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Abstract
Large-eddy simulations (LESs) that explicitly resolve boundary layer (BL) turbu-
lence and clouds are used to explore the sensitivity of idealized Arctic BL clouds
to climate perturbations. The LESs focus on conditions resembling springtime,
when surface heat fluxes over sea ice are weak, and the cloud radiative effect
is dominated by the long-wave effect. In the LES, the condensed water path
increases with BL temperature and free-tropospheric relative humidity, but it
decreases with inversion strength. The dependencies of cloud properties on
environmental variables exhibited by the LES can largely be reproduced by a
mixed-layer model. Mixed-layer model analysis shows that the liquid water path
increases with warming because the liquid water gradient increase under warm-
ing overcompensates for geometric cloud thinning. This response contrasts with
the response of subtropical stratocumulus to warming, whose liquid water path
decreases as the clouds thin geometrically under warming. The results suggest
that methods used to explain the response of lower-latitude BL clouds to cli-
mate change can also elucidate changes in idealized Arctic BL clouds, although
subtropical and Arctic clouds occupy different thermodynamic regimes.
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1 INTRODUCTION

The Arctic boundary layer (BL) is known for its ubiqui-
tous temperature inversion and mixed-phase low clouds
(Curry et al., 1996). Temperature inversions at the sur-
face are common, but temperature inversions that are
elevated well above the surface, capping a well-mixed
cloudy BL, are also frequently found. Nearly all tem-
perature inversions are elevated in spring and summer,
and about 50% of inversions are elevated in autumn and
winter (Tjernström and Graversen, 2009). Annual-mean
Arctic cloud fraction is around 70%, with a maximum

exceeding 80% in autumn (Wang and Key, 2005; Kay
and L’Ecuyer, 2013). Liquid-containing clouds are found
year-round, and they mostly occur at low levels (Cesana
et al., 2012).

These characteristics of the Arctic BL can impact
high-latitude climate in many ways. For example, Arc-
tic clouds warm the surface in all seasons except sum-
mer because their long-wave greenhouse effect predomi-
nates over short-wave effects, in contrast to their subtrop-
ical counterparts (Intrieri et al., 2002; Kay and L’Ecuyer,
2013). The presence of snow and sea ice allows the
Arctic surface temperature to respond more quickly to

Q J R Meteorol Soc. 2020;146:3285–3305. wileyonlinelibrary.com/journal/qj © 2020 Royal Meteorological Society 3285

https://orcid.org/0000-0002-6031-7830


3286 ZHANG et al.

cloud changes than over subtropical oceans. Hence, Arctic
cloud feedbacks may operate differently from those at
lower latitudes. In spring, short-wave effects of clouds are
masked by the presence of sea ice, and their long-wave
effects dominate the surface radiation budget. Anomalies
in the long-wave effect play significant climatic roles, for
example, in the initiation of sea ice melt (Kapsch et al.,
2013).

The complex interactions between atmospheric circu-
lation, cloud dynamics, and microphysics call for pro-
cess understanding of Arctic clouds. Previous studies
have analyzed GCM-simulated Arctic cloud changes in a
warmer climate (Vavrus, 2004; Vavrus et al., 2009; 2011;
Morrison et al., 2019); however, the low-cloud response
is sensitive to parametrizations of clouds, turbulence,
and convection (Yoshimori et al., 2014). Here we use a
high-resolution model to simulate an idealized representa-
tion of springtime Arctic stratocumulus clouds. We focus
on their thermodynamic and macrophysical properties,
their long-wave cloud radiative effect (CRE), and how they
respond to climate warming. We aim to identify robust
mechanisms of how the clouds respond to changes in
environmental variables.

