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Abstract. The relative contribution of variations in meteo-

rological and aerosol initial and boundary conditions to the

variability in modelled cloud properties is investigated with a

high-resolution ensemble (30 members). In the investigated

case, moderately deep convection develops along sea-breeze

convergence zones over the southwestern peninsula of the

UK. A detailed analysis of the mechanism of aerosol–cloud

interactions in this case has been presented in the first part of

this study (Miltenberger et al., 2018).

The meteorological ensemble (10 members) varies by

about a factor of 2 in boundary-layer moisture convergence,

surface precipitation, and cloud fraction, while aerosol num-

ber concentrations are varied by a factor of 100 between

the three considered aerosol scenarios. If ensemble mem-

bers are paired according to the meteorological initial and

boundary conditions, aerosol-induced changes are consis-

tent across the ensemble. Aerosol-induced changes in CDNC

(cloud droplet number concentration), cloud fraction, cell

number and size, outgoing shortwave radiation (OSR), in-

stantaneous and mean precipitation rates, and precipitation

efficiency (PE) are statistically significant at the 5% level,

but changes in cloud top height or condensate gain are not.

In contrast, if ensemble members are not paired according to

meteorological conditions, aerosol-induced changes are sta-

tistically significant only for CDNC, cell number and size,

outgoing shortwave radiation, and precipitation efficiency.

The significance of aerosol-induced changes depends on the

aerosol scenarios compared, i.e. an increase or decrease rel-

ative to the standard scenario.

A simple statistical analysis of the results suggests that a

large number of realisations (typically > 100) of meteoro-

logical conditions within the uncertainty of a single day are

required for retrieving robust aerosol signals in most cloud

properties. Only for CDNC and shortwave radiation small

samples are sufficient.

While the results are strictly only valid for the investigated

case, the presented evidence combined with previous studies

highlights the necessity for careful consideration of intrinsic

predictability, meteorological conditions, and co-variability

between aerosol and meteorological conditions in observa-

tional or modelling studies on aerosol indirect effects.

1 Introduction

Clouds and precipitation are an integral part of the atmo-

spheric system relevant for weather and climate. Consid-

erable uncertainty remains in our understanding and mod-

elling of clouds and their interaction with other parts of the

climate system. The main issues are an incomplete physi-

cal understanding of cloud microphysical processes, a lack

of quantitative formulations representing microphysical pro-

cesses on model grid scales which are typically several orders

of magnitude larger than the process scales, and the many

non-linear interactions between different components of the

system. In recent decades, the modification of cloud proper-

ties by aerosols has received particular attention, as anthro-

pogenic aerosol emissions have changed strongly over the

historic period.

Many modelling studies have investigated the impacts of

an aerosol change on either isolated clouds or larger cloud

fields but found different responses of the studied clouds de-

pending on environmental conditions, model formulations,

duration of simulations, and domain size (recent reviews by

Published by Copernicus Publications on behalf of the European Geosciences Union.



10594 A. K. Miltenberger et al.: Aerosol–cloud interactions in mixed-phase convective clouds

Tao et al., 2012; Altaratz et al., 2014; Rosenfeld et al., 2014;

Fan et al., 2016). Recent studies have highlighted that it is

necessary to simulate entire cloud fields over long periods

in order to quantify a climate-relevant aerosol signal (e.g.

Grabowski, 2006; van den Heever et al., 2011; Seifert et al.,

2012) due to interactions between clouds and their thermo-

dynamic environment. These interactions can at least partly

compensate for the large changes simulated for individual

clouds (e.g. Lee, 2012; Seifert et al., 2012). In a case study

of tropical deep convection, Lee (2012) found that locally in-

vigorated convection in polluted conditions induces stronger

large-scale subsidence resulting in an overall suppression of

precipitation on a cloud-system scale. Seifert et al. (2012)

demonstrated with simulations extending over three summer

seasons that aerosol perturbations can produce large local

changes in precipitation, while not significantly changing the

mean precipitation.

The highly non-linear nature of convective cloud dynam-

ics and microphysics calls for the use of large ensembles due

to a potentially rapid growth of small perturbations to the

system (e.g. Wang et al., 2012). While the importance of pre-

dictability limits has been acknowledged in weather forecast-

ing, its implications for the evaluation of cloud microphysics

parameterisations or the quantification of aerosol–cloud in-

teractions has only been acknowledged in a few studies

(Grabowski et al., 1999; Khairoutdinov and Randall, 2003;

Zeng et al., 2008; Morrison and Grabowski, 2011; Morri-

son, 2012). To our knowledge, the first study to highlight the

importance of intrinsic predictability for cloud microphysics

evaluation and aerosol–cloud interactions is Grabowski et al.

(1999). Along with changes to various parameters in the

cloud microphysics, cloud–radiation interaction, and CCN

number concentrations, they applied random perturbations

to the large-scale forcing, the surface fluxes, and nudging

timescale in their 2-D simulations of deep tropical convec-

tion. Khairoutdinov and Randall (2003) investigated the sen-

sitivity of convective clouds over the ARM Southern Great

Plains site to the choice of cloud microphysical parameteri-

sations and perturbed initial conditions. While they found the

mean hydrometeor profile and cloud fraction to be strongly

dependent on the chosen cloud microphysical scheme, the

variability of cloud fraction, precipitable water, and surface

precipitation induced by different microphysical schemes

was similar to those resulting from perturbed initial condi-

tions. In a similar modelling framework to Grabowski et al.

(1999), Morrison and Grabowski (2011) also applied ran-

dom perturbations to simulations of deep tropical convection

based on the Tropical Warm Pool International Cloud Experi-

ment. They found a large variability in top-of-atmosphere ra-

diative fluxes between ensemble members generated by mod-

est perturbations to the boundary-layer temperature struc-

ture. In this case, therefore, a large ensemble with 240 mem-

bers was required to retrieve a robust aerosol-induced signal

in the top-of-atmosphere radiative fluxes. In their ensemble,

surface precipitation was insensitive to aerosol changes. The

simulations in these studies use large-scale forcing time se-

ries, which provide realistic time variations in forcing, but

do not allow for a two-way interaction of the clouds with the

large-scale forcing. While this avoids the even larger com-

plexity of cloud-induced changes to large-scale circulation, it

is ultimately necessary to include this interaction in order to

quantify the impact of uncertainties in cloud microphysical

processes or changes in aerosol concentration on the atmo-

spheric system.

The relative importance of meteorological and aerosol

conditions for cloud properties also has implications for ob-

taining observational evidence of aerosol–cloud interactions.

Many observational studies of aerosol-induced changes in

cloud properties need to rely on correlations between bulk

parameters (e.g. Devasthale et al., 2005; Koren et al., 2010;

Gryspeerdt et al., 2014), which raises the question of co-

variability and coincidence (e.g. Stevens and Feingold, 2009;

Gryspeerdt et al., 2014). The importance of cloud dynam-

ics in observational datasets has recently been demonstrated

by Sena et al. (2016). The study analysed the correlation of

aerosol, cloud dynamics, and a range of cloud properties for

shallow warm-phase clouds over the ARM Southern Great

Plains site. They showed that the variability of cloud radia-

tive properties was dominated by cloud dynamics rather than

cloud microphysical properties.

One approach to investigate the role of intrinsic pre-

dictability and the relative importance of aerosol and me-

teorological variability is the use of convection-permitting

ensemble systems. Ensemble forecasting is now an impor-

tant component of operational forecasting and is increas-

ingly used at convection-permitting or even higher spatial

resolutions (e.g. Bowler et al., 2008; Marsigli et al., 2014;

Beck et al., 2016). The use of convection-permitting ensem-

ble forecasts provides a means for assessing the magnitude

of aerosol-induced changes in the context of variations in

the cloud and precipitation evolution due to perturbations in

the meteorological conditions, which are consistent with the

uncertainty in available meteorological observation. Besides

offering insight into the questions of robustness and observ-

ability of aerosol-induced changes, the ensemble approach

explores whether perturbations of the aerosol environment

should be included in future forecasting systems for quanti-

tative precipitation forecasts.

In the present study, we investigate the robustness and

relative importance of aerosol-induced changes in mixed-

phase, sea-breeze-related convective cloud in high-resolution

ensemble simulations with perturbed meteorological and

aerosol initial and lateral boundary conditions. The case

was selected from the COnvective Precipitation Experiment

(COPE) that was conducted over the southwestern peninsula

of the UK in 2013 (Blyth et al., 2015; Leon et al., 2016).

