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Abstract

Arctic clouds play a key role in Arctic climate variability and change; however, contemporary climate models struggle to
simulate cloud properties accurately. Model-simulated cloud properties are determined by the physical parameterizations
and their interactions within the model configuration. Quantifying effects of individual parameterization changes on model-
simulated clouds informs efforts to improve cloud properties in models and provides insights on climate system behavior. This
study quantities the influence of individual parameterization schemes on Arctic low cloud properties within the Hadley Centre
Global Environmental Model 3 atmospheric model using a suite of experiments where individual parameterization packages
are changed one-at-a-time between two configurations: GA6 and GA7.1. The results indicate that individual parameterization
changes explain most of the cloud property differences, whereas multiple parameterizations, including non-cloud schemes,
contribute to cloud radiative effect differences. The influence of a parameterization change on cloud properties is found to vary by
meteorological regime. We employ a three-term decomposition to quantify contributions from (1) regime independent, (2) regime
dependent, and (3) the regime frequency of occurrence changes. Decomposition results indicate that each term contributes
differently to each cloud property change and that non-cloud parameterization changes make a substantial contribution to the
LW and SW cloud radiative effects by modifying clear-sky fluxes differently across regimes. The analysis provides insights on
the role of non-cloud parameterizations for setting cloud radiative effects, a model pathway for cloud-atmosphere circulation

interactions, and raises questions on the most useful observational approaches for improving models.
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Abstract
Arctic clouds play a key role in Arctic climate variability and change; however, contemporary
climate models struggle to simulate cloud properties accurately. Model-simulated cloud properties
are determined by the physical parameterizations and their interactions within the model
configuration. Quantifying effects of individual parameterization changes on model-simulated
clouds informs efforts to improve cloud properties in models and provides insights on climate
system behavior. This study quantities the influence of individual parameterization schemes on
Arctic low cloud properties within the Hadley Centre Global Environmental Model 3 atmospheric
model using a suite of experiments where individual parameterization packages are changed one-
at-a-time between two configurations: GA6 and GA7.1. The results indicate that individual
parameterization changes explain most of the cloud property differences, whereas multiple
parameterizations, including non-cloud schemes, contribute to cloud radiative effect differences.
The influence of a parameterization change on cloud properties is found to vary by meteorological
regime. We employ a three-term decomposition to quantify contributions from (1) regime
independent, (2) regime dependent, and (3) the regime frequency of occurrence changes.
Decomposition results indicate that each term contributes differently to each cloud property
change and that non-cloud parameterization changes make a substantial contribution to the LW
and SW cloud radiative effects by modifying clear-sky fluxes differently across regimes. The
analysis provides insights on the role of non-cloud parameterizations for setting cloud radiative
effects, a model pathway for cloud-atmosphere circulation interactions, and raises questions on the

most useful observational approaches for improving models.



Plain Language Summary
Arctic clouds play a key role in Arctic climate variability and change; however, state-of-the-art
climate models struggle to simulate cloud properties accurately. Errors in model-simulated cloud
have known and unknown influences on the simulated climate state and climate change
projections. Model cloud properties are determined by the physical parameterizations and their
interactions within the model. Thus, to improve model-simulated clouds, we need to understand
the effects of parameterization changes. We use a series of Hadley Centre Global Environmental
Model 3 atmospheric model simulations where individual parameterizations are changed one-at-
a-time. This approach allows us to isolate the influence of individual cloud parameterizations on
model-simulated cloud properties to inform model development and the observations needed to
improve models. The results show that individual parameterizations are most important for specific
cloud variables and that multiple parameterizations are important to determining the model-
simulated influence of clouds on the energy budget. We also find that changes in model-simulated
cloud properties respond differently under different weather conditions. The analysis provides
insights on the role of non-cloud parameterizations for setting cloud radiative effects, the ways
that clouds and the atmosphere interact, and raises questions on the most useful observational

approaches for improving models.



1. Introduction

The Arctic is rapidly changing; observed and simulated surface temperature trends are larger
than any other region (e.g., Taylor et al. 2017; Chylek et al. 2021; Rantanen et al. 2022). Climate
change simulations point to an acceleration of Arctic warming through the 21 century; however,
the climate model projected warming rate has a large inter-model spread (e.g., Previdi et al. 2021;
Taylor et al. 2022). Narrowing the spread in future predictions is a key scientific challenge
requiring improved knowledge of the processes driving Arctic change.

Cloud feedbacks are an important factor in global and Arctic climate change (Zelinka et al.
2020; Ceppi et al. 2021; Hahn et al. 2021; Tan et al. 2023; McGraw et al. 2023). A change in
Arctic cloud properties in response to surface warming can affect the Arctic climate system by
modulating the thermodynamic structure of the Arctic atmosphere, altering the surface energy
budget, masking the radiative response of sea ice loss, and changing the mass balance of Arctic
sea ice (Curry et al. 1996; Vihma et al. 2014; Tan et al. 2019; Sledd and L’Ecuyer 2019; Alkama
et al. 2020: Sledd and L’Ecuyer 2021). The magnitude of Arctic cloud feedback varies
substantially across contemporary climate models and impacts the projection of Arctic warming
and sea ice loss (e.g., Boeke and Taylor 2018; Hahn et al. 2021; Tan et al. 2019). Thus, a better
representation of Arctic cloud properties and evolution within climate models will help narrow the
spread in Arctic cloud feedback and climate change projections.

Recent studies highlight model-observational discrepancies in Arctic cloud properties and
indicate that model-simulated cloud biases stem from multiple sources. In Coupled Model
Intercomparison Project 5 (CMIP5) models, Boeke and Taylor (2016) show that model-simulated
clouds are too reflective in summer and not insulating enough in winter. These errors in the cloud

radiative effects are related to too little cloud amount, too little cloud liquid, too much cloud ice,



and errors in the seasonal evolution of cloud properties (e.g., Komurcu et al. 2014; Klaus et al.
2016; Taylor and Boeke 2016; Taylor et al. 2019). These model-observational differences in
CMIP5 models generally remain in CMIP6 (e.g., Tselioudis et al. 2021). Cloud microphysical and
aerosol parameterizations strongly affect model-simulated cloud properties and radiative effects
but are not the only contributing factors (e.g., Gettelman et al. 2010; Komurcu et al. 2014; English
et al. 2014; Taylor et al. 2015; Klaus et al. 2016; Morrison et al. 2018; Taylor et al. 2019; Tan and
Barahona 2022; Tan et al. 2023). Pithan et al. (2014) explore ‘clear’ and ‘cloudy’ states of the
Arctic wintertime boundary layer finding that the transition between mixed phase and ice clouds
is not only a function of cloud microphysics, but also a result of a change in meteorological regimes
and dynamical interactions. This suggests that the frequency of meteorological regimes can also
substantially influence model-simulated cloud properties (e.g., Stramler et al. 2011; Morrison et
al. 2012). These results underscore the importance of understanding the influence of specific
parameterizations on simulated cloud properties and the dependence on meteorological regime.
This study aims to advance our understanding of the multiple influences on model-simulated
Arctic low cloud properties. The experimental approach employed uses simulations from two
consecutive configurations of the atmospheric component of the Hadley Centre Global
Environmental Model (HadGEM) GA6 and GA7.1. This study leverages HadGEM3 cloud
parameterization experiments from Bodas-Salcedo et al. (2019) that individually turn on/off
parameterization package updates between GA6 and GA7.1 to assess the influence of each on
simulated Arctic cloud properties. The study stratifies cloud properties and radiative effects by
meteorological regimes, following Taylor et al. (2019), to investigate the dependence of the cloud
property response to parameterization changes on meteorological conditions. The results are

compared to Clouds and the Earth’s Radiant Energy System (CERES) observations and the



Modern-Era Retrospective analysis for Research and Applications-2 (MERRA-2). The study
objective is to determine the most important parameterizations affecting Arctic cloud properties in
HadGEM3 and evaluate the alignment with observations.
2. Model, Data, and Methodology
2.1. Model Description

The analysis uses the two configurations of the HadGEM3 atmosphere model—GA6 and
GA7.1. These configurations are set apart by the suite of parameterization updates from GA6 to
GA7.1. To make the number of simulations manageable, individual updates are grouped into
development “packages”, as in Bodas-Salcedo et al. (2019). A package is a collection of
parameterization changes that are related, either because they modify the same physical
parameterization (e.g., convection) or because they are logically dependent. A complete list of
model changes introduced between GA6 and GA7.1 can be found in Walters et al. (2019) and
Mulcahy et al. (2018), and a description of the packages in Bodas-Salcedo et al. (2019). We
provide a brief description of the individual package changes that explain most of the differences
in the simulation of Arctic clouds between GA7.1 and GA6.
2.1.1. Large-scale cloud

The large-scale cloud scheme is responsible for the calculation of the cloud fraction and
condensate within each gridbox at each timestep (Wilson et al. 2008a,b; Morcrette 2012; Van

Weverberg et al. 2016). The primary changes in this package are listed below.

e Radiative impact of convective cores: the profiles of convective cloud amount and cloud
condensate are combined with the large-scale cloud fields before being passed to the cloud

generator of the radiative transfer code.



e Consistent treatment of phase change for convective condensate passed to large-scale cloud:

this change enforces consistency between the upper temperature limit at which ice can be
formed by convection and in the large-scale cloud scheme.

e Turbulence-based critical relative humidity: the value of the critical relative humidity used

to initiate cloud in cloud-free grid boxes or to remove cloud from cloud-filled grid boxes has
changed from being constant at each model level to being dependent on sub-grid turbulence.

e Removal of redundant complexity for ice cloud: this removes the effect of two ice cloud

fraction increment terms that partially offset and had no clear physical justification.
e A retuning of the low cloud was carried out with the aim of reducing its albedo while
maintaining the improved cloud cover.
2.1.2. Radiation
The radiation code updates the vertical profiles of heating rates in each gridbox due to radiative
processes in the solar and terrestrial parts of the spectrum (Edwards and Slingo, 1996; Manners et
al., 2015). The changes in this package are listed below.

e Consistent ice optical and microphysical properties: update of the parameterization for

scalar optical properties of ice crystals to the formulation by Baran et al. (2016).

e Revised ice microphysical properties: the representation of ice particle size distribution is

updated to the empirical distribution of Field et al. (2007), and the mass-diameter relation
is updated based upon measurements with improved accuracy (Cotton et al. 2013).

e Improved treatment of gaseous absorption: improved representation of H,O, CO», O3 and

O absorption in the SW and of all gases in the LW.

2.1.3. Microphysics



This package bundles changes related to large-scale precipitation or strongly coupled to
microphysical processes, as listed below.

e Improved treatment of sub-grid-scale cloud water content variability: parameterization of

the fractional standard deviation of cloud water content as formulated in Hill et al. (2015).

e New warm rain microphysics: re-write of the warm rain part of the large-scale

precipitation scheme, as documented in Boutle and Abel (2012) and Boutle et al. (2014).

e Turbulent production of liquid water in mixed-phase cloud: implementation of a new

parameterization of liquid water production in mixed-phase cloud (Field et al. 2014;
Furtado et al. 2016).
2.2. Model Experiments
The model experiment suite consists of a series of 14-year AMIP-style simulations where the
updated development packages are turned on/off individually to target either GA7.1 (using GA6
as a baseline and turning an updated package on) or GA6 (using GA7.1 as a baseline and turning
an updated package off). The union of all packages contain all changes between GA6 and GA7.1.
Daily and monthly data are used from March 2000 to December 2014. Due to the large number
of parameterization package changes between GA6 and GA7.1, monthly output is used to identify
the packages with the greatest effect on monthly mean cloud properties (not shown). Table 1 lists
the ten individual parameterizations and two combinations that have the largest impact on monthly

mean cloud properties. The analysis described in Section 3 uses daily output from GA6 ON



experiments; simulations using the base GA6 model where a single parameterization scheme is

updated to the GA7.1 parameterization one at a time, hereafter called ON_experiments.