Recent modelling studies have focused on microphysi-
cal and dynamical processes maintaining springtime Arc-
tic mixed-phase stratocumulus clouds. Savre et al. (2015)
investigated how the persistence of Arctic mixed-phase
clouds depends on microphysical processes, as well as on
moisture sources in the sub-cloud layer and in the free tro-
posphere. They found that microphysical processes (e.g.,
ice sublimation) play an important role in controlling the
BL structure. Yet large-scale advection of heat and mois-
ture drives BL decoupling. A more idealized study by
Solomon et al. (2014) also found a role for ice microphysics
in controlling BL moisture. They demonstrated the insen-
sivitity of Arctic springtime stratocumulus to changes in
moisture sources. However, one important question that
was not explicitly addressed by either study is how Arc-
tic springtime clouds respond to climate change. Idealized
modelling studies that focus on Arctic air formation from a
Lagrangian perspective have found that Arctic low clouds
play a more active role in insulating the surface when the
initial condition is warmer (Cronin and Tziperman, 2015;
Cronin et al., 2017). In the subtropics, idealized climate
change experiments of stratocumulus have proven insight-
ful for understanding cloud feedbacks (e.g., Blossey et al.,
2013; Van der Dussen et al., 2015; Tan et al., 2017). We
adopt a similar approach here for the Arctic and contrast
the Arctic springtime BL and stratocumulus response to its
subtropical counterpart.

We use large-eddy simulations (LESs) with the Python
Cloud Large-Eddy Simulation code (PyCLES; Pressel et al.,
2015, 2017) to investigate systematically the response of

Arctic BL clouds to different kinds of idealized changes.
We base our study on the Indirect and Semi-direct
Aerosol Campaign (ISDAC) LES intercomparison study
(Ovchinnikov et al., 2014). In an idealized set-up (here-
after ISDAC-i) mimicking conditions during the ISDAC
observational campaign, we investigate the sensitivities
of Arctic mixed-phase stratocumulus clouds to tempera-
ture, cloud-top inversion strength, and free-tropospheric
moisture. These are important additional factors control-
ling stratocumulus properties, besides microphysics (Dal
Gesso et al., 2014; Van der Dussen et al., 2015). Under-
standing them is a first step toward understanding how
Arctic low clouds respond to climate change. We then use a
mixed-layer model (MLM) to elucidate the cloud response
to perturbations seen in the LES. MLMs have been exten-
sively used to study stratocumulus-topped BLs over sub-
tropical oceans (Lilly, 1968; Bretherton and Wyant, 1997;
Dal Gesso et al., 2014; De Roode et al., 2014). They have
rarely been used in the Arctic because of difficulties in
representing cloud ice processes and frequent near-surface
decoupling (Solomon et al., 2014). Our MLM will turn
out to be similarly useful for providing insights into what
controls weakly precipitating stratocumulus clouds in the
Arctic.

We begin by describing the LES and MLM used in
the study (Section 2). Then we specify the experimental
set-up of the observational-based ISDAC LES intercom-
parison and the idealized ISDAC-i simulations, justifying
our ISDAC-i set-up by characteristics of the projected Arc-
tic warming (Section 3). Next we show the results from
ISDAC and ISDAC-i simulations (Section 4), followed by
MLM analysis (Section 5) and discussion and conclusions
(Section 6).

2 MODEL DESCRIPTIONS

2.1 LES code

The PyCLES code uses total water specific humidity and
specific entropy as prognostic thermodynamic variables in
its solution of the anelastic equations of motion (Pressel
et al., 2015). PyCLES has been used successfully to simu-
late subtropical marine BL clouds (Tan et al., 2016, 2017;
Pressel et al., 2017; Schneider et al., 2019; Shen et al., 2020).
This is its first application in a polar setting.