On the selected day (3 August 2013) deep convective clouds

with maximum cloud top heights of about 5 km developed

in the late morning along converging sea-breeze fronts. The

line of convective clouds remained roughly stationary along
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the main axis of the peninsula until the late afternoon. Gen-

erally, new cells formed at the southwestern tip of the penin-

sula and merged into larger cloud clusters while propagating

northeastwards along the line. Simulations of this case were

conducted with the Unified Model (UM) at a spatial resolu-

tion of 250 m using the newly developed Cloud–AeroSol In-

teracting Microphysics (CASIM) module (Shipway and Hill,

2012; Hill et al., 2015; Grosvenor et al., 2017; Miltenberger

et al., 2018). The comparison of the baseline simulation with

observational data and the sensitivity of cloud properties to

aerosol perturbations was presented in the first part of this

study (Miltenberger et al., 2018) and is briefly summarised

here: increasing aerosol concentrations suppress precipita-

tion in the morning. With progressing organisation of the

clouds along the sea-breeze fronts, the response transitions

into precipitation enhancement. In the early phase, precipita-

tion decreases continuously with aerosol concentration (0.1

to 30 times the observed value), while in the afternoon the

largest accumulated precipitation occurs with the observed

aerosol profile. Limitations on cloud deepening from a mid-

tropospheric stable layer were hypothesised to inhibit a fur-

ther increase in precipitation for aerosol number concentra-

tions larger than the observed values. Vertical velocities in-

crease in the convective core regions with aerosol concentra-

tions. However, contrary to the convective invigoration hy-

pothesis (e.g. Rosenfeld et al., 2008), changes in latent heat

release are dominated by changes in the warm-phase part of

the cloud with very small changes above the 0 ◦C line. It was

hypothesised that accompanying changes in the cloud field

structure (fewer, larger cells with increasing aerosol) were

important for the changes in latent heat release from conden-

sation.

In this paper, we extend the analysis of Miltenberger et al.

(2018) by including simulations with perturbed meteorolog-

ical conditions in the analysis. With the combined perturbed

meteorology and aerosol initial condition ensemble we in-

vestigate whether the aerosol-induced changes are (i) robust

to and (ii) significant relative to small changes in the mete-

orological initial conditions. The paper is structured as fol-

lows: Sect. 2 provides details on the model set-up and ob-

servational data used in this study. The ensemble simulations

are compared to observational data in Sect. 3. In Sect. 4, we

discuss the variability of cloud properties in the perturbed

meteorology-only ensemble, while the impact of aerosol per-

turbations on clouds and precipitation for individual ensem-

bles members is assessed in Sect. 5. Finally, the results from

the full ensemble, i.e. including perturbations to meteorol-

ogy and aerosols, are presented in Sect. 6. The findings are

summarised in Sect. 7.

2 Model and data

The initial condition ensemble discussed in this paper is

constructed by downscaling selected members from the op-

erational global ensemble system of the Met Office (MO-

GREPS, Bowler et al., 2008) over the southwestern penin-

sula of the UK. The global model ensemble is recomputed

from the Met Office operational analysis and initial condition

perturbation for 18:00 UTC on 2 August 2013. The global

model version and set-up used for the operational forecast in

2013 are employed for the rerun (UM, version 8.2, PS31 con-

figuration, N400 resolution, i.e. ≈ 33 km in mid-latitudes).

This includes stochastic physics as described in Bowler et al.

(2009). The control run (no initial condition perturbations ap-

plied) and nine global ensemble members provide the initial

and boundary conditions for the higher-resolution regional

simulations. The control run is included in the term “ensem-

ble members” if not stated differently. The selection of the

ensemble members for dynamical downscaling is based on

the time series of moisture convergence and moist static en-

ergy convergence computed over the regional model domain

from the global model fields (Fig. 1). These time series are

then used to construct a similarity matrix by summing the Eu-

clidean distances of moisture convergence and moist static

energy convergence. Using the algorithm by Ward (1963)

nine clusters are defined and from each cluster the closest

member to the mean cluster time series is chosen for down-

scaling. Note that, while this procedure provides a sampling

of different time series, it does not necessarily retain the sta-

tistical properties of the global ensemble. It is known that

convection-permitting ensembles constructed by downscal-

ing global ensemble members do not represent the mesoscale

error characteristic correctly (e.g. Saito et al., 2011; Berner

et al., 2011). As a result convection-permitting ensemble

forecasts are often under-dispersive (e.g. Romine et al., 2014;

Schwartz et al., 2014). Our high-resolution ensemble will

hence represent some unknown fraction of the true meteoro-

logical uncertainty for the studied day. Most likely the mete-

orological uncertainty is underestimated in the current study.

Although the ensemble selection and initialisation of the en-

semble should be improved in future studies, we do not think

that this is a strong caveat to our main conclusions.

Regional simulations with a grid spacing of 1 km (500 by

500 grid points) are started at 00:00 UTC on 3 August 2013

from the 10 selected global model runs. These simulations

provide the initial and boundary conditions for simulations

in a second set of nested simulations with a horizontal grid

spacing of 250 m (900 by 600 grid points). For the regional

simulations, we use the UM version 10.3 (GA6 configura-

tion, Walters et al., 2017) with the CASIM module. In con-

trast, to the global ensemble, we do not use the stochastic

physics module for the regional ensemble, as we aim to in-

vestigate the role of initial condition uncertainty. The model

set-up for the regional simulations is identical to the set-up

described in Miltenberger et al. (2018). The control simu-

lations are identical to the simulations used in Miltenberger

et al. (2018), with the only difference being that the simula-

tions discussed here use the cloud droplet number predicted

by CASIM instead of a prescribed value for the computa-
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Figure 1. Convergence of moist static energy (a) and moisture (b) across the 1 km domain computed from the global ensemble. The grey

lines show all 33 ensemble members in the global ensemble and the red lines the 9 members selected for the regional ensemble simulations.

The selection procedure is described in Sect. 2.

tion of the radiative fluxes. Note that the aerosol direct effect

is not included in the simulations. In all regional simulations,

moisture conservation is enforced according to Aranami et al.

(2014, 2015). All simulations are run for 24 h. If not stated

otherwise, the analysis presented in this paper focusses on

the time period between 09:00 and 19:00 UTC, i.e. the time

period of main convective activity. Also note that ensemble

members have been sorted according to the large-scale mois-

ture convergence computed from the fluxes at the domain

boundary: ensemble member 1 has the largest large-scale

moisture convergence and ensemble member 9 the smallest.

Cloud microphysical processes are parameterised within

the CASIM module which in this study is configured as a

double-moment microphysics scheme with five different hy-

drometeor categories. The CASIM module can represent the

interactions between aerosol fields and cloud microphysi-

cal properties. For the ensemble simulations, we use the so-

called “passive-aerosols” mode: aerosol fields are used for

droplet activation and ice nucleation, but are not altered by

cloud microphysical processes. The impact of this choice

on the representation of aerosol–cloud interactions is dis-

cussed in Miltenberger et al. (2018). Aerosol initial and lat-

eral boundary conditions are derived from aircraft data as de-

scribed in Miltenberger et al. (2018). In the following, sim-

ulations with the aerosol profile derived from observations

are referred to as “standard-aerosol” simulations. Additional

simulations of each ensemble member are performed with

perturbed aerosol profiles, for which aerosol number densi-

ties and mass mixing ratio are multiplied at all altitudes by a

factor of 10 (“high aerosol”) and 0.1 (“low aerosol”), respec-

tively. Hence, the mean aerosol radius is retained in the per-

turbed profiles. Accordingly, the entire ensemble with per-

turbed meteorological and aerosol initial conditions has 30

members in total.

For the evaluation of the ensemble with the standard-

aerosol profile, we use the same set of observations as in the

first part of this study. These include radiosonde and aircraft

data from the COPE field campaign and data from the op-

erational radar network. Details about these datasets can be

found in Miltenberger et al. (2018).

3 Evaluation of ensemble simulations

3.1 Radar reflectivity and surface precipitation

In all ensemble simulations, a convergence line develops

roughly over the centre of the peninsula in the early afternoon

(Fig. 2). The convective clouds are associated with conver-

gence zones along sea-breeze fronts. However, the members

vary in the amount of clouds and there are some differences

in the location and the orientation of the main cloud line.

These differences are not specific to the time instance shown

in Fig. 2, but persist throughout the simulations. Differences

between meteorological ensemble members are further dis-

cussed in Sect. 4, while we focus here on the comparison of

the ensemble to the observational data.

