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1. Executive summary

Deliverable 3.5 provides a global assessment of aerosol-cloud interactions with the BACCHUS ESMs that
have been evaluated in deliverable 3.4. Specifically, this deliverable focuses on the response of clouds,
precipitation and the global radiation balance to anthropogenic aerosol perturbations in the following
ESMs: MPI-ESM-HAM (here referred to by its atmospheric component ECHAM-HAM), MPI-ESM-HAM-
CCFM (a modified version of MPI-ESM-HAM, including the convective cloud field model and explicit
aerosol-convection coupling, HadGEM-UKCA (in a version corresponding to a UKESM1 prototype) as well
as NorESM.

Highlights
e The BACCHUS ESMs show a distinct increase in the liquid water path of about 6-7% to
anthropogenic aerosol perturbations. Strong increases in LWP to aerosol perturbations have been
linked to excessive aerosol radiative forcing [Malavelle et al., 2017; Quaas et al., 2009] so this
distinct LWP response in current state-of-the-art models will require further attention.

e The precipitation response to aerosol perturbations is variable across models. Nonetheless, some
precipitation response patterns are consistent, in particular the decrease of precipitation over
large parts of China and a general reduction in precipitation over large parts of central Africa.

e The BACCHUS ESMs simulate relative model diversity in the direct aerosol radiative effects, often
considered to be well understood, that exceeds the diversity in the indirect radiative effects.
Nonetheless, the absolute diversity is larger for the indirect radiative effects. This is true in the
global mean but also in the regional response patterns. This can likely be attributed to the strong
sensitivity of direct forcing to aerosol absorption, which modulates the sign of the top-of-
atmosphere forcing. Resulting available global-mean all-sky direct radiative forcings range from
-0.37Wm (HadGEM-UKCA) to +0.10Wm (ECHAM-HAM-CCFM).

e The BACCHUS ESMs simulate total aerosol effective radiative forcing (ERF) forcing ranging from -
0.96Wm=2 (ECHAM-HAM) to -1.59Wm2 (HadGEM-UKCA). It is likely that these relatively strong
ERFs are driven by strong increases in cloud liquid water. Fundamental research on related cloud
and aerosol processes remains a key priority for reducing the uncertainty in the total
anthropogenic perturbation of the climate system.

2. Models

MPI-ESM-HAM (here referred to by its atmospheric component ECHAM-HAM) is a global aerosol climate
model, used in its version ECHAM®6.3-HAMZ2.3 [Stier et al., 2005; Stier et al., 2007; Tegen et al., 2018; Zhang
et al., 2012]. It consists of the general circulation model ECHAM®6 [Stevens et al., 2013] coupled to the
latest version of the aerosol module HAM2 and uses a two-moment cloud microphysics scheme that
includes prognostic equations for the cloud droplet and ice crystal number concentrations as well as cloud
water and cloud ice [Lohmann et al., 2007]. An empirical cloud cover scheme [Sundqvist et al., 1989] is
used to compute stratiform cloud cover. The autoconversion of cloud droplets to rain follows
[Khairoutdinov and Kogan, 2000]. Cumulus convection is represented by the parameterization of Tiedtke
[1989] with modifications by Nordeng [1994] for deep convection. ECHAM-HAM is coupled to Max Planck
Institute Ocean Model (MPIOM) [Jungclaus et al., 2013] and the Hamburg Ocean Carbon Cycle Model
(HAMOCGC) [llyina et al., 2013] in MPI-ESM-HAM. In these simulations only the atmospheric model ECHAM-
HAM is used (ECHAM-HAM REF)



MPI-ESM-HAM-CCFM is an extended version of MPI-ESM-HAM, replacing the default mass-flux convection
parameterisation by Tiedtke [1989] and [Nordeng, 1994] with the convective cloud field model CCFM
[Wagner and Graf, 2010]. CCFM represents a spectrum of convective clouds with different properties
(vertical velocity, microphysical properties, ...) within each ECHAM-HAM grid-box and provides explicit
aerosol-convection coupling [Kipling et al., 2017; Labbouz et al., 2018]. The improved representation of
the convective cloud spectrum in MPI-ESM-HAM-CCFM has been evaluated as part of BACCHUS D3.2, as
published in Labbouz et al. [2018].