We use a nominally fifth-order Weighted Essen-
tially Non-Oscillatory (WENO5) advection scheme for
momentum and scalars, and a strong stability preserv-
ing third-order, three-stage Runge–Kutta method for
time-stepping. The time-steps are adaptive with a maxi-
mum Courant number of 0.7. The numerical dissipation
implicit in the WENO scheme is used in lieu of an explicit
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subgrid-scale dissipation scheme; this has been found to
lead to the most faithful simulation of subtropical stra-
tocumulus (Pressel et al., 2017). Only near the surface do
we use a Smagorinsky–Lilly subgrid-scale closure to trans-
fer momentum between the LES domain and the surface.
Monin–Obukhov similarity theory is used to compute the
surface flux of momentum at the lower boundary. The
roughness length is set to 4× 10−4 m, as specified in the
ISDAC intercomparison study (Ovchinnikov et al., 2014).
The surface temperature is constant in time. The sensible
and latent heat fluxes are zero for all simulations presented
in this study, based on the fact that observed turbulent heat
fluxes over Arctic sea ice are weak (< 5 W⋅m−2) in spring
(Ola and Persson, 2002).

The grid resolution in our simulations is 50 m in the
horizontal, with doubly periodic boundary conditions, and
10 m uniformly in the vertical (Ovchinnikov et al., 2014).
The horizontal extent of the computational domain is 3.2
× 3.2 km, and the vertical extent is 2 km. We found no sen-
sitivity to doubling the horizontal domain size, which is
consistent with ISDAC simulations in Kaul et al. (2015).
Doubling the horizontal resolution also has a minimal
impact on the simulated cloud fields. Increasing verti-
cal resolution from 10 to 5 m increases LWP by 7% after
24 hr in the ISDAC-i reference case, which is expected for
stratocumulus in LES. Grid convergence is not reached
even at 1.25 m vertical resolution in some recent sim-
ulations of subtropical stratocumulus (Matheou, 2018;
Mellado et al., 2018); however, higher resolution signifi-
cantly increases the computational cost. Our implicit LES
has higher fidelity at coarser resolution than other LESs
because the WENO schemes minimize spurious numeri-
cal mixing near the inversion (Pressel et al., 2017). Bench-
mark tests have shown that implicit LESs with 5–10 m
vertical resolution reproduce observed subtropical stra-
tocumulus as well as other simulations with 1.1 m verti-
cal resolution (Schneider et al., 2019). The implicit LES
approach we use here allows us to use coarser resolution
to reproduce higher-resolution results at a lower computa-
tional cost.

2.1.1 Microphysics

The modelling of mixed-phase microphysics remains
an active area of research. We use a relatively simple
one-moment microphysics scheme which captures basic
features of Arctic mixed-phase clouds (Kaul et al., 2015).
Liquid and ice cloud condensates are diagnosed from the
total saturation excess, using an empirical partition func-
tion that models the liquid fraction ! as a function of
temperature (Grabowski, 1998; Kaul et al., 2015; Pressel
et al., 2015),

!(T) =

⎧
⎪
⎪
⎨
⎪
⎪⎩

0 for T < Tcold,(
T−Tcold

Twarm−Tcold

)n
for Tcold ≤ T ≤ Twarm,

1 for Twarm < T,

(1)

where Twarm = 273 K and Tcold = 235 K are the threshold
temperatures. The exponent n here is chosen to be 0.1
(Kaul et al., 2015), justified by the fact that liquid fractions
close to 80% at 240–250 K have been observed in Arctic low
clouds (de Boer et al., 2009). For temperatures relevant for
ISDAC clouds, Equation (1) with n= 0.1 agrees well with
satellite-derived liquid fractions (Hu et al., 2010). While
this formulation does not do justice to the complexity of
non-equilibrium thermodynamics in mixed-phase clouds,
it is a relatively simple approximation that allows us to
focus on dynamical processes.

Precipitation species (rain and snow) are modelled
prognostically. We assume a spherical geometry for rain,
and a thin needle shape for snow (Grabowski, 1998). The
processes that govern the sources and sinks of snow and
rain include autoconversion, accretion, deposition/sub-
limation or evaporation, and sedimentation. Sedimenta-
tion of cloud condensate is not taken into account. The
scheme uses exponential particle size distribution func-
tions for rain, ice, and snow. Cloud ice has a constant
intercept parameter N0,ice = 1× 107m−4. The snow and rain
intercept parameter (N0,snow and N0,rain) are diagnostic
functions of snow and rain water specific humidity (Mor-
rison et al., 2011; Abel and Boutle, 2012). More details
of the scheme are given in appendix A of Kaul et al.
(2015).