Consistent with the similar meteorological evolution of

the ensemble members, the domain-average precipitation has

a similar temporal evolution with increasing values during

the morning hours and maximum values between 13:00 and

16:00 UTC (Fig. 3). Domain-average precipitation rates from

the control forecast (dashed blue line) are mostly within the

spread of the ensemble members (blue shading), although the

ensemble-mean domain-average precipitation rate is about

a factor of 2 smaller than the control during the period of

main convective activity (12:00–17:00 UTC). The spread of

the ensemble including aerosol perturbations (cyan shad-

ing) is not much larger than the ensemble spread based on
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Figure 2. Column maximum radar reflectivity over 250 m domain at 14:00 UTC from the control simulation (top left) and the nine ensemble

members using the standard-aerosol profile.

www.atmos-chem-phys.net/18/10593/2018/ Atmos. Chem. Phys., 18, 10593–10613, 2018



10598 A. K. Miltenberger et al.: Aerosol–cloud interactions in mixed-phase convective clouds

Figure 3. Comparison of domain-mean surface precipitation from

model simulations and radar observations (red line). Values from

the control simulation with the standard-aerosol profile are shown

by the dark blue dashed line. The mean (envelope) of all ensemble

members using the standard-aerosol profiles is shown by the dark

blue solid line (shading) and those of all ensemble members irre-

spective of the used aerosol profile by the solid cyan line (shading).

perturbed meteorological conditions alone, particularly after

about 14:30 UTC. The ensemble mean is almost identical for

both ensembles. The domain-average precipitation rates de-

rived from radar (Radarnet IV, Harrison et al., 2009; MetOf-

fice, 2003) fall mostly outside the spread of the ensemble.

This indicates that either the ensemble is under-dispersive or

that there are issues with the radar-derived surface precipi-

tation. While the model-derived surface precipitation is the

sedimentation flux at the surface, the radar-derived surface

precipitation is computed from the low-level radar reflectiv-

ity according to Harrison et al. (2009). Accordingly the mod-

elled and radar-derived surface precipitation products involve

different assumptions, e.g. on sub-cloud evaporation, which

has been shown to affect radar-derived surface precipitation

rates (e.g. Li and Srivastava, 2001). Nevertheless, previous

evaluation studies of convection-permitting ensemble simu-

lations have also reported precipitation forecasts to be under-

dispersive over longer evaluation periods (e.g. Romine et al.,

2014; Schwartz et al., 2014), as not all sources of uncertainty

are taken into account. For example, structural or paramet-

ric uncertainty in the model physics is not considered and

perturbations to the initial and boundary conditions may not

be fully representative of the true uncertainty. The incorpo-

ration of perturbations to the aerosol initial and boundary

conditions does not improve the comparison. However, the

under-dispersivity of the ensemble does not strongly impact

the major conclusions of our study, as we interpret the me-

teorological uncertainty as a lower limit of meteorological

variability in the discussion (Sect. 7).

The underestimation of domain-average precipitation in

the ensemble is, similarly to the results in Miltenberger et al.

(2018), caused by a combination of a too-small precipitating

area fraction and too-low occurrence frequency of medium

precipitation rates in precipitating areas (not shown). While

the observed in-cloud precipitation rate distribution is out-

side of the ensemble spread (Fig. S1 in the Supplement),

the simulated distributions of column maximum radar reflec-

tivity and of low-level (750 m a.g.l.) radar reflectivity agree

well with the observed distribution (Fig. S2). In contrast to

the domain-average precipitation time series, the ensemble

spread in the radar reflectivity distributions increases signif-

icantly if aerosol perturbations are considered in addition

to meteorological initial condition perturbations (Fig. S2).

However, the ensemble-mean distributions are almost iden-

tical for members with and without aerosol perturbations.

The 3-D radar composite available for this case provides

information about the vertical structure of the clouds. Here

we compare the simulated and observed altitude of the high-

est occurrence of a radar reflectivity larger than 18 dBZ,

which is frequently used in radar products to measure cloud

depth (e.g. Lakshmanan et al., 2013; Scovell and al Sakka,

2016). The ensemble mean is closer to the observed evolution

than the control run (within 200 m, Fig. S3). The inclusion of

perturbed aerosol initial and boundary conditions has only

a small impact on the ensemble-mean height of the 18 dBZ

contour (maximum difference: ±100 m). Also, for other re-

flectivity thresholds (5–25 dBZ), the observed mean height is

within the ensemble spread and the difference to the ensem-

ble mean is generally smaller than 500 m (not shown).

3.2 Radiosonde data

Thermodynamic profiles are available at 2-hourly intervals

from radiosondes released at Davidstow (50.64◦ N, 4.61◦ W).

These profiles are compared to the thermodynamic struc-

ture of the closest model grid column from the simulation

with the standard-aerosol profile (Fig. S4). The overall (out

of cloud) structure of the temperature and dew-point tem-

perature profiles are similar to the observed structure for

all times and ensemble members. The observed temperature

profile generally falls within the ensemble spread except be-

tween 550 and 400 hPa. Also, the observed dew-point tem-

perature profile is generally contained within the ensemble

spread, with the exception of a lower observed humidity be-

low 900 hPa at 15:20 UTC. All ensemble members have a

stable layer between 5 and 6 km altitude, which is an impor-

tant factor for the cloud top height distribution (Miltenberger

et al., 2018). Ensemble members differ mainly in the humid-

ity above 600 hPa, with the altitude of the driest point in this

layer varying by about 100 hPa.

The height of the 0◦ level and the lifting condensation

level corroborate the good agreement between observed and

modelled profiles for the duration of the simulation and all

aerosol scenarios: maximum deviations are about 300 m for

Atmos. Chem. Phys., 18, 10593–10613, 2018 www.atmos-chem-phys.net/18/10593/2018/
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Figure 4. Panel (a) shows the time-integrated net (blue), lateral (red), and surface moisture flux (green) over the model domain in the

boundary layer for each ensemble member. Panel (b) shows the time-integrated condensate gain G for the different ensemble members.

the 0◦ level height and 400 m in the lifting condensation

level (Fig. S5). While the observed lifting condensation level

falls within the ensemble spread (except at 15:20 UTC), the

observed 0◦ level is generally outside the ensemble spread

(except at 13:50 UTC, but the radiosonde passed through

clouds).

Overall the ensemble reflects the cloud and precipitation

evolution, as well as thermodynamic structure indicated by

observational data. However, the ensemble does not improve

on the performance of the control run. Overall the ensem-

ble performance provides confidence that the most important

physical mechanisms are well enough represented to conduct

aerosol perturbation experiments.

4 Cloud property variability in the meteorological

ensemble (standard-aerosol scenario only)

Given the overall similar meteorological situation in the en-

semble members, i.e. a line of convective clouds forming

along sea-breeze convergence zones, the main impact of the

perturbed meteorological initial conditions should be (i) per-

turbations to vertical lifting and hence condensation and

(ii) the vertical cloud structure by modifications to the ver-

tical wind shear and the thermodynamic profiles. The dis-

cussion in this section focusses on the meteorological en-

semble with the standard-aerosol profile. Differences in the

large-scale moisture convergence, upstream thermodynamic

profiles, and sea-breeze strength are discussed in Sect. 4.1.

The resulting variation in cloud properties is described in

Sect. 4.2.

4.1 Large-scale convergence and condensate formation

The meteorological ensemble members have been selected

on the basis of the moisture and moist static energy con-

vergence (Sect. 2), as the large-scale moisture convergence

should influence the amount of lifting and hence condensate

formation. The large-scale convergence is diagnosed from

the moisture fluxes at the domain boundaries. Here, we fo-

cus on the boundary-layer moisture convergence, which is

most relevant for the cloud-base mass flux. As expected, en-

semble members have very different boundary-layer mois-

ture convergence (Fig. 4a, red symbols). Consistent with this

variability, the condensate gain G, i.e. the domain-integrated

condensation and deposition rate, varies across ensemble

members with decreasing values for members with smaller

large-scale boundary-layer moisture convergence (Fig. 4b).

The correspondence between moisture convergence and G

is further improved if the net moisture flux at the top of the

boundary layer is considered (Fig. 4a, blue symbols), which

is diagnosed from the sum of the moisture flux at the do-

main boundaries (red symbols) and the surface moisture flux

(green symbols). The surface moisture flux adds some modi-

fications to the boundary-layer moisture budget, e.g. compare

total and lateral moisture convergence for ensemble members

3 and 4 and member 7 and 8, respectively.

In addition to the large-scale moisture convergence, dif-

ferences in meteorological initial and boundary conditions

could also result in different local convergence patterns, i.e.

sea-breeze strength. Differences in sea-breeze strength be-

tween ensemble members can contribute to the variability of

G across the meteorological ensemble. The main controlling

factors for sea-breeze strength are the temperature difference

between sea and land, the large-scale wind direction relative

to the coastline, and the background wind speed (e.g. Es-

toque, 1961; Miller et al., 2003). Golding et al. (2005) and

Warren et al. (2014) have demonstrated the importance of

differential heating of the land surface and the interaction

with the background wind field for stationary convergence

lines and associated convective activity over the southwest

www.atmos-chem-phys.net/18/10593/2018/ Atmos. Chem. Phys., 18, 10593–10613, 2018
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peninsula of the UK. The profiles of the wind components,

temperature, and specific humidity are shown in Fig. S6; the

variation in the land–sea temperature gradient in Fig. S7a;

and the “low-level” convergence, i.e. the integrated conver-

gence of the 10 m wind speed over the peninsula, as indicator

of the sea-breeze strength in Fig. S7b.

