known to interact with one another.
Given so many variable combinations related to ACIs, ES-
MAC Diags v2 provides a framework for users to examine
relationships between the variables that they choose using
joint histograms, scatterplots, and heatmaps. Here, we show
a few examples to assess relationships between CCN, Nd,
LWP, and top-of-atmosphere (TOA) albedo. ESMAC Diags
v2 calculates the layer-mean Nd from three sources: inte-
grated vertically from native model output, retrieved using
the Ndrop algorithm, and retrieved using the Nd_sat algo-
rithm, as shown in Table 3. In this study, we only show the
ACI diagnostics using native model output, as they reveal the
“true” ACI relations in the model. Users can choose to use
the retrieved Nd in their studies for their purposes.

The dependence of TOA albedo A on CCN number con-
centration for stratiform warm clouds can be decomposed
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Figure 8. Histogram of (from top to bottom) surface CCN number concentration, layer-mean Nd, Reff, cloud optical depth, and total cloud
fraction at (left) SGP from 2011 to 2020 and (right) ENA from 2016 to 2018. The surface CCN and total cloud fraction are using all-condition
samples, whereas Nd, Reff, and cloud optical depth data are filtered for overcast, low-level, liquid-cloud conditions (cloud-top height < 4 km,
cloud fraction > 90 %, and ice water path < 0.01 mm).
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Figure 9. The diurnal cycle (top), seasonal cycle (middle), and occurrence frequency (bottom) of vertical cloud fraction at SGP from 2011
to 2020 (left) and ENA from 2016 to 2018 (right).

(e.g., following Quaas et al., 2008) as follows:

dA

dlnCCN
=

(
∂A

∂ lnNd
+

∂A

∂ lnLWP
dlnLWP
dlnNd

)
dlnNd

dlnCCN
. (1)

This allows isolation of the Twomey effect ( ∂A
∂ lnNd

) ( dlnNd
dlnCCN )

and LWP adjustment ( dlnLWP
dlnNd

) associated with specific ACI
processes. Here, we use joint histograms and heatmaps
to evaluate each component, dlnNd

dlnCCN , dlnLWP
dlnNd

, ∂A
∂ lnNd

, and
∂A

∂ lnLWP , based on long-term ground and satellite measure-
ments at the SGP (2011–2020) and ENA (2016–2018) sites.
The analysis in this section (except Fig. 11) is limited to
overcast (cloud fraction > 90 %), low-level (cloud-top height
< 4 km), liquid-cloud (ice water path < 0.01 mm) conditions.
As there is no direct measurement of the cloud-base CCN
concentration from remote sensors, the surface CCN con-
centration is used in this study, and only clouds that are
most likely to be affected by surface conditions are exam-
ined. These clouds are identified as having a cloud-base po-
tential temperature minus surface potential temperature that
is lower than 2 K. For satellite measurements, samples with a
solar zenith angle greater than 65◦ are removed to avoid Nd

retrieval biases (Grosvenor et al., 2018). The sample num-
bers of ground, satellite, and E3SM measurements for over-
cast, low-level, liquid-cloud conditions are 1766, 1217, and
6369, respectively, at SGP and 3450, 1345, and 2884, respec-
tively, at ENA. To increase the sample size for more robust
statistics, satellite retrievals and E3SM output over a 5◦× 5◦

domain centered on the SGP and ENA sites are included.
This increases the sample numbers of ground, satellite, and
E3SM measurements to 1766, 71 942, and 15 231, respec-
tively, at SGP and 3450, 104 260, and 28 184, respectively, at
ENA. Analyses of all-sky conditions and overcast, low-level,
liquid-cloud conditions for a single grid point over each site
are shown in Figs. S2–S7 in the Supplement. Increasing the
sample size for satellite and E3SM data does not change the
overall statistics shown here.