We made several minor modifications to the micro-
physical source terms in Kaul et al. (2015) to minimize
empirical fitting, so that we are less constrained to use
them under various Arctic conditions. Our results are not
sensitive to these modifications. The thermodynamic func-
tion G, which represents the vapour diffusion of an ice or
water sphere and determines the mass growth rate of liq-
uid droplets or ice crystals, is used for autoconversion of
snow, deposition/sublimation of snow, and evaporation of
rain. It is taken without approximation, following Straka
(2009), as

G(T,P) =
[
"l/iRvT
Dp∗

v(T)
+
(

L
RvT − 1

) L"l/i
#T

]−1
.

Here, "l/i is the density of liquid or ice, depending on
the process, L is the effective latent heat, and p∗

v is the
saturation vapour pressure; D is the water vapour diffu-
sivity, which increases with temperature and decreases
with pressure; and # is the thermal conductivity of air,
which depends approximately linearly on temperature.
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The detailed formulations of D and # are given in Straka
(2009). The same partition function (1) is used to deter-
mine the effective specific latent heat L in the mixed
phase (a combination of the latent heat of vaporization and
sublimation) and a thermodynamically consistent satura-
tion vapour pressure (Pressel et al., 2015). The function G
increases approximately exponentially with temperature
and is used in combination with a supersaturation fac-
tor in snow autoconversion, rain evaporation, and snow
deposition/sublimation.

The formation of precipitation and evaporation/sub-
limation of hydrometeors contribute to the entropy ten-
dency. The small heat transfer and the aerodynamic drag
during sedimentation are also included in the entropy
source/sink terms, as specified in Pressel et al. (2015).

2.1.2 Radiative transfer

The default long-wave radiation scheme for the ISDAC
intercomparison is idealized and depends solely on cloud
liquid water content (Ovchinnikov et al., 2014). In order
to capture radiative flux changes under climate change,
in ISDAC-i we use the Rapid Radiative Transfer Model
for GCMs (RRTMG; Iacono et al., 2008) integrated into
PyCLES. RRTMG is called every 60 simulated seconds
in PyCLES. (Shorter radiative time-steps were found to
create minimal differences but substantially increase the
computational cost (Cronin et al., 2017).) Additional infor-
mation on temperature, humidity, and ozone above the
LES domain is required to calculate radiative fluxes. There-
fore, we patch the standard atmospheric profiles from
the Mixed-Phase Arctic Cloud Experiment (M-PACE) LES
intercomparison project to the ISDAC temperature and
specific humidity profiles. RRTMG produces a more real-
istic radiative flux profile than the idealized radiation in
the ISDAC intercomparison, which results in a slightly
warmer BL.

The ISDAC intercomparison does not include
short-wave radiation. In ISDAC-i, we have included
short-wave radiation because of its significance during
Arctic spring. We applied a constant daily mean TOA
short-wave radiation of 313 W⋅m−2, corresponding to 27
April 2008 at the ISDAC field campaign location, with the
solar zenith angle fixed to its diurnally averaged value of
76.6◦. Using an insolation-weighted solar zenith angle,
with a corresponding renormalization so that the total
TOA short-wave flux remains unchanged, may reduce
albedo biases arising from a fixed zenith angle (Cronin,
2014). Moreover, we found having a diurnal cycle in the
short-wave radiation to have only minimal impact on our
results, which focus on the BL and cloud properties after
24 simulated hours. Surface albedo is set to 0.85, based on

ground observations during the SHEBA campaign (Ola
and Persson, 2002).