Table 1. Summary of the development packages analyzed.

Name Parameterization Package

Rad Radiation

Aer Aerosols

Mic Microphysics and large-scale precipitation
Cld Large-scale cloud

Cnv Convection

BL Boundary layer

GWD Gravity wave drag

Dyn Dynamics

Sto Stochastic physics

Lnd Land surface

AerErf Aerosols + Effective radiative forcing

Microphysics and large-scale precipitation

MicCldRad + Large-scale cloud + Radiation

2.3. Data and Reanalysis
2.3.1. Clouds and Earth’s Radiant Energy System (CERES)

The CERES synoptic edition 4A product (SYN Ed4a, Doelling et al. 2013; 2016) provides 1-
hourly radiative fluxes at the surface, four atmospheric levels (850, 500, 200, and 70 hPa), and the
top of the atmosphere (TOA) at 1°x1° spatial resolution. The in-atmosphere and surface fluxes are
computed hourly using the Langley-modified Fu—Liou radiative transfer model using inputs from
the Moderate Resolution Imaging Spectroradiometer (MODIS) and meteorological state from the
Goddard Earth Observing System Version 5.4.1 (GEOS-5.4.1; Rutan et al., 2015). Cloud
properties are retrieved within four layers: low (surface to 700 hPa), middle (700-500 hPa),
middle-high (500-300 hPa), and high (300-50 hPa). Cloud radiative effect (CRE) is defined as the
difference between all-sky minus clear-sky fluxes in the LW and SW using downwelling fluxes

only to minimize the impact of surface albedo differences. Radiative flux uncertainty of £12 Wm-

2 is adopted for clear-sky fluxes and +16 W m for all-sky fluxes and CRE following Kato et al.



(2010; 2011). These uncertainty estimates align with a recent comparison between CERES SYN
Ed4a and surface radiometer measurements during the Multidisciplinary drifting Observatory for
the Study of Arctic Climate (Huang et al. 2022).
2.3.2. MERRA-2

MERRA-2 (Gelaro et al. 2017) is the latest reanalysis produced by the Goddard Modeling and
Assimilation Office (GMAO). MERRA-2 uses version 5.12.4 of the GEOS atmospheric model
and data assimilation system with horizontal resolution of 0.58° latitude by 0.6258° longitude with
a vertical resolution of 72 hybrid-eta levels at 1-hourly temporal resolution (Molod et al. 2015).
For this study, MERRA-2 cloud liquid and ice water concentration (CLW and CLI, respectively)
profiles are compared with the GA6 and GA7.1 (GMAO 2015).
2.4. Meteorological Regime Framework

The meteorological regime framework enables the quantification of differences between
models and observations and between model experiments on a regimes-by-regime basis.

Meteorological regime analysis provides insights into the processes that influence cloud properties

!

40
38
36
34
32
30
28
26
24

22 0.8

20

18

16 —

14

12 -
10 - ||
8_

I
----------- how

;>>

»
o
N
[
©e © o 0o 0 0 0 o *#
N W A U O N O ©

LTS (K)
I

Frequency of Occurrence (%)

R
-Wsgo (hPa day™)
Figure 1: Relative frequency of occurrence (RFO) for the meteorological regime phase space of (x-axis) 500 hPa

vertical velocity (wso00) and (y-axis) lower tropospheric stability (LTS) for GA6. -ms00 is used to have ascending
motion be represented as a positive number.
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under specific atmospheric conditions (e.g., Stramler et al. 2011; Barton et al. 2012; Liu and
Schweiger 2017; Taylor et al. 2015; 2019; Zelinka et al. 2023). Studies show that Arctic low cloud
amount (LCA) and CLI and CLW are strongly influenced by lower tropospheric stability (LTS)
and 500 hPa vertical velocity (ms00) (Solomon et al. 2011; 2014; Shupe et al. 2013; Taylor et al.
2019; Yu et al. 2019; Taylor and Monroe 2023); thus, we stratify cloud properties by these
variables to determine regime dependent differences. Figure 1 shows the relative frequency of
occurrence (hereafter RFO) of GA6 LTS/-ws00 meteorological regimes. The most frequent regimes
show mid-high stability (LTS ~ 19 K) and weak subsidence (-wso0 ~ -10 hPa day™!; vertical
velocity is expressed -msoo for ease of interpretation, positive values indicate rising motion).
Using the RFO and the LCA in each LTS/-ws00 bin, the average cloud amount can be defined

as

LCA = z LCA(LTS;, —wsgo,j) - RFO(LTS;, —wsqo,j) (1)
iLj

where LCA(LTS;, —wsqo,j) is the average low cloud amount and RFO(LTS;, —wsg;) is the
relative frequency of occurrence of the i and j LTSi/-ws00,j bin. The summation of RFO over all
1,j bins equals one. Applying a first-order Taylor series approximation of (1) and reordering terms

allows for the separation of the GA7.1 minus GAG6 differences (§LCA;47.1—cae) into three terms,

SLCAGa71-Gasequar - RFO(LTS;, —ws00,j)Gas T+
O0LCAGa71-6a6 = 2ij OLCA'(LTS;, —wso0,j)6a7.1-646 - RFO(LTS;, —wWso0,j)cas +  (2)
LCA(LTS;, —wsg0,j)cas " ORFO(LTS;, —ws00,j)Ga7.1-GAa6
where §LCA (left-hand side of (2)) is the total difference in LCA between GA7.1 minus GA6. The
three terms on the righthand side of (2) from top to bottom represent (a) regime independent,

(b) regime dependent, and (c) RFO contributions to total cloud property changes. The regime
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independent and dependent terms are determined by defining SLCA(LTS;, —wWso0,j)a7.1-Ga6 8S

the sum of 6LCAGa7.1-gasequar + OLCA' (LTS}, —ws00,7) 6a7.1-Ga6-

_ 1
5LCAGA7.1—GA6,equal =% SLCA(LTS;, _(USOO,j)GA7.1—GA6
N £ and (3)
L

SLCA'(LTS;, —ws00,j)ca7.1-Ga6 4.
= 6LCA(LTSL" _(Usoo,j) - 6mGA7.1—GA6,equal

The regime independent term, §LCA;471_¢ A6,equals Tepresents the equal-weight average cloud
property change across all LTSi/-wso0; bins, where N is the total number of bins. The regime
dependent term, SLCA'(LTS;, —wso0,j) a7.1-Ga6» TePresents the deviation of the cloud properties
within a regime from the equal-weight averaged GA7.1-GA6 difference across all regimes. The
RFO term represents the contributions to the GA7.1-GA6 differences from shifts in regime
frequency. Equation (2) is applied to LCA, CLI, CLW, and LW and SW CRE to quantify the
relative contributions of these terms to inter-model and model-observation differences.
3. Results
3.1. GA7.1 and GAG6 differences

This section documents the cloud properties and radiative flux changes between GA6 and
GA7.1. To provide a comprehensive perspective of these differences, we present a comparison of
the Arctic domain average and meteorological regime average cloud properties.

Table 2 summarizes the Arctic domain average cloud properties and LW and SW CRE for
GA®6 and differences with GA7.1 and the ON_experiments (discussed in Section 3b). The final
line in Table 2 shows the linear combination of the individual ON_experiments and AerErf ON;
MicCldRad ON and Aer ON are not included in this sum to avoid double counting. This line can

be compared to the full difference GA7.1 - GA6 (Table 2, line 2) indicating a greater degree of
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closure for cloud property variables than for radiative fluxes. A comparison with observations is
provided in Section 3c. Table 2 indicates that GA7.1 has less LCA than GA6 in the annual mean
and in each season (not shown). Conversely, GA7.1 shows greater annual mean and seasonal CLI
and CLW in the lower atmosphere than GA6.

Table 2. Summary of Arctic domain average cloud properties and radiative effects for model
simulations, where RLDSCS, RSDSCS, and RSUSCS represent the downwelling longwave clear-

sky flux, the downwelling shortwave clear-sky flux, and the upwelling shortwave clear-sky flux at
the surface.

CA CLI CLW LWCRE RLDSCS SWCRE RSDSCS RSUSCS
(%) (f4 € (Wm? Wm? Wm?) (Wm?) (Wm?)

kg')  kg')
GA6 | 2970 | 596 | 567 39.66 | 20427 | -4471| 14632 58.32
GA7.1-GA6 | -6.02 | 333 | 232 2.78 1.14 | -0.01 3.51 -3.95
Rad ON-GA6 | 0.72 | 249 | 0.02 1.17 1.47 0.81 -1.75 -0.99
Aer ON-GA6 | 030 | 0.14 | -0.11 1.52 195 -1.69 -0.58 -0.08
Mic ON-GA6 | 1.07 | 022 | 1.30 1.05 -1.31 2.47 0.10 0.18
Cld_ ON-GA6 | -8.80 | -0.63 | 0.07 -4.17 2.42 5.66 0.25 0.72
Cnv_ON-GA6 | 0.61 | 033 -0.18 0.70 147 | -1.14 0.24 0.10
BL ON-GA6 | 023 0.56 | -0.04 0.69 006 | -1.26 0.03 -0.10
GWD_ON-GA6 | -0.59 | -0.10 | -0.18 -0.95 0.13 1.13 -0.04 -0.23
Dyn_ON-GA6 | -0.46 | -0.07 | -0.01 -0.32 -0.34 0.20 -0.06 0.22
Sto_ON-GA6 | -0.08 | 0.11 | -0.02 0.66 008 | -1.06 -0.06 -0.11
Lnd ON-GA6 | -0.52 | -0.02 | 021 0.25 298 | -0.30 -0.59 2.75
AerErf ON-GA6 | 0.17 | 0.18 | 0.03 1.27 -0.63 -0.40 -1.46 2.41
MicCldRad_ON-GA6 | -6.54 | 178 | 126 -1.60 -1.42 4.00 -1.37 0.10
Sum of ON_Experiments | -7.67 | 3.07 | 1.19 0.35 -1.43 1.17 335 -5.81
CERES | 40.7 — - 438 2090 | -43.1 141.6 46.1
MERRA-2 — [ 112 209 - - - - -

The domain average cloud property changes compete in their influence on LW and SW CRE.
The result shows that GA7.1 has a larger annual mean LW CRE than GA6 and in each season
except for June-July-August (not shown). SW CRE shows little change in the annual mean due to
offsetting seasonal differences: GA7.1 more negative than GA6 in spring and less negative in
summer. GA7.1 has a greater downwelling clear-sky LW flux and less downwelling and upwelling

clear-sky SW flux at the surface. The clear-sky flux changes impact the CREs, where the increased
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Figure 2. Annual mean (a-c) low cloud amount, (d-f) cloud ice mixing ratio (units: g kg™), and (g-i) cloud liquid
mixing ratio (units: g kg!) within LTS/-ws00 meteorological regimes for GA7.1, GA6, and GA7.1-GA6

differences, respectively.

downwelling LW clear-sky flux reduces GA7.1 minus GA6 LW CRE difference. In the SW, the
reductions in downwelling SW clear-sky fluxes offset the influence of increased CLW and CLI.
Overall, Table 2 illustrates substantial changes in domain average cloud properties, CRE, and
clear-sky fluxes between GA7.1 and GA6.