The temperature difference between land and sea increases

from 0.9–1.4 K in the morning to 1.8–2.0 K by noon. Only in

ensemble members 1 and 2, the temperature difference re-

mains smaller than 1.5 K (Fig. S7a). These members have

a higher cloud fraction in the morning (not shown), which

is likely related to a relatively large large-scale moisture con-

vergence. The higher cloud fraction reduces radiative heating

of the land surface explaining the smaller peak land–sea tem-

perature difference. The wind speed in the boundary layer

varies between about 8 and 11 m s−1 and increases to val-

ues of 13–18 m s−1 at 4 km altitude (Fig. S6a). The wind di-

rection is generally from the southwest with a variability of

about 10◦ and a shift towards a more easterly direction at

higher altitudes (Fig. S6b).

The low-level convergence consistently increases towards

noon as is expected for sea-breeze systems (Fig. S7b). Over-

all there are only small differences in the time-integrated

low-level convergence between ensemble members. This

suggests that neither the variability in the land–sea temper-

ature difference (≈ 0.5 K) nor the variability in the low-level

wind speed (≈ 3 m s−1) and direction (≈ 10◦) has a signifi-

cant impact on the sea-breeze strength.

Other variables in the initial conditions important for cloud

and precipitation formation are the temperature and moisture

profiles (Fig. S6c and d). The temperature structure in all en-

semble members is very similar, with a well-mixed boundary

layer below 800 ± 200 m, an almost moist-adiabatic temper-

ature gradient up to 500 hPa, and a layer of almost constant

temperature between 500 and 450 hPa. As a result of the

small variation in the temperature profile, the average and

maximum CAPE values are similar for all ensemble mem-

bers (100–160 J kg−1, Fig. S8). Also, variations in the mois-

ture content are small, with difference between ensemble

members smaller than 0.5 g kg−1 for all altitudes. The alti-

tude of the driest point in the profile varies by about 100 hPa

between ensemble members (Fig. S4).

4.2 Cloud property variability

The different meteorological initial and boundary condi-

tions result in different boundary-layer moisture conver-

gence, thermodynamic and moisture profiles, and wind shear

as discussed in the previous sections. These changes can im-

pact cloud properties, cloud field structure, and precipitation

formation.

The cloud droplet number concentration (CDNC) at cloud

base is almost invariant across ensemble members (Fig. 5),

suggesting relatively small differences in the cloud-base ver-

tical velocity distribution (Fig. S9b). Cloud top cloud droplet

Figure 5. Cloud droplet number concentration (CDNC) at cloud

base for different ensemble members (abscissa) using different

aerosol profiles (colours). CDNC at cloud base is computed as

the average CDNC within 500 m above the lowest point in each

grid column that has a cloud or ice mass mixing ratio larger than

1 mg kg−1. The horizontal line inside the boxes indicates the mean

CDNC; the upper and lower edges the 25th and 75th percentile, re-

spectively; and the whiskers the 1st and 99th percentile. The statis-

tics are computed over all qualifying grid points in the domain be-

tween 09:00 and 19:00 UTC and therefore reflect the spatial and

temporal variability of CDNC. The last column provides the distri-

bution of the ensemble means, with the dot representing the aver-

age of the ensemble means and the bars the spread of the ensemble

means.

number concentrations also display little variability between

meteorological ensemble members (Fig. S9a).

The cloud field structure is described in terms of the cloud

fraction, cell number and mean size, and cloud top height.

Cells are defined as coherent areas with a column maximum

radar reflectivity larger than 25 dBZ. Cloud top height is de-

fined by the highest model level with a condensed water con-

tent larger than 1 mg kg−1 (e.g. Fridlind et al., 2010). Cloud

fraction is calculated as the areal fraction of the domain

with condensed water path larger than 0.001 kg m−2 (e.g.

Grosvenor et al., 2017). Cell number (Fig. 6a) and cloud frac-

tion (Fig. 7) in general decrease with decreasing boundary-

layer moisture convergence and condensate gain. However,

variations in mean cell size are quite small (Fig. 6b). Mean

cloud top height varies by about 750 m between ensemble

members (Fig. 8a), with largest (smallest) values for ensem-

ble member 2 and 9 (5). Variations in mean cloud top height

are in general consistent with those of the equilibrium level

pressure (Fig. S10): for example, the equilibrium level pres-

sure in ensemble member 5 is largest, while members 2 and 9

have the smallest equilibrium level pressure. The distribution

between low, medium, and high cloud tops varies by about

20 % between the ensemble members (Fig. 8b).
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Figure 6. Cell number (a) and mean cell size (b). Cells are defined as continuous areas of column maximum radar reflectivity exceeding

25 dBZ. The horizontal line inside the boxes indicates the time mean value; the upper and lower edges the 25th and 75th percentile, re-

spectively; and the whiskers the 1st and 99th percentile. These statistics reflect the temporal variability of the considered variables. The last

column in each panel provides the distribution of the ensemble means, with the dot representing the average of the ensemble means and the

bars the spread of the ensemble means.

Precipitation formation is described by the condensation

ratio CR and the precipitation efficiency PE. These describe

the fraction of the incoming moisture flux that is converted

to condensate (CR) and the fraction of the condensate gain

that is converted to surface precipitation (PE). As expected,

CR varies strongly across ensemble members and in general

decreases with decreasing large-scale moisture convergence

(Fig. 9a). In contrast, PE does not vary systematically with

the large-scale convergence (Fig. 9a). Ensemble member 4

has a significantly lower PE than the other ensemble mem-

bers, which is likely related to the high fraction of shallow

clouds with cloud tops below 2.5 km and a therefore small

contribution of mixed-phase processes to domain-wide pre-

cipitation formation. Conversely, ensemble member 6 has a

relatively large PE and the largest fraction of clouds with

tops above 4.3 km. The relatively small differences in pre-

cipitation efficiency (between 0.17 and 0.27) are consistent

with the almost invariant cloud droplet number concentra-

tions for all ensemble members (Fig. 5). The combined ef-

fect of CR and PE results in a variation of about a factor

1.5 in the mean precipitation rate (Fig. 10a) and the accumu-

lated precipitation (Fig. S11a and b). The precipitation vari-

ability corresponds in general to the variations in large-scale

moisture convergence with some modulations by the differ-

ent precipitation efficiencies (e.g. compare ensemble mem-

ber 2 and control or ensemble members 5 and 6). Variations

in the mean condensed water path are consistent with varia-

tions in the condensate generation between ensemble mem-

bers (Fig. 10b); i.e. the condensed water path decreases in

members with smaller moisture convergence and G.

Mean reflected shortwave radiation ranges from 130 to

155 W m−2 (Fig. 11a). The reflected shortwave is influenced

by the cloud cover and the cloud droplet number concentra-

tions. The largest (smallest) outgoing shortwave flux is pre-

dicted for the ensemble members with the largest (smallest)

cloud fraction, i.e. ensemble 1 (8). Since the CDNC vari-

ability is small (Fig. 5), the variations in cloud fraction be-

tween ensemble members dominate the variability of outgo-

ing shortwave radiation (OSR). Changes in outgoing long-

wave radiation (OLR) are on the order of 3 W m−2 (Fig. 11b).

The outgoing longwave radiation is influenced by the sur-

face temperature, the cloud top height, and the cloud frac-

tion. While differences in the cloud top height distribution

contribute to the variability in outgoing longwave radiation,

variations in the clear sky outgoing longwave radiation dom-

inate the overall variability due to the relatively small cloud

fraction (Fig. S12).

5 Cloud property changes between ensemble members

with different aerosol and identical meteorological

initial and boundary conditions

The simulation of each meteorological ensemble member

was conducted with three different aerosol profiles: a so-

called standard-aerosol scenario, which was derived from

aircraft observations; and low- and high-aerosol scenarios,

which have a factor of 10 lower and higher aerosol num-

ber concentration, respectively. The impact of the perturbed

aerosol profiles on cloud and cloud field properties as well

as precipitation formation in the control simulation has been

discussed in the first part of this study. In this section, we

compare the aerosol signal in the different meteorological

ensemble members, i.e. the difference in realisations with

different aerosol scenarios but identical meteorological ini-
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tial and boundary conditions. Therefore, we test the robust-

ness of aerosol-induced changes to small perturbations in the

meteorological conditions. To quantify the significance of

aerosol-induced changes we use a two-sided t test for ensem-

ble members paired according to meteorological conditions

(Table 1). Using paired ensemble members reflects the in-

terdependence of cloud properties in realisations with differ-

ent aerosol but identical meteorological initial and boundary

conditions. Significance is tested at the 5 % level.