HadGEM-UKCA is the atmospheric component of the UKESM1 ESM used in a prototype version of UKESM1.
Coupled within the climate model, the aerosol-chemistry model UKCA uses components of HadGEM3 for
the large-scale advection, convective transport, and boundary layer mixing of its chemical tracers.
Advection is semi-Lagrangian with conservative and monotone treatment of tracers. Convective transport
is treated according to the mass-flux scheme of Gregory and Rowntree [1990] and is applicable to moist
convection of all types (shallow, deep, and mid-level) in addition to dry convection. For boundary layer
mixing, UKCA uses a boundary layer turbulent mixing scheme which includes a representation of non-local
mixing in unstable layers and an explicit entrainment parameterisation. The aerosol model of UKCA,
GLOMAP-Mode [Mann et al., 2010] is conceptually similar to the M7 model [Vignati et al., 2004] used by
HAM in MPI-ESM.

NorESM, the Norwegian Earth System Model [Bentsen et al., 2013] is based on the CESM model but uses
a different ocean model (MICOM) and a different aerosol scheme in the atmospheric model CAM. The
aerosol scheme in the NorESM version of CAM, called CAM- Oslo, can be described as an aerosol life cycle
scheme which calculates production tagged mass concentrations of different aerosol species [Kirkevdg et
al., 2018]. In the current simulations the NorESM model was run with the CAM-Oslo version 5.3, which is
configured with the microphysical two moment scheme MGL1.5 [Gettelman and Morrison, 2015; Morrison
and Gettelman, 2008] for stratiform clouds. The scheme includes prognostic equations for cloud liquid
water (mass and number) and ice (mass and number) and a version of the [Khairoutdinov and Kogan, 2000]
autoconversion scheme where subgrid variability of cloud water has been included. CAMS5.3-Oslo has a
shallow convection scheme [Park and Bretherton, 2009] and a deep convection scheme [Zhang and
Mcfarlane, 1995].

3. Simulation setup

All models were set up to isolate anthropogenic aerosol effects on the global radiation balance and climate.
Both the NorESM and ECHAM-HAM-REF results are averages from free-running 20-year simulations, while
the ECHAM-HAM-CCFM and HadGEM-UKCA runs are averaged from simulations nudged to ERA-Interim
re-analysis for the year 2008 (after spin-up). Model resolutions were corresponding to typical ESM setups
(ECHAM-HAM(-CCFM): T63/L31 corresponding to 1.875°x1.875°; HadGEM: N96/L38, corresponding to
1.25°%1.875°; NorESM: 1.9°x2.5°). All models use observed sea surface temperatures and sea ice cover.
Two simulations were done by each model, one with pre-industrial (Pl) and one with present-day (PD)
aerosol emissions but otherwise identical simulation setup.

The effect of ice nuclei on cloud properties and its representation in global models was discussed in
Deliverable 2.4 and has not been repeated in this deliverable.



4. Results

Figure 1 shows the total aerosol burdens for each model for pre-industrial (Pl) and present-day (PD)
aerosol emissions as well as the PD-PI difference. As expected, total aerosol burdens are heavily dominated
by the global dust distribution. However, the PD-PI changes reveal the pattern of anthropogenic
perturbations, corresponding to key anthropogenic emission regions, such as Asia, as well as biomass
burning regions, such as central Africa. The large variability in the ECHAM-HAM simulations can be
attributed to the high variability of dust emissions in the free running ECHAM®6.3-HAM2.3 simulation - a

90% difference in dust burden can occur form one year to the next.
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Figure 1: Total aerosol burden for each model in both pre-industrial (Pl) and present day (PD) conditions,
and the difference. Please note that dust in this version of HadGEM-UKCA is treated by a bin model,
separately from GLOMAP-mode, and therefore does not contribute to the diagnosed GLOMAP aerosol

burdens.