We find that domain average changes are not distributed evenly across meteorological regimes.
Figure 2 shows the average LCA, CLI, and CLW values within the LTS/-ws00 regimes for GA7.1,
GA®6, and the GA7.1 minus GAG6 differences. For LCA, the smaller GA7.1 average LCA results
from a general reduction in LCA across a range of the most frequently occurring regimes (Fig. 2¢);

the largest LCA reductions are found in regimes with LTS between 12-20 K and weak to moderate
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Figure 3. Annual mean (a-c) LW CRE and (d-f) SW CRE within LTS/-ws00 meteorological regimes for GA7.1,
GAG6, and GA7.1-GAG6 differences. Units are W m™2.
rising motion. Large increases in LCA (exceeding 20%) are found at LTS <4 K. However, these
LCA increases do not contribute substantially to the domain average due to their low RFO.
Meteorological regime dependent differences between GA7.1 and GA6 are also found for CLI
and CLW. The greater domain average CLI in GA7.1 (Fig. 2f) is supported by small increases
across many meteorological regimes with the largest increases at LTS< 12 K (Fig. 2f); these
increases show a weak dependence on -wsoo. In contrast, CLW differences between GA7.1 and
GAG6 vary with -mso0 and the strongest CLW increases occur in regimes of rising motion. The larger
domain average GA7.1 CLW is supported by strong increases across a range of LTS values from
2-32 K (Fig. 2i). The meteorological regimes that show the largest increases in CLW also show
the largest reductions in LCA. Large increases in CLI and CLW are also found at LTS <4 K.
The distribution of LW and SW CRE changes between GA7.1 and GA6 across meteorological

regimes result from the competing influences of LCA and CLW changes (Fig. 3). GA7.1 shows

greater LW CRE than GA6 across most meteorological regimes with a few meteorological regimes
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showing greater increases, including at LTS< 8 K and under moderate subsidence conditions with
LTS between 20-28K. For SW CRE, the GA7.1-GA6 differences vary strongly across
meteorological regimes; more negative differences are found at LTS <6 K and between 22-30 K.
GA7.1 shows more positive SW CRE than GA6 at LTS between 10-16 K. The results indicate that
for regimes where LW CRE increases and SW CRE decreases the CLW increase dominates the
CRE change, whereas in the regimes where LW CRE decreases and SW CRE increases the LCA
decrease dominates.

Changes in meteorological regime RFO also influence the GA7.1-GA®6 differences. The solid
and dotted contours in Fig. 2¢ indicates a RFO shift toward increased LTS in GA7.1 than GAG®.
This shift reduces the impact of LCA reductions as the regimes with the greatest reductions also
have reduced RFOs. Conversely, the CLW increase and the increased LW and SW CRE
magnitudes in GA7.1 contribute more strongly to the domain average, as regimes with increased
RFO show a greater CLW increase. The RFO changes play a minor role in CLI differences. Clear
from Fig. 2 and 3, the domain averaged differences in the cloud properties are influenced by a
combination of changes in meteorological regime cloud properties and changes in regime RFO.
To quantify the influence of RFO, we apply the decomposition in (2)-(4).

Different terms of the decomposition (Fig. 4) dominate the GA7.1-GA6 differences for
different cloud variables. The regime independent term accounts for the largest contribution to the
CLI, CLW, and LW CRE differences. For CLI, the regime dependent term partly offsets the regime
independent term. The regime dependent term makes the largest contribution to the LCA reduction

from GA6 to GA7.1. The RFO term makes the largest contribution to the SW CRE differences.
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The results indicate that when assessing the factors that influence the changes in the cloud and
radiative properties one cannot assume that the factors that determine the change in one cloud
property also explain the change in another.

3.2. Role of individual parameterizations

Many parameterization updates make up the evolution from GA6 to GA7; however, the results
show that a handful explain most of the cloud property differences. Using the suite of
ON_experiments (Table 1), we quantify the influence of individual parameterization schemes on
the GA7.1 minus GAG6 cloud differences. Two of the ON_experiments are combinations of
parameterization scheme changes: AerErf ON and MicCldRad ON.

The analysis of domain average cloud property and CRE changes for the ON_experiments
indicate that the parameterization packages that most strongly influence the GA7.1-GA6
differences are different for each cloud variable. For cloud properties, the annual mean domain
average change from GA6 to GA7.1 (Table 2) is explained by a single package change: Cld ON

for LCA, Rad_ON for CLI, and Mic_ON for CLW. For LCA and CLW, most ON_experiments
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do not produce a substantial domain average change. For CLI, several ON_experiments alter the
GA6 domain average by more than ~10%, including Cld ON and BL ON. These effects are,
however, substantially less than the ~40% change in Rad ON. Considering LCA, Cld ON
overshoots the GA7.1 domain average but considering multiple package changes simultaneously
(MicCIdRad_ON) the agreement with GA7.1 LCA is within ~0.5%.

In contrast to cloud properties, multiple package changes are needed to explain the LW and
SW CRE GA7.1-GAG6 differences. The LW CRE differences between GA7.1 and GA6 (Table 2)
is ~7%. Most ON_experiments do not produce a large change. Aer ON produces the greatest
increase in LW CRE and most closely matches GA7.1 but is only 55% of the total GA7.1-GA6

difference. The largest absolute change is a decrease in LW CRE found in Cld_ON, due to the

reductions in LCA. Considering SW CRE, the overall GA7.1-GA6 difference is small resulting
d) BL_ON — GA6 Low CA

a) GA7.1 — GA6 Low CA b) Cld_ON — GA6 Low CA c) Cnv_ON — GA6 Low CA

LTS (K)
NeooBREREENRRRENEELS

GA7.1 - GAG Low CA (%)
GAG+Cnv_ON - GAG Low CA (%)

500 (hPa day™)

e) GA7.1 — GA6 Low CLI

LTS (K)
anBKEEEERYERENESEE Q.

GA7.1 - GAG Low CLI (g kg *10")
GAG+Rad_ON - GA6 Low CLI (g kg * *10")
T
GAG+Cnv_ON - GAG Low CLI (g kg *10%)
PR RTR T

' 26
29

GAG+Mic_ON - GAG Low CLW (g kg* *10%)
LT ()
GAG+Lnd_ON - GAG Low CLW (g kg™ *10")

[t A et At A A
GA7.1- GAS Low CLW (g kg *10")

Shbiis Shgrag
sushiuidsugh "EUER
sy (hPa day™)

Figure 5: Annual mean differences between GA7.1 and GA6 and ON_experiments and GA6 for (a-d) LCA, (e-h)
CLI, and (i-1) CLW. Panels (a, e, i) GA7.1 minus GA6, (b, k) Cld_ON minus GA6, (c,g) Conv_ON minus GAG6,
(d,h) BL_ON minus GAG6, (f) Rad_ON minus GA6, (j) Mic_ON minus GAG6, and (1) Lnd_ON minus GA6.

from offsetting effects of many parameterization changes.
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As opposed to the domain average changes, multiple parameterization package changes are
needed to explain the cloud property differences across meteorological regimes. Considering LCA,
Fig. 5 shows that the Cld_ON, Conv_ON, and BL_On experiments influence the distribution of
GA7.1-GAG6 cloud property changes across meteorological regimes. Cld ON (Fig. 5b) produces a
general LCA decrease across most regimes; the Conv_ ON and BL ON experiments (Fig. 5c¢,d)
are responsible for the LCA increase at LTS< 6 K. For CLI, Rad ON (Fig. 5f) produces the general
CLI increase when LTS <22 K and, as with LCA, Conv_ON and BL_ON experiments (Fig. 5g,h)
are responsible for the CLI increase at LTS< 6 K. For CLW, Mic_ON (Fig. 5j) produces the
increase in CLW at LTS values between 10 and 28 K. Different from LCA and CLI, Cld_ON (Fig.
5k) contains the increased CLW at LTS< 8 K, not Conv_ON and BL_ON.

Multiple parameterization packages are also needed to explain the LW and SW CRE changes
across meteorological regimes. Interestingly, the MicCldRad ON experiment (Fig. 6b,g), which
captures cloud property changes well, does not reproduce the LW and SW CRE GA7.1-GA6

differences in the domain average or in meteorological regimes. BL_ON (Fig. 6¢,h), Aer ON (Fig.
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Figure 6. Annual mean differences between GA7.1 and GA6 and ON_experiments and GA6 for (a-¢) LW CRE
and (f-j) SW CRE. Panels (a,f) GA7.1-GA6, (b,g) MicCldRad ON-GA6, (c,h) BL ON-GAG6, (d,i) Aer ON-GAG®,
(e,j) Land_ON-GAG6. Units are W m2,
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6d,1), and Lnd On (Fig. 6e,j) experiments also substantially influence the LW and SW CRE
changes across meteorological regimes. This indicates that packages that do not influence cloud
properties (referred to as “non-cloud” changes) influence the simulated LW and SW CRE.

We find that non-cloud parameterization packages substantially influence the GA7.1-GA6 LW
and SW CRE differences by affecting the clear-sky fluxes. Considering RLDSCS,
MicCldRad ON (Fig. 7b) and Lnd ON (Fig. 7e) exhibit a pattern that most closely resembles
GA7.1-GAG6 (Fig. 7a). In the available simulations, Lnd ON produces the largest positive change
in RLDSCS. For RSDSCS (Fig. 7f-j), MicCldRad_ON shows a strong influence on the RSDSCS
with a similar pattern to GA7.1-GA6 (Fig. 7f) but stronger with a magnitude. Cloud
parameterization changes contribute to substantial increases in RSDSCS for LTS from 20 to 28K
and substantial decreases for LTS from 4-16 K. Several non-cloud scheme changes, including
BL ON (Fig. 7h) and Aer_On (Fig. 7i), offset these impacts on RSDSCS. The results indicate that
the clear-sky flux response to cloud and non-cloud parameterization changes substantially
influence LW and SW CRE.

Different ON_experiments produce different RFO patterns, however Cld ON and Rad ON
dominate the overall GA7.1-GA6 differences. The pattern shown by most ON_experiments (Fig.

5) is a weak increase in the RFO for LTS from 14 to 22 K and a decrease in RFO at slightly larger
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and smaller LTS with a weak -mso0 dependence. Several parameterizations, specifically Mic_ ON
(Fig. 5j) and Sto_ ON (not shown), show a RFO change with a greater dependence on -mso0. Most
ON_experiments show small RFO changes with a pattern that does not resemble GA7.1-GA6
differences (Fig. 5). Cld ON (Fig. 5b) and Rad ON (Fig. 5f) experiments show RFO change
patterns that closely correspond to GA7.1-GA6. The RFO changes in the Rad ON experiment are
~25% of the changes found in Cld ON. Thus, the Cld ON experiment provides the strongest
influence on GA7.1-GA6 RFO changes. The results provide no evidence for a strong non-cloud
parameterization influence on regime RFO changes.