5.1 Cloud droplet number concentration

The cloud-base CDNC is shown in Fig. 5 for all ensemble

members and aerosol profiles. All ensemble members show

a consistent increase in the cloud-base CDNC by about a fac-

tor of 7 between the low (standard) and the standard (high)

aerosol scenarios. Also, the aerosol-induced change in cloud

top CDNC is similar in all meteorological ensemble mem-

bers with a change by about a factor of 5.5 for each fac-

tor of 10 increase in the background aerosol concentrations

(Fig. S9a). The small differences between ensemble mem-

bers suggest only minor changes in the cloud-base vertical

velocity distribution. The aerosol-induced changes in CDNC

are highly significant (Table 1).

5.2 Cloud field structure

The cloud field structure is described in terms of cloud frac-

tion, cell number and size, and cloud top height. The number

of cells decreases with increasing background aerosol con-

centrations in all ensemble members (Fig. 6a). Conversely,

the cell area increases (Fig. 6b). The changes in cell num-

ber and area largely compensate for each other, so that the

cloud fraction displays little sensitivity to the aerosol scenar-

ios with changes being smaller than 0.01 (Fig. 7). Although

small, the aerosol-induced change in cloud fraction is consis-

tent across all ensemble members. It has been hypothesised

in the first part of this study that the slower conversion of

condensate to precipitation in high-aerosol conditions allows

clouds to grow larger and to merge with other updraft cores

resulting in overall fewer, but larger clouds. Also, energetic

constraints potentially limit an increase in overall lifting and

cloud fraction. The changes in cell number, mean cell area,

and cloud fraction are all significant for paired meteorology

reflecting the consistency in the sign of the aerosol-induced

changes across the ensemble members (Table 1).

The mean cloud top height is shown in Fig. 8a and the frac-

tion of cloud tops in different altitude ranges in Fig. 8b. In

all ensemble members, the mean cloud top height increases

from the low- to the standard-aerosol scenario. The increase

in mean cloud top is due to an increase in the fraction of

cloud tops higher than 4.3 km. In the control run and ensem-

ble members 4 and 6, this is accompanied by a reduction

in the medium altitude fraction, while in all other members

changes in the low cloud top fraction dominate. For an in-

Figure 7. Cloud fraction in the different ensemble members. Cloud

fraction is the fraction of the domain for which the condensed water

path is larger than 1 g m−2. The horizontal line inside the boxes in-

dicates the time mean value; the upper and lower edges the 25th and

75th percentile, respectively; and the whiskers the 1st and 99th per-

centile. These statistics reflect the temporal variability of the consid-

ered variables. The last column in each panel provides the distribu-

tion of the ensemble means, with the dot representing the average of

the ensemble means and the bars the spread of the ensemble means.

crease in aerosol number concentration above the standard-

aerosol scenario, the time-average mean cloud top height (di-

amonds in Fig. 8a) does not increase further (members 1

and 2) or even decreases (members 4, 5, 6, 7, 8, 9). The de-

crease in mean cloud top height for the latter is mainly due

to an increase in the fraction of clouds with low cloud tops.

The fraction of clouds with high cloud tops shows only very

small changes between the simulations with standard- and

high-aerosol profiles. The small change in cloud top height

is likely related to the presence of a mid-tropospheric sta-

ble layer, which is present in all ensemble members and lim-

its cloud depths (Sect. 4). Most larger convective cells have

reached this “maximum” cloud top height for the standard-

aerosol scenario and hence no further deepening occurs in the

high-aerosol scenario. The change in cloud top height is only

significant for an increase in aerosol concentrations from the

low to the standard scenario, while it is not significant for a

further increase in aerosol concentrations (Table 1).

5.3 Condensed water budget and precipitation

formation

The condensation ratio displays only very small changes be-

tween different aerosol scenarios (Fig. 9a). Accordingly, the

condensate gain G changes only by 0–4 % between the low-

and the standard-aerosol scenario and by −4 % to 2.5 % be-

tween the standard- and high-aerosol scenario (Fig. S14a and

b). As discussed in Miltenberger et al. (2018), the asym-

metry in the response to increased and decreased aerosol
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Table 1. The p values from two-sided t tests with the null hypothesis of no change in the variable (rows) between two aerosol scenarios

(columns) for all ensemble members. The results for ensemble members paired according to meteorological conditions and unpaired members

are provided. Bold numbers indicate statistical significance at the 5 % level.

Low and standard Standard and high Low and high

paired unpaired paired unpaired paired unpaired

CDNC cloud base 8.31e-16 1.23e-15 7.52e-15 1.09e-14 5.26e-15 6.15e-15

Cloud fraction 0.00154 0.643 0.00310 0.737 0.00190 0.431

Cell number 8.99e-6 0.00178 1.49e-5 0.00591 7.68e-6 8.33e-5

Cell area 3.94e-9 9.91e-9 6.03e-5 0.000326 1.05e-6 1.25e-6

Cloud top height 0.000243 0.325 0.549 0.678 0.104 0.204

Deep cloud fraction 2.61e-6 0.222 0.465 0.914 2.63e-5 0.263

Mean precipitation rate 0.0123 0.748 0.000555 0.313 3.16e-5 0.174

PE 5.78e-3 0.273 1.31e-4 0.0145 1.32e-5 9.18e-4

CR 0.00140 0.874 0.878 0.994 0.0164 0.8823

G 0.00501 0.896 0.803 0.991 0.0363 0.906

L 1.15e-4 0.794 0.000190 0.753 2.08e-5 0.571

P 0.0144 0.701 0.000372 0.248 2.84e-5 0.120

Condensed WP 0.000258 0.5323 0.00748 0.730 0.000176 0.342

Frozen WP 1.13e-5 0.0159 0.000341 0.222 9.17e-6 0.00192

Liquid WP 0.00450 0.848 0.0152 0.905 0.000477 0.756

Cloud WP 2.34e-6 0.144 6.99e-6 0.396 2.81e-6 0.031

OSR 6.80e-7 0.0154 9.27e-7 0.113 7.63e-7 0.000799

OLR 8.33e-5 0.817 0.00576 0.894 0.000373 0.717

Figure 8. Mean cloud top height (a) and fraction of clouds with cloud-top-specific altitude bands (b). Cloud top height is the height of

the highest vertical level in each grid column with a condensate mass mixing ratio larger than 1 mg kg−1. The horizontal line inside the

boxes indicates the time mean value; the upper and lower edges the 25th and 75th percentile, respectively; and the whiskers the 1st and 99th

percentile. These statistics reflect the temporal variability of the considered variables. The last column in each panel provides the distribution

of the ensemble means, with the dot representing the average of the ensemble means and the bars the spread of the ensemble means.

concentrations is likely related to the thermodynamic limi-

tations on cloud deepening. Changes in domain-wide con-

densation and deposition contribute to change in condensate

gain 1G (Fig. S14c and d). Condensation contributes most

to the increases between the low- and the standard-aerosol

scenario, while changes in condensation and deposition con-

tribute about equally to 1G between the standard- and high-

aerosol scenario. Aerosol-induced modifications of CR and

G are only significant for a decrease in aerosol concentra-

tions relative to the standard scenario (Table 1).

The precipitation efficiency PE is more sensitive to aerosol

changes than CR and decreases continuously with aerosol

concentrations (Fig. 9a). The change in PE is larger for in-

creasing than decreasing aerosol concentration relative to the

standard-aerosol scenario. The stronger decrease in PE from

the standard- to the high-aerosol scenario compared with the

www.atmos-chem-phys.net/18/10593/2018/ Atmos. Chem. Phys., 18, 10593–10613, 2018



10604 A. K. Miltenberger et al.: Aerosol–cloud interactions in mixed-phase convective clouds

Figure 9. (a) Condensation ratio and precipitation efficiency for the different ensemble members and aerosol scenarios. The last column in

each panel provides the distribution of mean values from each ensemble member: the dot represents the mean over all ensemble members and

the bars represent the range between the largest and smallest mean value. (b) 1G in relation to 1L for ensemble members paired according

to the meteorological initial conditions. 1G and 1L are computed for simulations with the high (green symbols) and low (cyan symbols)

aerosol profile relative to the simulations with the standard-aerosol profile. The filled symbols represent 1L and 1G values computed over

the regional model domain, while the unfilled symbols include advective fluxes of condensate at the domain boundary in the loss term 1L.

The blue (cyan) shaded area indicates the region in the phase space for which changes in 1G dominate the precipitation response using the

minimum (maximum) precipitation efficiency from the ensemble with standard-aerosol conditions. The unfilled square shows the average

response across the ensemble members.

low- and standard-aerosol scenario is consistent with a higher

lateral condensate transport to the stratiform region when

cloud deepening becomes limited by thermodynamic con-

straints, as hypothesised by Miltenberger et al. (2018). With

further cloud deepening limited by the upper-level stable

layer, more condensate is transported into the stratiform area

reducing the residence time of the condensate in the active

convective core region. In contrast, cloud deepening is larger

and changes in lateral condensate transport smaller when the

low- and standard-aerosol scenario are compared. Therefore,

the slower conversion of condensate to precipitation-sized

hydrometeors in the standard-aerosol scenario can be partly

balanced by a longer residence time in the convective core

region. This hypothesis is discussed in more detail in Mil-

tenberger et al. (2018). Consistent with the larger amplitude

and consistent sign, the changes in PE are significant for both

a decrease and an increase in aerosol concentrations relative

to the standard scenario (Table 1).