The change in Nd in response to a change in the surface
CCN number concentration ( dlnNd

dlnCCN ) is heavily influenced
by processes such as aerosol activation. Figure 10 shows the
joint probability density function (PDF) of Nd and surface
CCN number concentration at 0.1 % supersaturation, nor-
malized within each CCN bin. Ground and satellite obser-
vations show a similar linear fit of the lnNd–lnCCN rela-
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Figure 10. Joint histograms of the layer-mean Nd versus surface CCN number concentration at 0.1 % supersaturation, normalized within each
CCN number concentration bin (PDF of CCN shown at the bottom of each panel). Samples are constrained to likely surface-coupled, overcast,
low-level, liquid-cloud conditions (cloud-top height < 4 km, cloud fraction > 90 %, ice water path < 0.01 mm, and potential temperature
difference between cloud base and surface < 2 K). Available samples within a 5◦× 5◦ region centered on SGP (a, b, c) and ENA (d, e, f) for
satellite and E3SMv2 datasets are included. Linear fits and R values are shown in red.

tion, although ground-based plots have a much smaller sam-
ple number. E3SMv2 shows more sensitive Nd–CCN rela-
tionships than observations at both the SGP and ENA sites,
with the relationship tighter at ENA and more scattered at
SGP. As a cross-validation, Fig. 11 shows the Nd–CCN re-
lationships from a short-term aircraft campaign during HI-
SCALE and ACE-ENA. The comparison with in situ aircraft
measurements confirms that E3SMv2 has a more sensitive
Nd–CCN relationship than observations. These results in-
dicate that aerosol activation in E3SMv2 may be too weak
under low-CCN conditions and too strong under high-CCN
conditions, which may be related to the differences in sim-
ulated and observed updraft velocity and supersaturation.
Note that E3SMv2 produces a significant number of small-
Nd (< 20 cm−3) samples (Fig. 11). This feature is reported
in Golaz et al. (2022) and is partially removed by setting
a minimum threshold of Nd = 10 cm−3. However, as seen
in Fig. 11, there are still a large number of Nd between 10
and 20 cm−3. Further investigation is underway to diagnose
the causes of the abundant low-Nd values. The diagnostics
shown here indicate that a more physical method should be
applied to improve the simulated Nd.

The term dlnLWP
dlnNd

is commonly interpreted as the re-
sponse of the LWP to a perturbation in Nd tied to the sup-
pression of precipitation (increased LWP) or enhancement
of evaporation (decreased LWP) (e.g., Glassmeier et al.,

2019). Gryspeerdt et al. (2019) showed that the satellite-
retrieved LWP over the ocean increases with Nd when
Nd <∼ 30 cm−3 and decreases when Nd >∼ 30 cm−3. This
relation is also seen in satellite retrievals at ENA (Fig. 12)
when using a higher threshold of Nd = 50 cm−3 to perform
linear fits (dashed black lines). The linear fit is insignificant
for Nd < 50 cm−3 in surface retrievals at both sites, partly
due to the small sample number, and is also potentially re-
lated to drizzle contamination of the LWP. The slope of the
LWP–Nd relation in satellite retrievals at SGP is positive for
both Nd ranges. This is opposed to the slope from the ground
retrievals and satellite retrievals at ENA. This result reveals
a few difficulties with respect to LWP susceptibility studies
based on observations. First, the limitations of instruments
and their platforms (from space or from ground) employed
in these observations as well as assumptions and simplifica-
tions in their retrieval algorithms may introduce biases and
uncertainties into the retrieved cloud microphysical proper-
ties. These biases and uncertainties can be amplified when
studying ACI relationships between multiple variables. Sec-
ond, the robustness of ACI studies is also dependent on geo-
graphical locations and cloud types, with environmental dy-
namic conditions influencing the analytical outcomes. De-
spite our efforts to constrain meteorology and cloud situa-
tions, it is essential to acknowledge the existence of many
other factors, such as cloud adiabaticity and solar zenith an-
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Figure 11. Scatterplots of Nd versus CCN along the flight tracks
from the (a, b) HI-SCALE and (c, d) ACE-ENA campaigns. Note
that CCN number concentration measurements are taken at∼ 0.2 %
supersaturation for HI-SCALE and at ∼ 0.1 % supersaturation for
ACE-ENA. Linear fits and R values are shown in each panel. R =

0.34 (SGP) and 0.74 (ENA) for E3SMv2 if a minimum of Nd =
20 cm−3 is applied.

gle, as discussed in Varble et al. (2023), which can impact
cloud susceptibility. Given these limitations and uncertain-
ties, researchers should use caution when employing obser-
vational data to study ACI relationships.