Figure 8 shows a bar chart where the left most grouping represents the total cloud property
change between GA7.1 (black bars) or an ON_experiment (colored bars) and GA6. The remaining
Fig. 8 groupings represent the regime independent, atmospheric regime dependent, and RFO
terms, respectively. Considering LCA changes, the Cld ON experiment dominates the overall

change; however, the regime independent term makes the largest contributions in Cld ON,
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differing from Fig. 4 where the regime dependent term makes the largest contribution. Considering
the CLI change, the overall contribution is dominated by Rad ON (as in Table 2). Rad ON,
however, only influences the regime independent term while the GA7.1-GA6 change is from
offsetting contributions of the regime independent and dependent terms. For CLW, Mic ON
dominates the overall change and indicates little contribution from other experiments. The
decomposition shows that other packages influence CLI but that their net contributions are small
due to offsetting contributions from the regime independent and dependent terms. Since Rad ON
does not produce a strong regime dependent contribution and the other ON_experiments exhibit
offsetting contributions, the source of the large negative contribution from the regime dependent
term is unclear; parameterization interactions may explain this contribution.

For LW and SW CRE, many ON_experiments contribute to the GA7.1-GA6 differences that
provide contributions from all three decomposition terms. The Cld ON experiment shows
offsetting contributions from the regime independent and RFO terms. This is interesting because
the RFO change only has a substantial influence on the radiative flux terms and not the cloud
property terms. As eluded to previously, the non-cloud parameterization experiments influence
LW CRE by influencing the RLDSCS; Fig. 8 indicates that many parameterizations influence this
flux. It is interesting that the primary way that the convection scheme influences LW CRE is
through an influence on the RLDSCS flux. Lastly, while not making substantial contributions to
the overall GA7.1-GA6 changes in any variable, the BL ON experiment shows offsetting
contributions from the regime independent and dependent terms.

3.3. GA7.1 and GAG6 differences from observations and reanalysis
This section compares GA7.1 and GA6 cloud properties with CERES SYN Ed4a and MERRA-

2 to assess the alignment with observations. Comparisons are performed using average LCA, CLI,
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MERRA-2 differences.
and CLW between the surface and 700 hPa for consistency with the CERES low cloud definition.
Computing CRE using only downwelling all- and clear-sky fluxes reduces the impact of surface
albedo differences between models and observations.
Figure 9 shows LCA across LTS/-ms00 regimes for CERES, MERRA-2, and difference plots
with GA6 and GA7.1. The LCA joint distributions for GA6, GA7.1 and MERRA-2 indicate
increasing LCA for regimes with rising motion and medium-high stability (LTS ~ 18 K) while

CERES shows more clouds for subsidence regimes. The smaller LCA values for CERES clouds

in regimes with rising motion result from passive satellite observations being blind to low clouds
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under high clouds. Spaceborne radar measurements show that low clouds are found in these
regimes (e.g., Taylor et al. 2015; Yu et al. 2019). Performing this comparison using satellite
simulator output is a better method (e.g., Bodas-Salcedo et al. 2011; Kay et al. 2012; Medeiros et
al. 2023), however satellite simulator output is not available for these simulations. While MERRA-
2 possesses shortcomings in its representation of Arctic low clouds producing too few clouds
(Segal Rozenhaimer et al. 2018); the differences between GA7.1 and GA6 with MERRA-2 are the
most appropriate comparison for assessing alignment with the observed Arctic clouds. All
reanalysis products exhibit shortcomings in the Arctic (Yeo et al. 2022); MERRA-2 is used here
as it provides a reasonable representation of the general Arctic cloud properties.

GA6 and GA7.1 LCA compare similarly with MERRA-2 showing the largest differences under
rising motion and lower LTS values. The GA7.1 and GA6 also show RFO differences with
MERRA-2 (Table 2); however, these differences have a small influence. While GA6 and GA7.1
simulate less LCA than found in MERRA-2, Fig. 9 indicates that GA7.1 is in better overall
agreement with MERRA-2.

GAG6 and GA7.1 both simulate greater CLI and less CLW than MERRA-2. Figure 10 shows
joint distributions for CLI and CLW from reanalysis and differences with GA6 and GA7.1. The
greatest CLI for both models and MERRA-2 is found in low stability regimes (LTS < 4K), though
magnitudes vary greatly. Outside of these low stability regimes, model simulations show a similar
dependence of CLI and similar differences with MERRA-2. The GA7.1 and GAG6 differences with
MERRA-2 are generally regime independent. While the differences between GA7.1 and GA6 with
MERRA-2 are substantial, the results suggest that GA6 CLI agrees better with MERRA-2 and

GA7.1 shows better agreement with MERRA-2 for CLW.
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Figure 11 shows the joint distributions of observed and modeled LW CRE (Fig 11a-f) and SW
CRE (Fig 11g-1). Maximum LW CRE occurs at ~LTS < 20 K for both CERES and models and
increases with decreasing stability, though both GA6 and GA7.1 show a dependence on -msoo that
is not found in observations. CERES LW CRE is larger than GA6 and GA7.1 for mid-high stability

25



LTS (K)
LTS (K)
GA7.1 - GA6 LWCRE (W m?)

NURHANOWOON
GA7.1 ANNUAL LW CRI

WOORKRENNNWWWWS

d)ao e) f)
< < <
£ E 12 %
3 E He 3
z w He w

- W o 24 ¥

g £ 22 g2 ¢

o 20

5 = g 18 ] g 2
S g H
i g g
< - ©
w 1) 12
g 3 E
w
%)

LTS (K)
EEREEEEEREREEEEE|

GA7.1 - GA6 SWCRE (W m?)

8
GA7.1 ANNUAL SWCRE (W m?)

L
-
.72 @

NNW
She
day™)

LTS (K)
T T I T T T T T T TN
&

a
W

GAG6 - CERES SWCRE (W m?)

Figure 11. Annual mean (a-f) LW and (g-1) SW CRE within LTS/-ws00 meteorological regimes for (a,g) GA7.1,
(b,h) GA6, and (d, j) CERES and the (c, i) GA7.1-GA®6, (e,k) GA7.1-CERES, and (f,]) GA6-CERES differences.
Units are in Wm?2,

regimes, particularly with increasing subsidence. Negative LW CRE differences occur in regimes
more frequently simulated by models and contribute to the lower model mean LW CRE. Both
GA7.1 and GA6 simulate low stability regimes more frequently than MERRA-2, which for GA7.1

contain mostly positive LW CRE differences (GA7.1 > CERES) while for GA6 these regimes

have smaller, slightly negative LW CRE differences (CERES > GAG6). The largest model
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differences in LW CRE (Fig. 11c) occur for low stability regimes coinciding with the large inter-
model differences in ice clouds present at LTS < 4 K, indicating that changes in CLI are driving
radiative differences in GA7.1 farther from CERES observations.

Considering SW CRE (Figure 11g-1), maximum SW CRE for GA6, GA7.1 and CERES is
found for rising motion and medium stability with minimum SW CRE found in high stability
regimes independent of -mse0. These regimes are more frequently simulated in GA7.1 than GA6
(solid line contours in Fig. 111) and possess larger SW CRE, larger LW CRE, about the same CLI,
more CLW, and smaller LCA for GA7.1 compared to GA6. These more frequently simulated
regimes do not coincide with the largest inter-model differences and, in the case of LCA, are not
coincident with the sign of the largest inter-model differences. If the frequency of low stability
regimes increases—either through model improvement or from climate change—Ilarger inter-
model biases may be seen.

The takeaway from this comparison is that overall GA7.1 shows better agreement with
observations than GA6. However, this is not the case under all conditions. The most notable
regimes under which GA6 outperforms GA7.1 are those with low LTS conditions. Overall, GA6
and GA7.1 cloud properties tend to be more like each other than like MERRA-2.

4. Discussion

The conventional approach for improving model-simulated cloud properties and their radiative
effects revolves around using (new) in situ or satellite observations to guide the refinement of an
existing cloud parameterization or development of a new one (e.g., Field et al. 2007; Molod 2012;
Morcrette 2012; Bouttle and Abel 2012; Bouttle et al. 2014; Barahona et al. 2014; Molod et al.
2015). At the heart of this conventional approach is a cloud parameterization. However, a key

finding of this paper is the influence of non-cloud parameterizations on LW and SW CRE through
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their impact on clear-sky fluxes. The importance of clear-sky fluxes to CRE is evident the
definition of CRE and has been discussed in many previous studies (e.g., Sohn et al. 2006; Soden
et al. 2008; Boeke and Taylor 2016; Loeb et al. 2020). The influence of cloud parameterization on
model-simulated CRE is clear and we document the substantial contributions of non-cloud
parameterizations. To the best of our knowledge the contributions of non-cloud parameterizations
to model-simulated CRE have not been documented. Thus, non-cloud parameterizations must be
considered to understand the full influence of parameterization changes on CRE.

Cloud parameterizations are also found to influence clear-sky fluxes and do so differently by
meteorological regime. The influence of cloud parameterizations on clear-sky fluxes indicates a
potential feedback/interaction between the cloud properties, the atmospheric circulation, and the
clear-sky fluxes that requires further exploration to understand. This effect differs from the
influence of different definitions of clear-sky fluxes on CRE.

Many studies highlight the importance of two-way interactions between clouds and the
atmospheric circulation (e.g., Li et al. 2015; Ceppi and Hartman 2016; Voigt et al. 2021). We find
that the large-scale cloud scheme is the single most impactful parameterization on the changes in
the frequency of Arctic meteorological regimes between GA6 and GA7.1. It is known that the
large-scale atmospheric circulation responds to the influence of clouds on the atmospheric heating
rate profile. Assuming that the cloud influence on the atmospheric heating rate profile is
determined to first order by the presence or absence of clouds, it follows that the parameterization
that dictates cloud amount would strongly impact the regime RFO. It is not clear, however, why
other parameterizations do not more strongly influence the RFO. This result suggests, at least for
this model, that cloud presence plays the most important role in determining the meteorological

regime occurrence. Thus, this effect could represent an important interaction between clouds and
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regime occurrence that enables other mechanisms to influence the atmospheric circulation by
impacting cloud amount. For instance, a response of clouds to sea ice loss (e.g., Kay and Gettelman
2009; Taylor et al. 2015; Morrison et al. 2018) could alter the cloud amount and modulate the
atmospheric circulation. There is has been much debate over the influence of sea ice loss on the
Arctic-mid latitude circulation (e.g., Cohen et al. 2020) and Arctic Amplification (Hahn et al. 2021;
Taylor et al. 2022; Tan et al. 2023) and this result suggests that a portion of the uncertainty could
be related to the cloud response to sea ice.

The present study informs observations in two important ways. First, the RFO distribution
indicates the specific atmospheric conditions that make the largest contributions to the mean
model-simulated cloud properties and radiative effects. Thus, targeted observation campaigns
gathering cloud properties and process data within these most frequently occurring regimes will
provide the most value for improving the mean model-simulated cloud properties.