The changes in the condensate budget result in a modifi-

cation of the accumulated surface precipitation as illustrated

in Fig. 9b. The diagram displays changes in condensate gain

1G and condensate loss 1L and is discussed in detail in Mil-

tenberger et al. (2018). Increasing the aerosol concentrations

from the low to the standard scenario results in a precipita-

tion decrease in most ensemble members (points below the

one-to-one line). Exceptions are the control simulation with

a small increase in precipitation and ensemble members 6

and 8 with no change in accumulated surface precipitation

(points on the one-to-one line). These ensemble members

have a relatively small decrease in PE as well as a relatively

large 1G and G compared to ensemble members with a sim-

ilar change in PE (e.g. compare ensemble member 1 and 8).

Accordingly, the precipitation response in these cases is ei-

ther dominated by 1G (control) or 1G and 1PE are of equal

importance (member 6 and 8), as also indicated by their posi-

tion in the shaded area in Fig. 9b. For the other members, the

change in PE dominates over changes in condensate produc-

tion, as indicated by their position outside the shaded area

in Fig. 9b. If the aerosol concentration is enhanced beyond

the standard scenario, the precipitation decreases in all en-

semble members (points above the one-to-one line). This re-

sponse is dominated by PE changes in all ensemble members

(points outside the shaded area). Differences in accumulated

precipitation are significant, if ensemble members are paired

according to meteorology (Table 1).

The decrease in accumulated precipitation is accompanied

by a reduced mean precipitation rate with increasing aerosol

concentrations (Fig. 10a). For most ensemble members the

change is larger between the standard- and high-aerosol sce-

nario than between the standard- and low-aerosol scenario.

Only in ensemble member 3 does the mean precipitation rate

not decrease further in the high-aerosol scenario and in en-
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Figure 10. Domain-average precipitation rate (a) and mean condensed water path (b). The horizontal line inside the boxes indicates the

time mean value; the upper and lower edges the 25th and 75th percentile, respectively; and the whiskers the 1st and 99th percentile. These

statistics reflect the temporal variability of the considered variables. The last column in each panel provides the distribution of the ensemble

means, with the dot representing the average of the ensemble means and the bars the spread of the ensemble means.

semble members 4 and 5 the decrease between the standard-

and the high-aerosol scenario is comparable to the decrease

between the low and standard scenario. The percentiles of the

precipitation distribution increase for all percentiles up to and

including the 75th percentile from the low to the high aerosol

concentration for almost all ensemble members (Fig. S11c).

The 99th percentiles are generally smallest (largest) for the

high (standard) aerosol scenario. The only exception is en-

semble member 4, for which the standard-aerosol scenario

has the smallest 99th percentile.

The condensed water path in the domain is a result of

the condensate generation and the timescale of condensate

conversion to precipitation. Parcel model considerations sug-

gest a longer timescale for precipitation formation under en-

hanced aerosol concentrations. Therefore, an increase in the

condensed water path is expected with increasing aerosol

concentrations. Indeed, the mean condensed water path in

most ensemble members increases with aerosol concentra-

tions (Fig. 10b). This is the result of small decreases in the

liquid water path (cloud and rain species) and a larger gain in

the mass of the frozen hydrometeors (ice, snow, and graupel

species) (Fig. S13), consistent with a slower conversion of

cloud droplets to rain drops and accordingly a larger mass

transport across the 0 ◦C level. The only ensemble mem-

ber displaying a different pattern is ensemble member 9, for

which the total condensed, the solid, and the liquid water

path decrease from the standard- to the high-aerosol scenario.

This ensemble member has also the largest reduction in pre-

cipitation efficiency. In addition, for ensemble member 9 the

mean cloud top height and the fraction of clouds with cloud

tops larger than 4.3 km decrease compared to the standard-

aerosol scenario. These changes are consistent with a lower

condensed water path, as reduced cloud top heights indicate

a smaller vertical displacement of the air parcels and accord-

ingly less condensate generation. The decrease in precipita-

tion efficiency is likely linked to these changes as the longer

timescale for conversion of cloud droplets to precipitation-

sized hydrometeors is not compensated for by a longer resi-

dence time in the cloud due the reducing vertical extent of the

clouds. Aerosol-induced changes in condensed, liquid and

frozen water path are significant in the paired meteorology

tests (Table 1).

5.4 Radiation

The response of cloud radiative properties to changes in

aerosol concentrations is climatologically important, but not

well constrained, mainly due to the impact of aerosols on

both cloud fraction and cloud lifetime. The reflected short-

wave radiation is affected by the size and number of the hy-

drometeors close to cloud top and by the cloud fraction. The

outgoing shortwave flux increases for higher aerosol concen-

trations in all ensemble members (Fig. 11a). This change

is consistent with the aerosol-induced change in CDNC

(Fig. 5) and the cloud albedo effect (Twomey, 1977). The

co-occurring decrease in cloud fraction under high-aerosol

conditions (between 2 and 9 % for a factor of 10 aerosol

change) counteracts the CDNC effect, but the cloud albedo

effect dominates due to the large amplitude of the CDNC

change (about a factor of 7 for a factor of 10 aerosol change).

Note that the radiative signal presented here does not fully

take into account potential changes in radiative properties of

the ice-phase species, as the effective diameter of the latter is

diagnosed from the ice water content.

The outgoing longwave radiation is mainly influenced by

the surface temperature, the cloud fraction, and the cloud top
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Figure 11. Outgoing shortwave (a) and longwave (b) radiative flux at the top of the atmosphere, i.e. ≈ 40 km. The horizontal line inside the

boxes indicates the time mean value; the upper and lower edges the 25th and 75th percentile, respectively; and the whiskers the 1st and 99th

percentile. These statistics reflect the temporal variability of the considered variables. The last column in each panel provides the distribution

of the ensemble means, with the dot representing the average of the ensemble means and the bars the spread of the ensemble means.

temperature. The mean outgoing longwave radiation shows

only a small sensitivity to the aerosol scenario for all me-

teorological ensemble members (Fig. 11b). The small dis-

cernible trend of decreasing mean outgoing longwave ra-

diation with increasing aerosol (< 0.5 W m−2, standard- to

high-aerosol scenario) is consistent with the small increase

in mean cloud top height (Fig. 8a).

Aerosol-induced modifications to the outgoing radiative

fluxes are significant at the 5 % level.

6 Contribution of aerosol and meteorology

perturbations to overall cloud property variability

In the previous two sections, the response of cloud prop-

erties to perturbations of the aerosol or meteorological ini-

tial and boundary conditions has been discussed separately.

The 10 meteorological ensemble members vary in the large-

scale moisture convergence, thermodynamic profile, and

wind shear. The variation in the large-scale moisture conver-

gence is most important for the cloud field properties, e.g.

cloud fraction, cell number, condensate generation, and ac-

cumulated precipitation (Sect. 4). The mean cloud top height

varies between ensemble members according to the differ-

ent thermodynamic profiles. Aerosol-induced changes follow

a similar pattern for each meteorological ensemble member

(Sect. 5). An increase in aerosol number concentration trans-

lates to a larger CDNC, mean cell area, and outgoing short-

wave radiation, while the cell number and precipitation effi-

ciency decrease with increasing aerosol concentrations. The

mean cloud top height, condensate generation, and outgoing

longwave radiation display only very small changes in re-

sponse to altered aerosol concentrations.

To detect aerosol-induced changes in cloud properties or

precipitation formation with observational datasets, it is im-

portant to separate changes resulting from different mete-

orological conditions from changes resulting from differ-

ent aerosol concentrations. This is necessitated by the co-

variability of aerosol and meteorological conditions in the

real atmosphere. The question of the relative importance of

meteorological and aerosol initial and boundary conditions

for the cloud field structure and precipitation formation is

also important for operational numerical weather prediction

and the future design of ensemble prediction systems. Here,

we use the combined meteorological and aerosol initial con-

dition ensemble, i.e. combining the discussion of the two pre-

vious sections, to address the question of the relative impor-

tance of aerosol and meteorological variability for the COPE

case. The discussion will focus on changes in the 10 h mean

properties of the cloud field between 09:00 and 19:00 UTC.

The mean value of the considered variable is displayed along

with its spread from the meteorological ensemble members

on the right side of Figs. 5–11 for each aerosol scenario

(different colours). If instantaneous realisations of the dif-

ferent (domain-averaged) variables were to be considered

(box plots on left side of the figures), the variability would

be much larger than suggested by the domain-mean time-

averaged plots (right side of the plots). For a quantitative as-

sessment we use the p values from two-sided t tests for the

full ensemble, i.e. not pairing ensemble members according

to the meteorological initial conditions as in Sect. 4.