The E3SMv2-simulated LWP–Nd relation is quite differ-
ent from satellite retrievals at both sites. At SGP, it generates
a positive slope for Nd < 50 cm−3, whereas it generates a
negative slope for Nd > 50 cm−3. At ENA, it shows an oppo-
site relation, with LWP decreases for small Nd and increases
for large Nd. The overall LWP susceptibility in E3SMv2 is
negative, which is consistent with observations but differs
from most ESMs that produce a positive value (Quaas et al.,
2009; Gryspeerdt et al., 2020). However, E3SMv2 shows a
“V”-shaped LWP–Nd relation, which is the opposite of the
observed “inverted-V”-shaped relation. We examined a few
other oceanic regions with frequent stratus or stratocumu-
lus clouds and saw similar behavior (not shown). This in-
dicates possible different mechanisms of LWP susceptibility
in E3SM than in observations. Our user-friendly diagnostics
package allows these analyses to be routinely performed for
the purpose of better understanding critical model behaviors
at process- and mechanistic-levels, providing observational
constraints to facilitate model development efforts.

Figure 13 shows heatmaps of mean TOA albedo with re-
spect to LWP and Nd, from which ∂A

∂ lnNd
and ∂A

∂ lnLWP can
be derived. At both ENA and SGP, TOA albedo generally in-
creases with increasing LWP and Nd, except at SGP when the

LWP is low. The increasing albedo with a low LWP may be
due to retrieval artifacts, as uncertainty becomes large when
the LWP is low (e.g., < 20 g m−2), the solar zenith angle is
high (e.g., > 55◦), or the cloud optical depth is low (e.g., < 5)
(Grosvenor et al., 2018). In most LWP–Nd bins, the TOA
albedo at SGP is generally higher than at ENA, which is ex-
pected for clouds with smaller droplet sizes. An increasing
TOA albedo with an increasing LWP is also seen in E3SMv2,
but the dependence on Nd is weak. This can be impacted by
a correlation between the solar zenith angle and Nd in E3SM
simulation, as discussed in Varble et al. (2023). For a given
LWP and Nd, TOA albedo is generally higher in E3SMv2
than in satellite observations, indicating that shallow clouds
may be too reflective in the model, possibly due to smaller
cloud Reff (Fig. 8).

The above illustration of single-variable and multivariable
diagnostics presents examples to demonstrate the capability
of ESMAC Diags v2. More analyses, such as selecting other
variables, performing additional data filtering or treatments,
and examining ACI relationships with other variable com-
binations, can be conducted using user-specified settings. A
detailed user guide and a collection of example scripts are
included in the diagnostics package to assist users with de-
signing customized diagnostics suited to their specific needs.

6 Summary

We developed the Earth System Model Aerosol–Cloud Di-
agnostics (ESMAC Diags) package to facilitate routine eval-
uation of aerosols, clouds, and ACIs in the US DOE E3SM
model using multiple observation platforms. As an updated
version of ESMAC Diags v1 (Tang et al., 2022a), which
mainly prioritizes aerosol properties, this paper describes
ESMAC Diags v2, which focuses on aerosols, clouds, and
their interactions. In addition to the short-term field cam-
paigns included in ESMAC Diags v1, long-term diagnostics
from two permanent ARM sites (SGP and ENA, each rep-
resenting continental and maritime conditions) are now con-
ducted to provide a more robust evaluation. The newly added
multivariable joint histograms, scatterplots, and heatmaps al-
low users to examine correlations between variables that are
relevant to the study of ACIs.

Ground- and ship-based aerosol measurements are fre-
quently impacted by local-scale emission sources, such as
those from airports or ship exhaust. These local sources
are not resolved by coarse-resolution ESMs, which usually
represent an environmental average calculated over a re-
gion of tens to hundreds of kilometers in size. In ESMAC
Diags, we used available contamination-removed aerosol
data, such as those from Gallo et al. (2020) for ENA and
Humphries (2020) for MARCUS, and applied data filter-
ing for other field campaigns. The observations are harmo-
nized into a uniform data format and temporal resolution
that are comparable with ESMs. Aircraft measurements re-
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Figure 12. Following Fig. 10 but for the Nd bin-normalized joint histogram of LWP versus Nd. Red lines and equations are linear fits for all
data samples and dashed black lines are linear fits for Nd < 50 cm−3 and Nd > 50 cm−3 when the fits are statistically significant (p < 0.01).