Secondly, the analysis identifies atmospheric conditions with the largest differences between
the models and observations; regimes of the greatest differences should also be targeted. Weak
LTS regimes and strong LTS regimes under subsidence show the largest difference. This provokes
an interesting notion and question. Could cloud properties within infrequently occurring regimes
have a strong influence on the atmospheric circulation and the model-simulated response to climate
change? Weak LTS regimes and strong LTS regimes under subsidence occur infrequently and,
thus, do not significantly contribute to the domain-averaged differences between the models or
with observations. Is there value in chasings observations of these infrequently occurring regimes?
It is an open question as to whether the most frequently occurring regimes, the regimes with the

largest sensitivity, or other regimes are most important to the climate change simulations.
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It is clear that the meteorological regime approach exposes regime differences between the
models and observations that go undetected when using top-level diagnostics. This information
can be useful information for developers to better understand model behavior and the influence of
parameterization changes. The sensitivity of climate simulations to the representation of clouds
under specific meteorological conditions has not been systematically explored and the importance
of accurate modeling of clouds under infrequently occurring conditions is unclear. A
meteorological regime specific cloud-locking experiment may provide insight into this question.
5. Conclusion

In closing, this paper explores the contributions of individual parameterization package
updates to changes in Arctic low cloud properties between the two versions of the HadGEM3
atmospheric model (GA6 and GA7.1) using a suite of model experiments. We find that the effect
of changing a parameterization depends upon the meteorological regime and that there are often
compensating changes between regimes. However, the largest changes in cloud properties can be
attributed to single individual parameterizations schemes: low cloud amount to the large-scale
cloud scheme, cloud liquid water to the cloud microphysics scheme, and cloud ice concentration
to the radiation scheme. Multiple parameterizations contribute to differences in LW and SW CRE
between model versions with a substantial contribution from changes in clear-sky fluxes from both
the cloud and non-cloud parameterization changes. The results indicate that the parameterization
changes have different influences on the meteorological regime independent, regime dependent,
and regime frequency change contributions to the cloud property differences.

We conclude that the regime decomposition approach, showing contributions from different
meteorological regimes, is useful for model evaluation against observations and when trying to

understand changes between model versions and when assessing the regimes that should be
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targeted by observations. The regime approach highlights that domain averaged changes in cloud
properties due to parameterization changes or under climate change can strongly depend upon the
meteorological regime. The results indicate that processes that do not directly influence the cloud
properties but influence the regime frequency of occurrence and/or the regime thermodynamic
properties are also found to influence the domain average cloud properties and model biases.
Lastly, the regime decomposition approach provides a more complete view of the model-simulated
cloud response to a parameterization change highlighting the impacts of a parameterization change
under conditions that are do not frequently occur and are often overlooked or missed by

conventional model diagnostics.
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Key Messages:
e Individual parameterization changes explain cloud property changes and multiple
parameterizations explain cloud radiative effect changes.
e The large-scale cloud scheme is the single most impactful parameterization to changes in
Arctic meteorological regime frequency.
e Non-cloud parameterizations must be considered to understand the full influence of

parameterization changes on cloud radiative effects.
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Abstract
Arctic clouds play a key role in Arctic climate variability and change; however, contemporary
climate models struggle to simulate cloud properties accurately. Model-simulated cloud properties
are determined by the physical parameterizations and their interactions within the model
configuration. Quantifying effects of individual parameterization changes on model-simulated
clouds informs efforts to improve cloud properties in models and provides insights on climate
system behavior. This study quantities the influence of individual parameterization schemes on
Arctic low cloud properties within the Hadley Centre Global Environmental Model 3 atmospheric
model using a suite of experiments where individual parameterization packages are changed one-
at-a-time between two configurations: GA6 and GA7.1. The results indicate that individual
parameterization changes explain most of the cloud property differences, whereas multiple
parameterizations, including non-cloud schemes, contribute to cloud radiative effect differences.
The influence of a parameterization change on cloud properties is found to vary by meteorological
regime. We employ a three-term decomposition to quantify contributions from (1) regime
independent, (2) regime dependent, and (3) the regime frequency of occurrence changes.
Decomposition results indicate that each term contributes differently to each cloud property
change and that non-cloud parameterization changes make a substantial contribution to the LW
and SW cloud radiative effects by modifying clear-sky fluxes differently across regimes. The
analysis provides insights on the role of non-cloud parameterizations for setting cloud radiative
effects, a model pathway for cloud-atmosphere circulation interactions, and raises questions on the

most useful observational approaches for improving models.



Plain Language Summary
Arctic clouds play a key role in Arctic climate variability and change; however, state-of-the-art
climate models struggle to simulate cloud properties accurately. Errors in model-simulated cloud
have known and unknown influences on the simulated climate state and climate change
projections. Model cloud properties are determined by the physical parameterizations and their
interactions within the model. Thus, to improve model-simulated clouds, we need to understand
the effects of parameterization changes. We use a series of Hadley Centre Global Environmental
Model 3 atmospheric model simulations where individual parameterizations are changed one-at-
a-time. This approach allows us to isolate the influence of individual cloud parameterizations on
model-simulated cloud properties to inform model development and the observations needed to
improve models. The results show that individual parameterizations are most important for specific
cloud variables and that multiple parameterizations are important to determining the model-
simulated influence of clouds on the energy budget. We also find that changes in model-simulated
cloud properties respond differently under different weather conditions. The analysis provides
insights on the role of non-cloud parameterizations for setting cloud radiative effects, the ways
that clouds and the atmosphere interact, and raises questions on the most useful observational

approaches for improving models.



1. Introduction

The Arctic is rapidly changing; observed and simulated surface temperature trends are larger
than any other region (e.g., Taylor et al. 2017; Chylek et al. 2021; Rantanen et al. 2022). Climate
change simulations point to an acceleration of Arctic warming through the 21 century; however,
the climate model projected warming rate has a large inter-model spread (e.g., Previdi et al. 2021;
Taylor et al. 2022). Narrowing the spread in future predictions is a key scientific challenge
requiring improved knowledge of the processes driving Arctic change.

Cloud feedbacks are an important factor in global and Arctic climate change (Zelinka et al.
2020; Ceppi et al. 2021; Hahn et al. 2021; Tan et al. 2023; McGraw et al. 2023). A change in
Arctic cloud properties in response to surface warming can affect the Arctic climate system by
modulating the thermodynamic structure of the Arctic atmosphere, altering the surface energy
budget, masking the radiative response of sea ice loss, and changing the mass balance of Arctic
sea ice (Curry et al. 1996; Vihma et al. 2014; Tan et al. 2019; Sledd and L’Ecuyer 2019; Alkama
et al. 2020: Sledd and L’Ecuyer 2021). The magnitude of Arctic cloud feedback varies
substantially across contemporary climate models and impacts the projection of Arctic warming
and sea ice loss (e.g., Boeke and Taylor 2018; Hahn et al. 2021; Tan et al. 2019). Thus, a better
representation of Arctic cloud properties and evolution within climate models will help narrow the
spread in Arctic cloud feedback and climate change projections.

Recent studies highlight model-observational discrepancies in Arctic cloud properties and
indicate that model-simulated cloud biases stem from multiple sources. In Coupled Model
Intercomparison Project 5 (CMIP5) models, Boeke and Taylor (2016) show that model-simulated
clouds are too reflective in summer and not insulating enough in winter. These errors in the cloud

radiative effects are related to too little cloud amount, too little cloud liquid, too much cloud ice,



and errors in the seasonal evolution of cloud properties (e.g., Komurcu et al. 2014; Klaus et al.
2016; Taylor and Boeke 2016; Taylor et al. 2019). These model-observational differences in
CMIP5 models generally remain in CMIP6 (e.g., Tselioudis et al. 2021). Cloud microphysical and
aerosol parameterizations strongly affect model-simulated cloud properties and radiative effects
but are not the only contributing factors (e.g., Gettelman et al. 2010; Komurcu et al. 2014; English
et al. 2014; Taylor et al. 2015; Klaus et al. 2016; Morrison et al. 2018; Taylor et al. 2019; Tan and
Barahona 2022; Tan et al. 2023). Pithan et al. (2014) explore ‘clear’ and ‘cloudy’ states of the
Arctic wintertime boundary layer finding that the transition between mixed phase and ice clouds
is not only a function of cloud microphysics, but also a result of a change in meteorological regimes
and dynamical interactions. This suggests that the frequency of meteorological regimes can also
substantially influence model-simulated cloud properties (e.g., Stramler et al. 2011; Morrison et
al. 2012). These results underscore the importance of understanding the influence of specific
parameterizations on simulated cloud properties and the dependence on meteorological regime.
This study aims to advance our understanding of the multiple influences on model-simulated
Arctic low cloud properties. The experimental approach employed uses simulations from two
consecutive configurations of the atmospheric component of the Hadley Centre Global
Environmental Model (HadGEM) GA6 and GA7.1. This study leverages HadGEM3 cloud
parameterization experiments from Bodas-Salcedo et al. (2019) that individually turn on/off
parameterization package updates between GA6 and GA7.1 to assess the influence of each on
simulated Arctic cloud properties. The study stratifies cloud properties and radiative effects by
meteorological regimes, following Taylor et al. (2019), to investigate the dependence of the cloud
property response to parameterization changes on meteorological conditions. The results are

compared to Clouds and the Earth’s Radiant Energy System (CERES) observations and the



Modern-Era Retrospective analysis for Research and Applications-2 (MERRA-2). The study
objective is to determine the most important parameterizations affecting Arctic cloud properties in
HadGEM3 and evaluate the alignment with observations.
2. Model, Data, and Methodology
2.1. Model Description

The analysis uses the two configurations of the HadGEM3 atmosphere model—GA6 and
GA7.1. These configurations are set apart by the suite of parameterization updates from GA6 to
GA7.1. To make the number of simulations manageable, individual updates are grouped into
development “packages”, as in Bodas-Salcedo et al. (2019). A package is a collection of
parameterization changes that are related, either because they modify the same physical
parameterization (e.g., convection) or because they are logically dependent. A complete list of
model changes introduced between GA6 and GA7.1 can be found in Walters et al. (2019) and
Mulcahy et al. (2018), and a description of the packages in Bodas-Salcedo et al. (2019). We
provide a brief description of the individual package changes that explain most of the differences
in the simulation of Arctic clouds between GA7.1 and GA6.
2.1.1. Large-scale cloud

The large-scale cloud scheme is responsible for the calculation of the cloud fraction and
condensate within each gridbox at each timestep (Wilson et al. 2008a,b; Morcrette 2012; Van

Weverberg et al. 2016). The primary changes in this package are listed below.

e Radiative impact of convective cores: the profiles of convective cloud amount and cloud
condensate are combined with the large-scale cloud fields before being passed to the cloud

generator of the radiative transfer code.



e Consistent treatment of phase change for convective condensate passed to large-scale cloud:

this change enforces consistency between the upper temperature limit at which ice can be
formed by convection and in the large-scale cloud scheme.

e Turbulence-based critical relative humidity: the value of the critical relative humidity used

to initiate cloud in cloud-free grid boxes or to remove cloud from cloud-filled grid boxes has
changed from being constant at each model level to being dependent on sub-grid turbulence.

e Removal of redundant complexity for ice cloud: this removes the effect of two ice cloud

fraction increment terms that partially offset and had no clear physical justification.
e A retuning of the low cloud was carried out with the aim of reducing its albedo while
maintaining the improved cloud cover.
2.1.2. Radiation
The radiation code updates the vertical profiles of heating rates in each gridbox due to radiative
processes in the solar and terrestrial parts of the spectrum (Edwards and Slingo, 1996; Manners et
al., 2015). The changes in this package are listed below.

e Consistent ice optical and microphysical properties: update of the parameterization for

scalar optical properties of ice crystals to the formulation by Baran et al. (2016).

e Revised ice microphysical properties: the representation of ice particle size distribution is

updated to the empirical distribution of Field et al. (2007), and the mass-diameter relation
is updated based upon measurements with improved accuracy (Cotton et al. 2013).

e Improved treatment of gaseous absorption: improved representation of H,O, CO», O3 and

O absorption in the SW and of all gases in the LW.