The effective radius of liquid droplets entering the
radiative transfer calculation uses the parametrization
by Martin et al. (1994) for warm stratocumulus clouds
(Blossey et al., 2013; Tan et al., 2016). The mean cloud ice
effective radius follows an empirical relation that depends
on temperature T and ice water content (IWC; Boudala
et al., 2002),

re,ice = $
(

IWC
"i

)%

exp[&(T − Tm)],

where $ = 51.77 μm, % = 0.06, and & = 0.013 K−1 are fit-
ting coefficients, and Tm = 273.15 K is the melting temper-
ature. The mean ice effective radius is mainly a function
of temperature and increases with temperature at a rate of
∼ 0.5 μm⋅K−1. It is only sensitive to IWC at low IWC values
(Boudala et al., 2002). The effect of precipitating species
is not included in the radiative transfer calculation. The
cloud ice effect on cloud infrared optical depth is minimal
because the cloud layer is dominated by the optically thick
liquid water.

2.2 Mixed-layer model

In order to analyze the LES results in greater depth, we
use a MLM as a conceptual framework. The MLM uses
liquid-ice potential temperature 'li, total water specific
humidity qt, and BL height zinv as prognostic variables
(Lilly, 1968; Bretherton and Wyant, 1997; Dal Gesso et al.,
2014):

dzinv
dt = we + wLS(zinv), (2)

d'li
dt = 1

zinv

(
weΔ'li −

ΔFR
"acp

)
, (3)

dqt
dt = 1

zinv
weΔqt. (4)

Here, we is the cloud-top entrainment rate, wLS is
the large-scale subsidence rate as a function of height,
and "a is the mean density of air. The Δ variables
represent contrasts across the entire BL. For example,
ΔFR = F+

R − FR, 0 represents the total radiative flux con-
trast between the fluxes right above the BL (at 1.1 times
the BL height) and at the surface. Because the BL is
assumed to be well-mixed, the contrasts across the cloud
tops are the same as the contrasts across the BL for
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the conserved prognostic variables 'li and qt, but not
for FR (Moeng, 2000). The phase partitioning (1) out-
lined above is used to diagnose cloud liquid and ice
water specific humidity ql and qi. Microphysical pro-
cesses are not included in the MLM, which can lead to
a mismatch in qt in MLM and LES (Supporting Infor-
mation Section S2 gives more details). A standard sat-
uration adjustment procedure is called to diagnose ql
and qi at every time-step, which then enter radiative
transfer calculations. Time-stepping uses a second-order
two-stage Runge–Kutta method with constant time-steps
of 600 s. Radiative transfer uses the same RRTMG scheme
as PyCLES, and it is called at every time-step. After the
BL values are obtained at each time-step, vertical profiles
are calculated using the prescribed free-tropospheric con-
ditions as upper boundary conditions. The MLM vertical
resolution is 5 m.

An entrainment rate formula is needed to close the
set of MLM equations. Because of the lack of surface heat
fluxes, turbulence in the BL is mostly driven by cloud-top
radiative cooling. We parametrize the entrainment rate as

we = a ΔiFR
"acpΔ'li

, (5)

where a = 0.95 is diagnosed from our LES runs (Appendix
A). Equation (5) suggests a direct contribution of radia-
tion to the mean entrainment rate (Mellado, 2017), which
arises from integrating the buoyancy budget across the BL
top (Moeng et al., 1999; Stevens, 2006). We define Δi to be
the jump across the entrainment zone, or more specifically,
the difference in values between the top of the well-mixed
layer zinv and the level at which buoyancy production of
turbulent kinetic energy (TKE) goes to zero (for conve-
nience we use 1.1zinv). All Δ quantities are calculated after
horizontal domain and time averaging. For the conserved
variables 'li and qt, which are assumed well mixed within
the mixed layers, Δi and Δ are equivalent. We further
assume that Δ'li ≈ Δi'v and that the long-wave radiative
flux jumps nearly discontinuously by ΔiFR at the cloud
tops, driving radiative cooling at the top and with it the
mixed-layer turbulence. Note thatΔiFR is usually less than
the total radiative flux contrast ΔFR (Moeng, 2000). In
ISDAC-i,ΔiFR is about 30 to 75% ofΔFR, which means that
entrainment warming can only offset less than 30 to 75% of
BL radiative cooling, given that a is less than 1. Nearly all
cloud-top entrainment comes from the radiatively driven
component, which further indicates that the BL turbu-
lence is mainly driven by radiative cooling at the cloud top.
Additional details of the entrainment parametrizations are
described in Appendix A.