The total aerosol optical depth (AOD) for each model for PI, PD and the PD-PI difference is shown in Figure
2. HadGEM-UKCA shows the largest PD-PI difference of the models shown here, and the differences are
more spatially extended than the other models. The ECHAM-HAM reference simulation has the weakest
global-mean AOD change, partly due to a decrease in Saharan dust between the Pl and PD. This is also
reflected in the aerosol burdens discussed above.
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Figure 2: Aerosol optical depth (AOD) at 550nm for each model in both pre-industrial (PI) and present day
(PD) conditions, and the difference.



The cloud liquid water path for Pl and PD simulations and the PD-PI difference corresponding to the
anthropogenic effect is shown in Figure 3. All models show a positive LWP response to anthropogenic
aerosols in the northern Oceans, downwind of major source areas. It is worth noting that both ECHAM-
HAM models largely agree on the LWP response pattern, despite the use of entirely different convection
parameterisations and active aerosol convection interactions in ECHAM-HAM-CCFM. However, regional
patterns differ significantly across models: both ECHAM-HAM versions as well as NorESM show a strong
LWP response in the anthropogenic source regions that differs from HadGEM-UKCA. Strong increases in
liquid water path to aerosol perturbations may not be consistent with observations [Quaas et al., 2009]
and have been linked to excessive aerosol radiative forcing [Malavelle et al., 2017] so this distinct
difference in the liquid water path response in current state-of-the-art models will require further
attention.
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Figure 3: Cloud liquid water path (LWP) for each model in both pre-industrial (Pl) and present day (PD)
conditions, and the difference.



Changes in ice water path (IWP) from pre-industrial to present day times (Figure 4) are at least two orders
of magnitude smaller than changes in LWP and primarily related to chaotic noise between the Pl and PD
simulations. This is not unexpected due to the fact that the effect of ice nuclei on cloud properties has not
been included in model simulations, except for ECHAM-HAM, where BC particles act as IN — but ECHAM-
HAM is insensitive to heterogeneous freezing in mixed-phase clouds. The HadGEM-UKCA IWP is
significantly larger than the IWP of the other ESMs. However, it is worth noting that the global IWP is highly
uncertain due to the lack of reliable observational constraints. Hence, the IWP of the BACCHUS ESMs lies
well within the (wide) envelope of current climate models and the observational uncertainty [Li et al., 2016;
Waliser et al., 2009].
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Figure 4: Cloud ice water path (IWP) for each model in both pre-industrial (PI) and present day (PD)
conditions, and the difference.



Global patterns of precipitation, shown Figure 5, are consistent across models with small global mean
changes from Pl to PD, as can be expected from energetic constraints on precipitation [Allen and Ingram,
2002; Muller and O'Gorman, 2011]. The PD-PI precipitation response pattern remains noisy, in particular
for the shorter ECHAM-HAM-CCFM and HadGEM-UKCA simulations. Nonetheless, some precipitation
response patterns are consistent across all models, in particular the decrease of precipitation over large
parts of China and a general reduction in precipitation over large parts of central Africa. Interestingly,
precipitation changes in HadGEM-UKCA are significantly smaller outside the tropics than in any of the
other models.
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Figure 5: Total precipitation (convective plus stratiform) for each model in both pre-industrial (PI) and
present day (PD) conditions, and the difference.