2.1.3. Microphysics



This package bundles changes related to large-scale precipitation or strongly coupled to
microphysical processes, as listed below.

e Improved treatment of sub-grid-scale cloud water content variability: parameterization of

the fractional standard deviation of cloud water content as formulated in Hill et al. (2015).

e New warm rain microphysics: re-write of the warm rain part of the large-scale

precipitation scheme, as documented in Boutle and Abel (2012) and Boutle et al. (2014).

e Turbulent production of liquid water in mixed-phase cloud: implementation of a new

parameterization of liquid water production in mixed-phase cloud (Field et al. 2014;
Furtado et al. 2016).
2.2. Model Experiments
The model experiment suite consists of a series of 14-year AMIP-style simulations where the
updated development packages are turned on/off individually to target either GA7.1 (using GA6
as a baseline and turning an updated package on) or GA6 (using GA7.1 as a baseline and turning
an updated package off). The union of all packages contain all changes between GA6 and GA7.1.
Daily and monthly data are used from March 2000 to December 2014. Due to the large number
of parameterization package changes between GA6 and GA7.1, monthly output is used to identify
the packages with the greatest effect on monthly mean cloud properties (not shown). Table 1 lists
the ten individual parameterizations and two combinations that have the largest impact on monthly

mean cloud properties. The analysis described in Section 3 uses daily output from GA6 ON



experiments; simulations using the base GA6 model where a single parameterization scheme is

updated to the GA7.1 parameterization one at a time, hereafter called ON_experiments.

Table 1. Summary of the development packages analyzed.

Name Parameterization Package

Rad Radiation

Aer Aerosols

Mic Microphysics and large-scale precipitation
Cld Large-scale cloud

Cnv Convection

BL Boundary layer

GWD Gravity wave drag

Dyn Dynamics

Sto Stochastic physics

Lnd Land surface

AerErf Aerosols + Effective radiative forcing

Microphysics and large-scale precipitation

MicCldRad + Large-scale cloud + Radiation

2.3. Data and Reanalysis
2.3.1. Clouds and Earth’s Radiant Energy System (CERES)

The CERES synoptic edition 4A product (SYN Ed4a, Doelling et al. 2013; 2016) provides 1-
hourly radiative fluxes at the surface, four atmospheric levels (850, 500, 200, and 70 hPa), and the
top of the atmosphere (TOA) at 1°x1° spatial resolution. The in-atmosphere and surface fluxes are
computed hourly using the Langley-modified Fu—Liou radiative transfer model using inputs from
the Moderate Resolution Imaging Spectroradiometer (MODIS) and meteorological state from the
Goddard Earth Observing System Version 5.4.1 (GEOS-5.4.1; Rutan et al., 2015). Cloud
properties are retrieved within four layers: low (surface to 700 hPa), middle (700-500 hPa),
middle-high (500-300 hPa), and high (300-50 hPa). Cloud radiative effect (CRE) is defined as the
difference between all-sky minus clear-sky fluxes in the LW and SW using downwelling fluxes

only to minimize the impact of surface albedo differences. Radiative flux uncertainty of £12 Wm-

2 is adopted for clear-sky fluxes and +16 W m for all-sky fluxes and CRE following Kato et al.



(2010; 2011). These uncertainty estimates align with a recent comparison between CERES SYN
Ed4a and surface radiometer measurements during the Multidisciplinary drifting Observatory for
the Study of Arctic Climate (Huang et al. 2022).
2.3.2. MERRA-2

MERRA-2 (Gelaro et al. 2017) is the latest reanalysis produced by the Goddard Modeling and
Assimilation Office (GMAO). MERRA-2 uses version 5.12.4 of the GEOS atmospheric model
and data assimilation system with horizontal resolution of 0.58° latitude by 0.6258° longitude with
a vertical resolution of 72 hybrid-eta levels at 1-hourly temporal resolution (Molod et al. 2015).
For this study, MERRA-2 cloud liquid and ice water concentration (CLW and CLI, respectively)
profiles are compared with the GA6 and GA7.1 (GMAO 2015).
2.4. Meteorological Regime Framework

The meteorological regime framework enables the quantification of differences between
models and observations and between model experiments on a regimes-by-regime basis.

Meteorological regime analysis provides insights into the processes that influence cloud properties
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motion be represented as a positive number.
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under specific atmospheric conditions (e.g., Stramler et al. 2011; Barton et al. 2012; Liu and
Schweiger 2017; Taylor et al. 2015; 2019; Zelinka et al. 2023). Studies show that Arctic low cloud
amount (LCA) and CLI and CLW are strongly influenced by lower tropospheric stability (LTS)
and 500 hPa vertical velocity (ms00) (Solomon et al. 2011; 2014; Shupe et al. 2013; Taylor et al.
2019; Yu et al. 2019; Taylor and Monroe 2023); thus, we stratify cloud properties by these
variables to determine regime dependent differences. Figure 1 shows the relative frequency of
occurrence (hereafter RFO) of GA6 LTS/-ws00 meteorological regimes. The most frequent regimes
show mid-high stability (LTS ~ 19 K) and weak subsidence (-wso0 ~ -10 hPa day™!; vertical
velocity is expressed -msoo for ease of interpretation, positive values indicate rising motion).
Using the RFO and the LCA in each LTS/-ws00 bin, the average cloud amount can be defined

as

LCA = z LCA(LTS;, —wsgo,j) - RFO(LTS;, —wsqo,j) (1)
iLj

where LCA(LTS;, —wsqo,j) is the average low cloud amount and RFO(LTS;, —wsg;) is the
relative frequency of occurrence of the i and j LTSi/-ws00,j bin. The summation of RFO over all
1,j bins equals one. Applying a first-order Taylor series approximation of (1) and reordering terms

allows for the separation of the GA7.1 minus GAG6 differences (§LCA;47.1—cae) into three terms,

SLCAGa71-Gasequar - RFO(LTS;, —ws00,j)Gas T+
O0LCAGa71-6a6 = 2ij OLCA'(LTS;, —wso0,j)6a7.1-646 - RFO(LTS;, —wWso0,j)cas +  (2)
LCA(LTS;, —wsg0,j)cas " ORFO(LTS;, —ws00,j)Ga7.1-GAa6
where §LCA (left-hand side of (2)) is the total difference in LCA between GA7.1 minus GA6. The
three terms on the righthand side of (2) from top to bottom represent (a) regime independent,

(b) regime dependent, and (c) RFO contributions to total cloud property changes. The regime
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independent and dependent terms are determined by defining SLCA(LTS;, —wWso0,j)a7.1-Ga6 8S

the sum of 6LCAGa7.1-gasequar + OLCA' (LTS}, —ws00,7) 6a7.1-Ga6-

_ 1
5LCAGA7.1—GA6,equal =% SLCA(LTS;, _(USOO,j)GA7.1—GA6
N £ and (3)
L

SLCA'(LTS;, —ws00,j)ca7.1-Ga6 4.
= 6LCA(LTSL" _(Usoo,j) - 6mGA7.1—GA6,equal

The regime independent term, §LCA;471_¢ A6,equals Tepresents the equal-weight average cloud
property change across all LTSi/-wso0; bins, where N is the total number of bins. The regime
dependent term, SLCA'(LTS;, —wso0,j) a7.1-Ga6» TePresents the deviation of the cloud properties
within a regime from the equal-weight averaged GA7.1-GA6 difference across all regimes. The
RFO term represents the contributions to the GA7.1-GA6 differences from shifts in regime
frequency. Equation (2) is applied to LCA, CLI, CLW, and LW and SW CRE to quantify the
relative contributions of these terms to inter-model and model-observation differences.
3. Results
3.1. GA7.1 and GAG6 differences

This section documents the cloud properties and radiative flux changes between GA6 and
GA7.1. To provide a comprehensive perspective of these differences, we present a comparison of
the Arctic domain average and meteorological regime average cloud properties.

Table 2 summarizes the Arctic domain average cloud properties and LW and SW CRE for
GA®6 and differences with GA7.1 and the ON_experiments (discussed in Section 3b). The final
line in Table 2 shows the linear combination of the individual ON_experiments and AerErf ON;
MicCldRad ON and Aer ON are not included in this sum to avoid double counting. This line can

be compared to the full difference GA7.1 - GA6 (Table 2, line 2) indicating a greater degree of
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closure for cloud property variables than for radiative fluxes. A comparison with observations is
provided in Section 3c. Table 2 indicates that GA7.1 has less LCA than GA6 in the annual mean
and in each season (not shown). Conversely, GA7.1 shows greater annual mean and seasonal CLI
and CLW in the lower atmosphere than GA6.

Table 2. Summary of Arctic domain average cloud properties and radiative effects for model
simulations, where RLDSCS, RSDSCS, and RSUSCS represent the downwelling longwave clear-

sky flux, the downwelling shortwave clear-sky flux, and the upwelling shortwave clear-sky flux at
the surface.

CA CLI CLW LWCRE RLDSCS SWCRE RSDSCS RSUSCS
(%) (f4 € (Wm? Wm? Wm?) (Wm?) (Wm?)

kg')  kg')
GA6 | 2970 | 596 | 567 39.66 | 20427 | -4471| 14632 58.32
GA7.1-GA6 | -6.02 | 333 | 232 2.78 1.14 | -0.01 3.51 -3.95
Rad ON-GA6 | 0.72 | 249 | 0.02 1.17 1.47 0.81 -1.75 -0.99
Aer ON-GA6 | 030 | 0.14 | -0.11 1.52 195 -1.69 -0.58 -0.08
Mic ON-GA6 | 1.07 | 022 | 1.30 1.05 -1.31 2.47 0.10 0.18
Cld_ ON-GA6 | -8.80 | -0.63 | 0.07 -4.17 2.42 5.66 0.25 0.72
Cnv_ON-GA6 | 0.61 | 033 -0.18 0.70 147 | -1.14 0.24 0.10
BL ON-GA6 | 023 0.56 | -0.04 0.69 006 | -1.26 0.03 -0.10
GWD_ON-GA6 | -0.59 | -0.10 | -0.18 -0.95 0.13 1.13 -0.04 -0.23
Dyn_ON-GA6 | -0.46 | -0.07 | -0.01 -0.32 -0.34 0.20 -0.06 0.22
Sto_ON-GA6 | -0.08 | 0.11 | -0.02 0.66 008 | -1.06 -0.06 -0.11
Lnd ON-GA6 | -0.52 | -0.02 | 021 0.25 298 | -0.30 -0.59 2.75
AerErf ON-GA6 | 0.17 | 0.18 | 0.03 1.27 -0.63 -0.40 -1.46 2.41
MicCldRad_ON-GA6 | -6.54 | 178 | 126 -1.60 -1.42 4.00 -1.37 0.10
Sum of ON_Experiments | -7.67 | 3.07 | 1.19 0.35 -1.43 1.17 335 -5.81
CERES | 40.7 — - 438 2090 | -43.1 141.6 46.1
MERRA-2 — [ 112 209 - - - - -

The domain average cloud property changes compete in their influence on LW and SW CRE.
The result shows that GA7.1 has a larger annual mean LW CRE than GA6 and in each season
except for June-July-August (not shown). SW CRE shows little change in the annual mean due to
offsetting seasonal differences: GA7.1 more negative than GA6 in spring and less negative in
summer. GA7.1 has a greater downwelling clear-sky LW flux and less downwelling and upwelling

clear-sky SW flux at the surface. The clear-sky flux changes impact the CREs, where the increased
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Figure 2. Annual mean (a-c) low cloud amount, (d-f) cloud ice mixing ratio (units: g kg™), and (g-i) cloud liquid
mixing ratio (units: g kg!) within LTS/-ws00 meteorological regimes for GA7.1, GA6, and GA7.1-GA6

differences, respectively.

downwelling LW clear-sky flux reduces GA7.1 minus GA6 LW CRE difference. In the SW, the
reductions in downwelling SW clear-sky fluxes offset the influence of increased CLW and CLI.
Overall, Table 2 illustrates substantial changes in domain average cloud properties, CRE, and
clear-sky fluxes between GA7.1 and GA6.