The cloud droplet number concentration at either cloud

base or cloud top is strongly influenced by the assumed

aerosol scenario but varies little between the different meteo-

rological members (Figs. 5, S9a). As a result, a clear aerosol

signal remains present even when the meteorological vari-
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Figure 12. Summary of variability in time-average (09:00–

19:00 UTC) cloud properties induced by variations in meteorolog-

ical initial conditions (bars) and aerosol initial conditions (colours;

cyan: low-aerosol scenario, blue: standard-aerosol scenario, green:

high-aerosol scenario). Each variable has been normalised such that

the minimum and maximum values in the entire ensemble (aerosol

and meteorology) map to the value range [0, 1]. The variables dis-

played are cloud-base cloud droplet number CDNCcb, number of

cells ncell, mean cell area acell, cloud fraction cf, mean cloud top

height cth, condensation ratio CR, precipitation efficiency PE, aver-

age precipitation rate pmean, mean condensed water path WP, liq-

uid water path LWP, mean outgoing shortwave radiation OSR, and

mean outgoing longwave radiation OLR.

ability is taken into account. The aerosol-induced CDNC

change remains highly significant at the 5 % level in the un-

paired tests (Table 1).

Although there is a stronger meteorology-induced vari-

ability in the cell number and mean cell size (Fig. 6) and

the predicted range of values overlap for different aerosol

scenarios, the aerosol signal is clearly detectable in these

variables and aerosol effects remain significant also in the

unpaired test (Table 1). However, if the cloud fraction, the

mean cloud top height, or the distribution in different cloud

top height classes is considered, the meteorological variabil-

ity dominates (Figs. 7, 8). Hence, changes in cloud fraction,

mean cloud top height, and deep cloud fraction are not sig-

nificant at the 5 % level, if ensemble members are not paired

according to meteorological conditions (Table 1). Consider-

ing previous arguments on convective invigoration, it is in-

teresting to note that the cloud top height varies only very

little with aerosol scenario but is sensitive to relatively small

changes in meteorological conditions. Consistent with the

small changes in cloud top height, no significant differences

in outgoing longwave radiation exist between the aerosol sce-

narios (Fig. 11b, Table 1). For the outgoing shortwave ra-

diation a stronger aerosol signal is retained above the me-

teorological variability due to the large impact of aerosol

concentrations on CDNC (Fig. 11a). However, this signal is

not statistically significant for an aerosol increase beyond the

standard-aerosol scenario (Table 1).

Precipitation formation is known to be strongly influenced

by dynamical and microphysical processes. Miltenberger

et al. (2018) used an analysis of the water budget to sepa-

rate the contributions from cloud dynamics and microphysics

to aerosol-induced changes. As expected, condensation ratio

CR and condensate gain G vary strongly between different

meteorological ensemble members, but show little sensitiv-

ity to the aerosol scenario (Figs. 9a, S14a and b). The small

dependency of the condensate gain on the aerosol number

concentration may be a result of using a saturation adjust-

ment scheme for the condensation in our model. Previous

studies using a prognostic supersaturation found the conden-

sation rates to be dependent on the CDNC number concen-

tration (e.g. Lebo et al., 2012; Lebo, 2014; Sheffield et al.,

2015). However, due to the thermodynamic constraints on

integrated condensation, we do not expect this will have a

strong impact on the overall behaviour of the condensate

gain. In contrast to CR, the precipitation efficiency displays

a relatively small systematic dependency on the large-scale

moisture convergence and a large dependency on the aerosol

scenario (Fig. 9a). However, the condensate loss L varies

strongly across meteorological ensemble members due to its

close relation with the condensation gain (Fig. S15). This co-

variability is discounted for in PE. However, still only the

aerosol-induced PE change between the standard- and high-

aerosol scenario is significant at the 5 % level for unpaired

ensemble members.

The aerosol-induced change in accumulated precipitation

is the combined result of the changes in condensation ra-

tio and precipitation efficiency. While the accumulated sur-

face precipitation in most meteorological ensemble mem-

bers decreases with increasing aerosol scenario, these dif-

ferences are much smaller than the variability of accumu-

lated surface precipitation between meteorological ensem-

ble members (Fig. S11b). The meteorological variability is

due to large differences in the condensate gain, which is di-

rectly related to the variability in large-scale moisture con-

vergence. The aerosol signal is much larger for an increase in

the aerosol concentrations beyond the standard-aerosol sce-

nario due to a significantly larger change in the precipitation

efficiency. The mean precipitation rate behaves qualitatively

very similarly to the accumulated precipitation (Fig. 10a).

Consistently, neither changes in mean precipitation rate nor

accumulated precipitation are statistically significant (Ta-

ble 1).

The ensemble-mean condensed water path increases with

increasing aerosol concentrations, if all hydrometeor types

are considered (Fig. 10b). However, the liquid water path

(condensate in the cloud and rain category) shows relatively

little sensitivity in its median value, while the mean liquid

water path generally decreases with increasing aerosol con-

centrations (Fig. S13a). The frozen water path increases with

increasing aerosol concentrations for most ensemble mem-
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bers (Fig. S13b), which is consistent with a longer timescale

for precipitation formation. The aerosol-induced changes in

both variables are much smaller than the variability induced

by different meteorological initial and boundary conditions

and are hence not significant at the 5 % level (Table 1).

7 Discussion and conclusions

High-resolution ensemble simulations (1x = 250 m) with

perturbed aerosol and meteorological initial and boundary

conditions were performed for convection forming along sea-

breeze convergence zones over the southwestern peninsula of

the UK. The relative importance of perturbations in meteo-

rological (10 members) and aerosol initial conditions (three

for each member) for various cloud properties and precipita-

tion formation is analysed over a forecast lead time of 10–

20 h. The 10 different meteorological ensemble members de-

velop similar mesoscale flow patterns with a sea-breeze con-

vergence zone establishing over the centre of the peninsula.

As a result of the different lateral boundary conditions, the

large-scale boundary-layer moisture convergence and the ac-

cumulated condensate gain vary by a factor of 2 and the ac-

cumulated surface precipitation by a factor of 2.5 between

ensemble members. The average cloud fraction differs by up

to 0.1 between the meteorological ensemble members. This

meteorological variability is compared to changes in cloud

properties induced by a factor of 10 increase and decrease in

aerosol number concentrations relative to the standard sce-

nario. While the perturbations to the meteorological initial

conditions reflect at best the uncertainty for the investigated

case, changes in aerosol number concentration by a factor of

100 are probably even larger than what could be expected for

the climatological variability.

Changes in aerosol concentrations can potentially mod-

ify cloud field properties, e.g. cell number and size, cloud

depth, cloud fraction, and the domain-wide condensate bud-

get (condensate gain and loss, precipitation rate). Aerosol-

induced changes are consistent across the ensemble, suggest-

ing that the physical mechanism discussed by Miltenberger

et al. (2018) is robust against small changes in meteorolog-

ical initial conditions. The variability of cloud field prop-

erties across the ensemble is summarised in Fig. 12. The

possibility of discerning aerosol-induced differences in vari-

ous cloud metrics relative to realistic meteorological variabil-

ity is assessed in the following. First, the idealised situation

where the meteorological initial conditions are identical for

different aerosol perturbations is assessed by pairing ensem-

ble members according to the meteorological initial condi-

tions. This is equivalent to testing the statistical significance

of the differences between realisations with different aerosol

scenarios and identical meteorological initial and boundary

conditions. For the paired ensemble members, a factor of

10 increase or decrease in aerosol concentrations introduces

statistically significant changes (at the 5 % level) in CDNC,

cloud fraction, cell number and size, outgoing shortwave ra-

diation, instantaneous and mean precipitation rates, and pre-

cipitation efficiency (Table 1). Note that the statistical analy-

sis is based on a very small sample, which affects the validity

of several assumptions. However, since the statistical results

agree qualitatively with the physical analysis, we use the sig-

nificance values as a helpful diagnostic for summarising the

results. Aerosol-induced changes in accumulated precipita-

tion are only significant for an increase in aerosol concentra-

tions beyond the standard scenario. An analysis of the con-

densed water budget suggests that for a decrease in aerosol

concentrations, a smaller condensation ratio is balanced by

an increasing precipitation efficiency. In contrast, for higher

aerosol concentrations than in the standard scenario, the pre-

cipitation response is dominated by a strong decrease in pre-

cipitation efficiency with little change in the condensation ra-

tio due to the thermodynamic constraints on cloud top height.