By making two separate radiation calls during the model simulation, one which includes the radiative
interaction of aerosols and one without, it is possible to diagnose the total instantaneous direct aerosol
radiative effect from each model. Figure 6 show the clear-sky instantaneous aerosol radiative effect and
the PD-PI difference, which is instantaneous anthropogenic aerosol radiative forcing (RFari ciear-sky), in each
model. Models simulate a consistent patterns of negative direct clear-sky forcings, with maxima over the
anthropogenic source region in Asia, Europe and the US. However, there remain large differences in the
magnitude of the radiative effects and anthropogenic forcing between the models with RF i ciear-sky ranging
from-0.27 Wm™ in ECHAM-HAM-REF to -1.01 Wm™ in HadGEM-UKCA.
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Figure 6: Instantaneous aerosol effect under clear-sky conditions for each model in both pre-industrial (Pl)
and present day (PD) conditions, and the resulting forcing. Instantaneous radiative effect fields are not
available for NorESM.



The all-sky instantaneous aerosol direct radiative effect and the PD-PI difference, which is the
instantaneous all-sky anthropogenic aerosol radiative forcing (RFariai-sky), for each model is shown in Figure
7. Across models, the all-sky instantaneous radiative effect and RFariaisky is significantly more positive than
the clear-sky effects. This is due to the higher effective albedo of the surface underlying the aerosol layers
[Haywood and Shine, 1995] as well as due to cloud masking of the clear-sky predominantly negative
aerosol radiative effects. All models show a large positive forcing associated with biomass burning aerosol
above the South-East Atlantic stratocumulus cloud deck, however, the magnitude of the effect differs
significantly across models and even between the two ECHAM-HAM model versions: ECHAM-HAM-CCFM
shows the strongest response in this area, as well as over the Amazon. Consistent with its strongly negative
clear-sky forcing, HadGEM-UKCA simulates a significantly stronger negative anthropogenic all-sky forcing,
in particular over south-East Asia, where also corresponding AOD changes were large (c.f. Figure 2).
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Figure 7: Instantaneous aerosol effect under all-sky conditions for each model in both pre-industrial (PI)
and present day (PD) conditions, and the resulting forcing. Instantaneous radiative effect fields are not
available for NorESM.
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The total aerosol effective radiative forcing (ERF, allowing for fast adjustments) for all models is shown for
clear-sky and all-sky conditions in Figure 8. Interestingly, models exhibit significantly larger diversity in the
magnitude and patterns of the clear-sky ERF with global-mean clear-sky ERFs ranging from -0.08Wm< in
ECHAM-HAM to -1.23Wm simulated by HadGEM-UKCA.

ECHAM-HAM REF ERF (CS) ECHAM-HAM REF ERF (AS)

a ‘ Area mean: -0.0841 _ b _ Area mean: -0.9576 ,
B A - L ey
g};’_;fﬁ’; s 37 | i~ AT

3 \“‘-‘%’;\ = '(‘;r\ A |
R
7 v 2
.-5:—"—’_;1:“_.—' e '-; _'__:_.._'—gg‘_#-_,——"‘""‘--'—'_"“'a "—;.
ECHAM-HAM-CCFM ERF (CS) ECHAM-HAM-CCFM ERF (AS)
c ' Area mean: -0.3768 ‘ d v Area mean: -1.468

HadGEM-UKCA ERF (AS)

e f Area mean: -1.593
' NorESM ERF (CS)
g Area mean: -0.6803 h

W m-2
Figure 8: Total aerosol effective radiative forcing (ERF) for each model under clear- and all-sky conditions.
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All-sky effective radiative forcings across models are surprisingly more consistent, ranging from
-0.96Wm™ in ECHAM-HAM to -1.59Wm™ in HadGEM-UKCA with largely consistent patterns in the major
anthropogenic outflow regions. The comparison of clear-sky ERF (Figure 8) with clear-sky RF (Figure 6)
reveals the importance of fast-adjustments. For example, ECHAM-HAM aerosol effects change from
-0.27Wm to -0.08Wm2 when allowing for fast adjustments, including semi-direct effects.
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