We find that domain average changes are not distributed evenly across meteorological regimes.
Figure 2 shows the average LCA, CLI, and CLW values within the LTS/-ws00 regimes for GA7.1,
GA®6, and the GA7.1 minus GAG6 differences. For LCA, the smaller GA7.1 average LCA results
from a general reduction in LCA across a range of the most frequently occurring regimes (Fig. 2¢);

the largest LCA reductions are found in regimes with LTS between 12-20 K and weak to moderate
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Figure 3. Annual mean (a-c) LW CRE and (d-f) SW CRE within LTS/-ws00 meteorological regimes for GA7.1,
GAG6, and GA7.1-GAG6 differences. Units are W m™2.
rising motion. Large increases in LCA (exceeding 20%) are found at LTS <4 K. However, these
LCA increases do not contribute substantially to the domain average due to their low RFO.
Meteorological regime dependent differences between GA7.1 and GA6 are also found for CLI
and CLW. The greater domain average CLI in GA7.1 (Fig. 2f) is supported by small increases
across many meteorological regimes with the largest increases at LTS< 12 K (Fig. 2f); these
increases show a weak dependence on -wsoo. In contrast, CLW differences between GA7.1 and
GAG6 vary with -mso0 and the strongest CLW increases occur in regimes of rising motion. The larger
domain average GA7.1 CLW is supported by strong increases across a range of LTS values from
2-32 K (Fig. 2i). The meteorological regimes that show the largest increases in CLW also show
the largest reductions in LCA. Large increases in CLI and CLW are also found at LTS <4 K.
The distribution of LW and SW CRE changes between GA7.1 and GA6 across meteorological

regimes result from the competing influences of LCA and CLW changes (Fig. 3). GA7.1 shows

greater LW CRE than GA6 across most meteorological regimes with a few meteorological regimes
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showing greater increases, including at LTS< 8 K and under moderate subsidence conditions with
LTS between 20-28K. For SW CRE, the GA7.1-GA6 differences vary strongly across
meteorological regimes; more negative differences are found at LTS <6 K and between 22-30 K.
GA7.1 shows more positive SW CRE than GA6 at LTS between 10-16 K. The results indicate that
for regimes where LW CRE increases and SW CRE decreases the CLW increase dominates the
CRE change, whereas in the regimes where LW CRE decreases and SW CRE increases the LCA
decrease dominates.

Changes in meteorological regime RFO also influence the GA7.1-GA®6 differences. The solid
and dotted contours in Fig. 2¢ indicates a RFO shift toward increased LTS in GA7.1 than GAG®.
This shift reduces the impact of LCA reductions as the regimes with the greatest reductions also
have reduced RFOs. Conversely, the CLW increase and the increased LW and SW CRE
magnitudes in GA7.1 contribute more strongly to the domain average, as regimes with increased
RFO show a greater CLW increase. The RFO changes play a minor role in CLI differences. Clear
from Fig. 2 and 3, the domain averaged differences in the cloud properties are influenced by a
combination of changes in meteorological regime cloud properties and changes in regime RFO.
To quantify the influence of RFO, we apply the decomposition in (2)-(4).

Different terms of the decomposition (Fig. 4) dominate the GA7.1-GA6 differences for
different cloud variables. The regime independent term accounts for the largest contribution to the
CLI, CLW, and LW CRE differences. For CLI, the regime dependent term partly offsets the regime
independent term. The regime dependent term makes the largest contribution to the LCA reduction

from GA6 to GA7.1. The RFO term makes the largest contribution to the SW CRE differences.
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The results indicate that when assessing the factors that influence the changes in the cloud and
radiative properties one cannot assume that the factors that determine the change in one cloud
property also explain the change in another.

3.2. Role of individual parameterizations

Many parameterization updates make up the evolution from GA6 to GA7; however, the results
show that a handful explain most of the cloud property differences. Using the suite of
ON_experiments (Table 1), we quantify the influence of individual parameterization schemes on
the GA7.1 minus GAG6 cloud differences. Two of the ON_experiments are combinations of
parameterization scheme changes: AerErf ON and MicCldRad ON.

The analysis of domain average cloud property and CRE changes for the ON_experiments
indicate that the parameterization packages that most strongly influence the GA7.1-GA6
differences are different for each cloud variable. For cloud properties, the annual mean domain
average change from GA6 to GA7.1 (Table 2) is explained by a single package change: Cld ON

for LCA, Rad_ON for CLI, and Mic_ON for CLW. For LCA and CLW, most ON_experiments
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do not produce a substantial domain average change. For CLI, several ON_experiments alter the
GA6 domain average by more than ~10%, including Cld ON and BL ON. These effects are,
however, substantially less than the ~40% change in Rad ON. Considering LCA, Cld ON
overshoots the GA7.1 domain average but considering multiple package changes simultaneously
(MicCIdRad_ON) the agreement with GA7.1 LCA is within ~0.5%.

In contrast to cloud properties, multiple package changes are needed to explain the LW and
SW CRE GA7.1-GAG6 differences. The LW CRE differences between GA7.1 and GA6 (Table 2)
is ~7%. Most ON_experiments do not produce a large change. Aer ON produces the greatest
increase in LW CRE and most closely matches GA7.1 but is only 55% of the total GA7.1-GA6

difference. The largest absolute change is a decrease in LW CRE found in Cld_ON, due to the

reductions in LCA. Considering SW CRE, the overall GA7.1-GA6 difference is small resulting
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Figure 5: Annual mean differences between GA7.1 and GA6 and ON_experiments and GA6 for (a-d) LCA, (e-h)
CLI, and (i-1) CLW. Panels (a, e, i) GA7.1 minus GA6, (b, k) Cld_ON minus GA6, (c,g) Conv_ON minus GAG6,
(d,h) BL_ON minus GAG6, (f) Rad_ON minus GA6, (j) Mic_ON minus GAG6, and (1) Lnd_ON minus GA6.

from offsetting effects of many parameterization changes.
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As opposed to the domain average changes, multiple parameterization package changes are
needed to explain the cloud property differences across meteorological regimes. Considering LCA,
Fig. 5 shows that the Cld_ON, Conv_ON, and BL_On experiments influence the distribution of
GA7.1-GAG6 cloud property changes across meteorological regimes. Cld ON (Fig. 5b) produces a
general LCA decrease across most regimes; the Conv_ ON and BL ON experiments (Fig. 5c¢,d)
are responsible for the LCA increase at LTS< 6 K. For CLI, Rad ON (Fig. 5f) produces the general
CLI increase when LTS <22 K and, as with LCA, Conv_ON and BL_ON experiments (Fig. 5g,h)
are responsible for the CLI increase at LTS< 6 K. For CLW, Mic_ON (Fig. 5j) produces the
increase in CLW at LTS values between 10 and 28 K. Different from LCA and CLI, Cld_ON (Fig.
5k) contains the increased CLW at LTS< 8 K, not Conv_ON and BL_ON.

Multiple parameterization packages are also needed to explain the LW and SW CRE changes
across meteorological regimes. Interestingly, the MicCldRad ON experiment (Fig. 6b,g), which
captures cloud property changes well, does not reproduce the LW and SW CRE GA7.1-GA6

differences in the domain average or in meteorological regimes. BL_ON (Fig. 6¢,h), Aer ON (Fig.
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Figure 6. Annual mean differences between GA7.1 and GA6 and ON_experiments and GA6 for (a-¢) LW CRE
and (f-j) SW CRE. Panels (a,f) GA7.1-GA6, (b,g) MicCldRad ON-GA6, (c,h) BL ON-GAG6, (d,i) Aer ON-GAG®,
(e,j) Land_ON-GAG6. Units are W m2,
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6d,1), and Lnd On (Fig. 6e,j) experiments also substantially influence the LW and SW CRE
changes across meteorological regimes. This indicates that packages that do not influence cloud
properties (referred to as “non-cloud” changes) influence the simulated LW and SW CRE.

We find that non-cloud parameterization packages substantially influence the GA7.1-GA6 LW
and SW CRE differences by affecting the clear-sky fluxes. Considering RLDSCS,
MicCldRad ON (Fig. 7b) and Lnd ON (Fig. 7e) exhibit a pattern that most closely resembles
GA7.1-GAG6 (Fig. 7a). In the available simulations, Lnd ON produces the largest positive change
in RLDSCS. For RSDSCS (Fig. 7f-j), MicCldRad_ON shows a strong influence on the RSDSCS
with a similar pattern to GA7.1-GA6 (Fig. 7f) but stronger with a magnitude. Cloud
parameterization changes contribute to substantial increases in RSDSCS for LTS from 20 to 28K
and substantial decreases for LTS from 4-16 K. Several non-cloud scheme changes, including
BL ON (Fig. 7h) and Aer_On (Fig. 7i), offset these impacts on RSDSCS. The results indicate that
the clear-sky flux response to cloud and non-cloud parameterization changes substantially
influence LW and SW CRE.

Different ON_experiments produce different RFO patterns, however Cld ON and Rad ON
dominate the overall GA7.1-GA6 differences. The pattern shown by most ON_experiments (Fig.

5) is a weak increase in the RFO for LTS from 14 to 22 K and a decrease in RFO at slightly larger
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and smaller LTS with a weak -mso0 dependence. Several parameterizations, specifically Mic_ ON
(Fig. 5j) and Sto_ ON (not shown), show a RFO change with a greater dependence on -mso0. Most
ON_experiments show small RFO changes with a pattern that does not resemble GA7.1-GA6
differences (Fig. 5). Cld ON (Fig. 5b) and Rad ON (Fig. 5f) experiments show RFO change
patterns that closely correspond to GA7.1-GA6. The RFO changes in the Rad ON experiment are
~25% of the changes found in Cld ON. Thus, the Cld ON experiment provides the strongest
influence on GA7.1-GA6 RFO changes. The results provide no evidence for a strong non-cloud
parameterization influence on regime RFO changes.

Figure 8 shows a bar chart where the left most grouping represents the total cloud property
change between GA7.1 (black bars) or an ON_experiment (colored bars) and GA6. The remaining
Fig. 8 groupings represent the regime independent, atmospheric regime dependent, and RFO
terms, respectively. Considering LCA changes, the Cld ON experiment dominates the overall

change; however, the regime independent term makes the largest contributions in Cld ON,
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differing from Fig. 4 where the regime dependent term makes the largest contribution. Considering
the CLI change, the overall contribution is dominated by Rad ON (as in Table 2). Rad ON,
however, only influences the regime independent term while the GA7.1-GA6 change is from
offsetting contributions of the regime independent and dependent terms. For CLW, Mic ON
dominates the overall change and indicates little contribution from other experiments. The
decomposition shows that other packages influence CLI but that their net contributions are small
due to offsetting contributions from the regime independent and dependent terms. Since Rad ON
does not produce a strong regime dependent contribution and the other ON_experiments exhibit
offsetting contributions, the source of the large negative contribution from the regime dependent
term is unclear; parameterization interactions may explain this contribution.