Secondly, we can use the simulations to assess our abil-

ity to discern aerosol–cloud effects for the situation where

meteorological initial and boundary conditions are similar

but subject to observational uncertainty. This would repre-

sent a “perfect” observational campaign where the meteoro-

logical conditions each day are only slightly different (con-

vergence within a factor of 2) and large perturbations to

aerosol concentrations occur (factor of 10–100). This sce-

nario is replicated by analysing aerosol-induced changes in

the full ensemble without pairing ensemble members accord-

ing to meteorological initial conditions. For the unpaired en-

semble, only aerosol-induced changes in CDNC, cell number

and size, outgoing shortwave radiation, and precipitation ef-

ficiency are statistically significant (Table 1). For some of

these variables, the changes are significant only for a de-

crease or an increase in aerosol number concentration rel-

ative to the standard scenario. For all other investigated

variables (cloud fraction, cloud top height, condensation ra-

tio, domain-average precipitation rate, condensed water path,

and liquid water path) the variability resulting from different

meteorological initial and boundary conditions is equal to or

larger than the aerosol-induced changes.

The ensemble data can be used for a rough estimate of

the number of observations that are required for retrieving a

robust aerosol signal from observational data for sea-breeze

convection. For this analysis we assume (i) the aerosol sce-

nario and meteorology are independent, (ii) the ensemble is

representative of the meteorological variability, (iii) the me-

teorological variability can be described by a Gaussian distri-

bution, and (iv) observational data are perfect. While it is dif-

ficult to a priori estimate the impact of these assumptions on

the analysis, we expect the analysis to provide a lower limit

of the required number of observations due to the following

reasons: in contrast to assumption (i), aerosol and meteoro-

logical conditions are likely to be correlated (e.g. Brenguier

et al., 2003; Naud et al., 2016; Wood et al., 2017), reduc-

ing the observed section of the phase space. Secondly, the

meteorological variability in the ensemble simulations is not
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Table 2. Number of observation days to obtain a statistically significant (at the 5 % level) aerosol signal in 95 % of all cases. The main value

assumes the spread of the meteorological ensemble members equals 4σ , while the values in brackets use 5σ and 3σ .

Variable Aerosol within a factor of 100 Aerosol within a factor of 10 Aerosol within a factor of 10

(low to high scenario) (low to standard scenario) (standard to high scenario)

CDNC < 10 < 10 < 10

(< 10, < 10) (< 10, < 10) (< 10, < 10)

Cloud fraction 90 250 480

(50, 140) (130, 340) (320, 860)

Cloud top height 60 110 540

(40, 100) (70, 190) (350, 950)

Outgoing SW < 10 20 30

(< 10, < 10) (< 10, 20) (20, 50)

Outgoing LW 460 1110 3350

(290, 810) (710, 1960) (2180, 6000)

Accumulated precipitation 30 420 60

(20, 60) (290, 790) (40, 90)

representative of the climatological variability of meteoro-

logical conditions for sea-breeze convection over the south-

western peninsula of the UK, which can be assumed to be

much larger (Golding, 2005). Lastly, observational data will

not be perfect due to measurement errors and spatial and tem-

poral sampling issues (e.g. Schutgens et al., 2017). All these

issues will likely increase the number of required samples

compared to the values suggested by our analysis.

With the assumptions listed above, a Gaussian distribu-

tions representing the meteorological variability is defined

for the low- and the high-aerosol scenario. For each variable,

the mean value across all ensemble members with the same

aerosol scenario is used as the mean of the Gaussian distri-

bution. The standard deviation σ of the Gaussian distribution

is defined by assuming the value range (minimum and max-

imum) across the ensemble members equals 4σ (3σ and 5σ

are tested as well). Then 104 realisations with n samples are

drawn from the Gaussian distributions for the low- and high-

aerosol scenario separately. The number of samples n can

be interpreted as the number of times the same day is ob-

served, as the statistical analysis presented here uses either

daily average or accumulated variables. However, it may be

possible to interpret the necessary number of observations

also as number of individual observations, e.g. from satel-

lite overpasses, if subsequent observations are not autocor-

related, i.e. are from different cloud lifecycles. If snapshots

are used, it may be necessary to take into account the pos-

sibly different life cycle stages of the observed cloud field

(e.g. Luo et al., 2009; Witte et al., 2014). However, given

the limited number of ensemble members in our analysis, an

assessment of this effect is beyond the scope of our study.

For each of the 104 realisations, we test the hypothesis that

the low- and high-aerosol scenarios are not equal with a two-

sided t test. The resulting distribution of p values gives the

probability that a significant aerosol-signal can be retrieved

from a sample of n observations with low- and high-aerosol

conditions each (Fig. S16). The number of days required

to have a 95 % chance of observing a significant aerosol-

induced change in various cloud properties is listed in Ta-

ble 2. This required number of observations only gives an

approximate indication, as the exact number is sensitive to

the assumptions made regarding the presentation of the me-

teorological variability in the ensemble, e.g. whether the en-

semble spread corresponds to 3σ , 4σ , or 5σ . It is important

to note that the statistical analysis has the strong caveat of be-

ing based on a rather small ensemble. To obtain robust statis-

tics a much larger ensemble with several hundreds of ensem-

ble members would be required, which is currently beyond

the computational resources available. However, we think the

analysis provided here gives some general indication of the

scale of observations required as the statistics confirm the im-

pressions gained from the physical analysis of the ensemble

members. Our analysis indicates that a small sample n ≤ 10

is sufficient for variables such as the CDNC and outgoing

shortwave radiation, while a large sample often exceeding

100 is required for variables such as cloud fraction, cloud top

height, or accumulated precipitation. The number of samples

required depends on the amplitude of the aerosol perturbation

(factor of 100 between low- and high-aerosol scenario, fac-

tor of 100 between the low- (high-) and the standard-aerosol

scenario) as well as the location in the aerosol space (differ-

ent for increase or decrease relative to the standard-aerosol

scenario). In general, more observations are required for an

increase in aerosol number concentrations above the standard

scenario, which is related to the thermodynamic constraints

on aerosol-induced changes in the considered case discussed
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in Miltenberger et al. (2018). The only exception is accumu-

lated surface precipitation, for which fewer observations are

required for an increase above the standard scenario. This

reflects the larger aerosol-induced signal in accumulated pre-

cipitation for increased compared to decreased aerosol con-

centrations.

While the meteorological ensemble allows us to put the

aerosol-induced changes in cloud properties into the context

of changes related to meteorological variability, the consid-

ered changes in meteorology are fairly small (Sect. 4). Even

if the represented meteorological variability is assumed to

be representative of all possible meteorological conditions

on the investigated day, they do not cover the full range of

meteorological conditions that could occur for convection

along sea-breeze convergence zones. However, even this very

conservative estimate on the meteorological variability is for

many variables on the same order of magnitude or larger

than the aerosol-induced changes. We expect that the number

of samples required to retrieve a statistically robust aerosol-

induced change would increase if the climatological variabil-

ity of the meteorological conditions is considered.

The results presented in this paper certainly only pertain

to the specific cloud type investigated and the relative mag-

nitude of aerosol- and meteorology-related changes in cloud

properties may be different for other cloud types. This will

be investigated in future studies. In addition to the results

presented here, some previous studies have highlighted the

importance of considering the intrinsic predictability of in-

vestigated cases before drawing conclusions about the sig-

nificance of aerosol-induced changes in cloud properties

(Grabowski et al., 1999; Khairoutdinov and Randall, 2003;

Zeng et al., 2008; Morrison and Grabowski, 2011; Morrison,

2012). These studies used prescribed large-scale conditions

and applied random perturbations to thermodynamic fields

throughout the simulations. The present study complements

their analysis by considering the impact of changes in the

large-scale conditions, which are small compared to observa-

tional uncertainties and much smaller than the expected vari-

ability in meteorological categories used to retrieve aerosol

signals from general circulation models (e.g. Bony et al.,

2004; Zhang et al., 2016). Consistent with previous studies,

we find that the aerosol signals in variables closely related

to aerosol concentrations, such as cloud droplet number con-

centrations, are easier to retrieve than for variables that are

linked to aerosol concentrations by a series of complex pro-

cesses, such as accumulated surface precipitation. From the

limited number of studies available, the set of variables in

either category appears to vary for different cloud types and

geographic location. However, our and previous studies all

suggest that aerosol-induced change in surface precipitation

is very difficult to retrieve reliably (e.g. Khairoutdinov and

Randall, 2003; Morrison and Grabowski, 2011).

The evidence presented in the to-date very limited number

of studies considering the relative impact of meteorological

and aerosol conditions on cloud properties suggests that it is

crucial to carefully consider intrinsic predictability, meteo-

rological conditions, and co-variability between aerosol and

meteorological conditions in modelling and observational

studies of aerosol indirect effects. While these aspects have

been highlighted by Stevens and Feingold (2009) and Fein-

gold et al. (2016), only a few modelling studies have investi-

gated these aspects and there is a clear need for future studies

extending the analysis to other cloud types and meteorologi-

cal scenarios. An improved knowledge and quantification of

these aspects is mandatory for progress in our understand-

ing of aerosol-induced changes in cloud properties and for

retrieving observational evidence thereof.
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