Figure 13. Heatmaps of mean TOA albedo versus LWP and Nd for
likely surface-coupled, overcast, low-level, liquid-cloud conditions
(cloud-top height < 4 km, cloud fraction > 90 %, ice water path
< 0.01 mm, and potential temperature difference between cloud
base and surface < 2 K). Data include samples within a 5◦× 5◦

region centered on SGP (a, b) and ENA (c, d). The valid sample
numbers are shown in the black contour lines. Grids with a valid
sample number < 10 are not filled. Ground data are not included, as
the TOA albedo is not available.

tain a higher resolution (currently 1 min) to preserve high
spatiotemporal variability, although ESMs have to be down-
scaled for evaluation with aircraft measurements. This scale
mismatch limitation must be accepted to perform evaluations
in current coarse-resolution ESMs. However, as ESM grid
spacing approaches a few kilometers via regional refinement
(Tang et al., 2019) or global convection-permitting config-
urations (Caldwell et al., 2021), the scale inconsistency be-
tween models and observations is reduced. ESMAC Diags
can easily adjust the preprocessing output resolution to facil-
itate the evaluation of high-resolution model output.

Cloud microphysical properties heavily rely on remote-
sensing measurements to achieve more robust sampling, with
imperfect retrieval algorithms needed to estimate these vari-
ables. Microphysical retrievals are more uncertain than typi-
cal atmospheric state measurements due to the need for many
assumptions related to cloud dynamical and physical pro-
cesses. We have shown (in Sect. 3) that ground- and satellite-
based retrievals of Nd and Reff are generally consistent with
each other and with in situ aircraft measurements, with some
systematic differences such as smaller Nd and larger Reff val-
ues in satellite retrievals. The discrepancies between different
retrievals can be larger for individual days (e.g., Fig. S1) but
can be mitigated to some degree when considering broader
statistics (Figs. 3, 4). The usage of multiple retrieval datasets
is critical to understand the robustness of evaluation results,
as the spread between different datasets indicates how robust
model–observation differences are and guides the interpreta-
tions of model biases to support model development.
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Finally, this paper presents a few examples of how well
E3SMv2 simulates aerosols, clouds, and ACIs. We showed
that ESMAC Diags can be used to target further investiga-
tion into specific parameterization components. For exam-
ple, the analysis of the Nd–CCN correlation indicates that
E3SMv2 may exhibit overly weak aerosol activation under
low-CCN conditions and overly strong activation under high-
CCN conditions; moreover, the analysis of the LWP–Nd cor-
relation indicates that either the precipitation suppression and
cloud evaporation mechanisms are not well represented or
that there are other mechanisms dominating the LWP–Nd
correlation in E3SMv2. These diagnostic analyses provide
insights into aerosol, cloud, and ACI areas that warrant spe-
cial attention in future model development efforts. As ESMs
continuously improve their physical parameterizations, reso-
lution, and numerical schemes, ESMAC Diags offers a valu-
able tool for systematically evaluating the performance of the
newer versions of a model with respect to simulating aerosol,
clouds, and ACIs.

Code availability. The current version of ESMAC Diags is pub-
licly available through GitHub (https://github.com/eagles-project/
ESMAC_diags, last access: 30 April 2023) under the new
BSD license. The exact version (2.1.2) of the code used
to produce the results used in this paper is archived on
Zenodo (https://doi.org/10.5281/zenodo.7696871, Tang et al.,
2023). The model simulation used in this paper is version
2.0 (https://doi.org/10.11578/E3SM/dc.20210927.1, E3SM Project,
2021) of E3SM.

Data availability. Measurements from the HI-SCALE, ACE-ENA,
MAGIC, and MARCUS campaigns as well as the SGP and ENA
sites are supported by the DOE Atmospheric Radiation Measure-
ment (ARM) user facility and are available at https://adc.arm.gov/
discovery/ (ARM Research Facility, 2023). Measurements from
the CSET and SOCRATES campaigns are supported by National
Science Foundation (NSF) and can be obtained from the NCAR
Earth Observing Laboratory at https://doi.org/10.5065/D65Q4T96
(UCAR/NCAR – Earth Observing Laboratory, 2022a) and
https://doi.org/10.5065/D6M32TM9 (UCAR/NCAR – Earth Ob-
serving Laboratory, 2022b), respectively. DOI numbers or ref-
erences of individual datasets are given in Tables S1–S8. All
of the preprocessed observational and model data used to pro-
duce the results used in this paper are archived on Zenodo
(https://doi.org/10.5281/zenodo.7478657, Tang et al., 2022c).
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