For LW and SW CRE, many ON_experiments contribute to the GA7.1-GA6 differences that
provide contributions from all three decomposition terms. The Cld ON experiment shows
offsetting contributions from the regime independent and RFO terms. This is interesting because
the RFO change only has a substantial influence on the radiative flux terms and not the cloud
property terms. As eluded to previously, the non-cloud parameterization experiments influence
LW CRE by influencing the RLDSCS; Fig. 8 indicates that many parameterizations influence this
flux. It is interesting that the primary way that the convection scheme influences LW CRE is
through an influence on the RLDSCS flux. Lastly, while not making substantial contributions to
the overall GA7.1-GA6 changes in any variable, the BL ON experiment shows offsetting
contributions from the regime independent and dependent terms.

3.3. GA7.1 and GAG6 differences from observations and reanalysis
This section compares GA7.1 and GA6 cloud properties with CERES SYN Ed4a and MERRA-

2 to assess the alignment with observations. Comparisons are performed using average LCA, CLI,
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MERRA-2 differences.
and CLW between the surface and 700 hPa for consistency with the CERES low cloud definition.
Computing CRE using only downwelling all- and clear-sky fluxes reduces the impact of surface
albedo differences between models and observations.
Figure 9 shows LCA across LTS/-ms00 regimes for CERES, MERRA-2, and difference plots
with GA6 and GA7.1. The LCA joint distributions for GA6, GA7.1 and MERRA-2 indicate
increasing LCA for regimes with rising motion and medium-high stability (LTS ~ 18 K) while

CERES shows more clouds for subsidence regimes. The smaller LCA values for CERES clouds

in regimes with rising motion result from passive satellite observations being blind to low clouds
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under high clouds. Spaceborne radar measurements show that low clouds are found in these
regimes (e.g., Taylor et al. 2015; Yu et al. 2019). Performing this comparison using satellite
simulator output is a better method (e.g., Bodas-Salcedo et al. 2011; Kay et al. 2012; Medeiros et
al. 2023), however satellite simulator output is not available for these simulations. While MERRA-
2 possesses shortcomings in its representation of Arctic low clouds producing too few clouds
(Segal Rozenhaimer et al. 2018); the differences between GA7.1 and GA6 with MERRA-2 are the
most appropriate comparison for assessing alignment with the observed Arctic clouds. All
reanalysis products exhibit shortcomings in the Arctic (Yeo et al. 2022); MERRA-2 is used here
as it provides a reasonable representation of the general Arctic cloud properties.

GA6 and GA7.1 LCA compare similarly with MERRA-2 showing the largest differences under
rising motion and lower LTS values. The GA7.1 and GA6 also show RFO differences with
MERRA-2 (Table 2); however, these differences have a small influence. While GA6 and GA7.1
simulate less LCA than found in MERRA-2, Fig. 9 indicates that GA7.1 is in better overall
agreement with MERRA-2.

GAG6 and GA7.1 both simulate greater CLI and less CLW than MERRA-2. Figure 10 shows
joint distributions for CLI and CLW from reanalysis and differences with GA6 and GA7.1. The
greatest CLI for both models and MERRA-2 is found in low stability regimes (LTS < 4K), though
magnitudes vary greatly. Outside of these low stability regimes, model simulations show a similar
dependence of CLI and similar differences with MERRA-2. The GA7.1 and GAG6 differences with
MERRA-2 are generally regime independent. While the differences between GA7.1 and GA6 with
MERRA-2 are substantial, the results suggest that GA6 CLI agrees better with MERRA-2 and

GA7.1 shows better agreement with MERRA-2 for CLW.
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Figure 11 shows the joint distributions of observed and modeled LW CRE (Fig 11a-f) and SW
CRE (Fig 11g-1). Maximum LW CRE occurs at ~LTS < 20 K for both CERES and models and
increases with decreasing stability, though both GA6 and GA7.1 show a dependence on -msoo that
is not found in observations. CERES LW CRE is larger than GA6 and GA7.1 for mid-high stability
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regimes, particularly with increasing subsidence. Negative LW CRE differences occur in regimes
more frequently simulated by models and contribute to the lower model mean LW CRE. Both
GA7.1 and GA6 simulate low stability regimes more frequently than MERRA-2, which for GA7.1

contain mostly positive LW CRE differences (GA7.1 > CERES) while for GA6 these regimes

have smaller, slightly negative LW CRE differences (CERES > GAG6). The largest model
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differences in LW CRE (Fig. 11c) occur for low stability regimes coinciding with the large inter-
model differences in ice clouds present at LTS < 4 K, indicating that changes in CLI are driving
radiative differences in GA7.1 farther from CERES observations.

Considering SW CRE (Figure 11g-1), maximum SW CRE for GA6, GA7.1 and CERES is
found for rising motion and medium stability with minimum SW CRE found in high stability
regimes independent of -mse0. These regimes are more frequently simulated in GA7.1 than GA6
(solid line contours in Fig. 111) and possess larger SW CRE, larger LW CRE, about the same CLI,
more CLW, and smaller LCA for GA7.1 compared to GA6. These more frequently simulated
regimes do not coincide with the largest inter-model differences and, in the case of LCA, are not
coincident with the sign of the largest inter-model differences. If the frequency of low stability
regimes increases—either through model improvement or from climate change—Ilarger inter-
model biases may be seen.

The takeaway from this comparison is that overall GA7.1 shows better agreement with
observations than GA6. However, this is not the case under all conditions. The most notable
regimes under which GA6 outperforms GA7.1 are those with low LTS conditions. Overall, GA6
and GA7.1 cloud properties tend to be more like each other than like MERRA-2.

4. Discussion

The conventional approach for improving model-simulated cloud properties and their radiative
effects revolves around using (new) in situ or satellite observations to guide the refinement of an
existing cloud parameterization or development of a new one (e.g., Field et al. 2007; Molod 2012;
Morcrette 2012; Bouttle and Abel 2012; Bouttle et al. 2014; Barahona et al. 2014; Molod et al.
2015). At the heart of this conventional approach is a cloud parameterization. However, a key

finding of this paper is the influence of non-cloud parameterizations on LW and SW CRE through
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their impact on clear-sky fluxes. The importance of clear-sky fluxes to CRE is evident the
definition of CRE and has been discussed in many previous studies (e.g., Sohn et al. 2006; Soden
et al. 2008; Boeke and Taylor 2016; Loeb et al. 2020). The influence of cloud parameterization on
model-simulated CRE is clear and we document the substantial contributions of non-cloud
parameterizations. To the best of our knowledge the contributions of non-cloud parameterizations
to model-simulated CRE have not been documented. Thus, non-cloud parameterizations must be
considered to understand the full influence of parameterization changes on CRE.

Cloud parameterizations are also found to influence clear-sky fluxes and do so differently by
meteorological regime. The influence of cloud parameterizations on clear-sky fluxes indicates a
potential feedback/interaction between the cloud properties, the atmospheric circulation, and the
clear-sky fluxes that requires further exploration to understand. This effect differs from the
influence of different definitions of clear-sky fluxes on CRE.

Many studies highlight the importance of two-way interactions between clouds and the
atmospheric circulation (e.g., Li et al. 2015; Ceppi and Hartman 2016; Voigt et al. 2021). We find
that the large-scale cloud scheme is the single most impactful parameterization on the changes in
the frequency of Arctic meteorological regimes between GA6 and GA7.1. It is known that the
large-scale atmospheric circulation responds to the influence of clouds on the atmospheric heating
rate profile. Assuming that the cloud influence on the atmospheric heating rate profile is
determined to first order by the presence or absence of clouds, it follows that the parameterization
that dictates cloud amount would strongly impact the regime RFO. It is not clear, however, why
other parameterizations do not more strongly influence the RFO. This result suggests, at least for
this model, that cloud presence plays the most important role in determining the meteorological

regime occurrence. Thus, this effect could represent an important interaction between clouds and
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regime occurrence that enables other mechanisms to influence the atmospheric circulation by
impacting cloud amount. For instance, a response of clouds to sea ice loss (e.g., Kay and Gettelman
2009; Taylor et al. 2015; Morrison et al. 2018) could alter the cloud amount and modulate the
atmospheric circulation. There is has been much debate over the influence of sea ice loss on the
Arctic-mid latitude circulation (e.g., Cohen et al. 2020) and Arctic Amplification (Hahn et al. 2021;
Taylor et al. 2022; Tan et al. 2023) and this result suggests that a portion of the uncertainty could
be related to the cloud response to sea ice.

The present study informs observations in two important ways. First, the RFO distribution
indicates the specific atmospheric conditions that make the largest contributions to the mean
model-simulated cloud properties and radiative effects. Thus, targeted observation campaigns
gathering cloud properties and process data within these most frequently occurring regimes will
provide the most value for improving the mean model-simulated cloud properties.

Secondly, the analysis identifies atmospheric conditions with the largest differences between
the models and observations; regimes of the greatest differences should also be targeted. Weak
LTS regimes and strong LTS regimes under subsidence show the largest difference. This provokes
an interesting notion and question. Could cloud properties within infrequently occurring regimes
have a strong influence on the atmospheric circulation and the model-simulated response to climate
change? Weak LTS regimes and strong LTS regimes under subsidence occur infrequently and,
thus, do not significantly contribute to the domain-averaged differences between the models or
with observations. Is there value in chasings observations of these infrequently occurring regimes?
It is an open question as to whether the most frequently occurring regimes, the regimes with the

largest sensitivity, or other regimes are most important to the climate change simulations.
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It is clear that the meteorological regime approach exposes regime differences between the
models and observations that go undetected when using top-level diagnostics. This information
can be useful information for developers to better understand model behavior and the influence of
parameterization changes. The sensitivity of climate simulations to the representation of clouds
under specific meteorological conditions has not been systematically explored and the importance
of accurate modeling of clouds under infrequently occurring conditions is unclear. A
meteorological regime specific cloud-locking experiment may provide insight into this question.
5. Conclusion

In closing, this paper explores the contributions of individual parameterization package
updates to changes in Arctic low cloud properties between the two versions of the HadGEM3
atmospheric model (GA6 and GA7.1) using a suite of model experiments. We find that the effect
of changing a parameterization depends upon the meteorological regime and that there are often
compensating changes between regimes. However, the largest changes in cloud properties can be
attributed to single individual parameterizations schemes: low cloud amount to the large-scale
cloud scheme, cloud liquid water to the cloud microphysics scheme, and cloud ice concentration
to the radiation scheme. Multiple parameterizations contribute to differences in LW and SW CRE
between model versions with a substantial contribution from changes in clear-sky fluxes from both
the cloud and non-cloud parameterization changes. The results indicate that the parameterization
changes have different influences on the meteorological regime independent, regime dependent,
and regime frequency change contributions to the cloud property differences.

We conclude that the regime decomposition approach, showing contributions from different
meteorological regimes, is useful for model evaluation against observations and when trying to

understand changes between model versions and when assessing the regimes that should be
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targeted by observations. The regime approach highlights that domain averaged changes in cloud
properties due to parameterization changes or under climate change can strongly depend upon the
meteorological regime. The results indicate that processes that do not directly influence the cloud
properties but influence the regime frequency of occurrence and/or the regime thermodynamic
properties are also found to influence the domain average cloud properties and model biases.
Lastly, the regime decomposition approach provides a more complete view of the model-simulated
cloud response to a parameterization change highlighting the impacts of a parameterization change
under conditions that are do not frequently occur and are often overlooked or missed by

conventional model diagnostics.
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