3 EXPERIMENTAL SET-UP

3.1 ISDAC LES intercomparison

The ISDAC LES intercomparison is based on observations
of a long-lived mixed-phase stratocumulus cloud on 26–27
April 2008 north of Utqiagvik (formerly Barrow), Alaska
(Ovchinnikov et al., 2014). Soundings at Utqiagvik show
a stable surface layer below a well-mixed cloud layer. The
boundary layer is capped by a strong potential temperature
inversion, with a dryer free atmosphere above.

Our set-up generally follows the ISDAC LES inter-
comparison (appendix A of Ovchinnikov et al., 2014). We
define 'li following Tripoli and Cotton (1981) and Pressel
et al. (2015) as

'li = ' exp
(
− L

cpT
ql + qi
1 − qt

)
, (6)

where the effective specific latent heat L is a weighted sum
of that for vaporization and sublimation, using the parti-
tion function (1) as weight. Surface temperature is held at
276 K. Surface heat fluxes are set to zero because the fluxes
over sea ice were negligible during the field campaign
(Ovchinnikov et al., 2014), and we assume them gener-
ally to be negligible as long as sea ice remains present.
Large-scale subsidence is specified to be linear with height
below the initial inversion at 825 m altitude, and it is
constant with height above:

wLS(m ⋅ s−1) =
{

−5 × 10−6 z, z < 825 m,
−4.125 × 10−3, z ≥ 825 m.

(7)

This choice of subsidence profile is justified in Ovchin-
nikov et al. (2014), and it is used for all ISDAC and ISDAC-i
simulations here. In addition to the large-scale subsidence,
relaxation of the prognostic scalars above 1200 m altitude
toward the initial conditions is also included. Relaxation
is specified as an additional source term in the prognos-
tic equations to represent large-scale forcing. We relax the
domain-mean specific entropy s (a native PyCLES vari-
able) and total water specific humidity qt toward the initial
profiles above 1,200 m, with a relaxation time-scale of 1 hr.
Domain-mean horizontal velocities are relaxed toward the
initial profiles with a time-scale of 2 hr above the initial
inversion. Horizontal wind fields in the BL are allowed to
deviate from the initial values and evolve in accordance
with the turbulent fluxes that are being generated. Below
the inversion, the relaxation time-scale for momentum
goes to infinity toward the surface. The simulation is run
for 8 hr.
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3.2 ISDAC-i: Idealized climate change

We modify the initial conditions of the thermodynamic
fields of ISDAC, keeping the momentum fields unmodi-
fied. The initially decoupled surface layer does not per-
sist and becomes well-mixed in the ISDAC simulations
(Ovchinnikov et al., 2014), given that surface tempera-
ture is fixed in time. Therefore, we initialize ISDAC-i with
well-mixed profiles of 'li and qt below the inversion at
height zinv. This allows the free troposphere to be the only
source/sink of moisture for the cloud (apart from recy-
cling of moisture), and it shortens the spin-up time of the
simulations. The initial profiles are (Figure 1):

'li =
{

'li, 0, z ≤ zinv,
'li, 0 + Δ'li + Γ'(z − zinv), z > zinv,

and

qt =
{

qt, 0, z ≤ zinv,
q∗

v(T)f, z > zinv.

Here, qt,0 = q∗
v(T0)0, where q∗

v is the saturation specific
humidity, T0 is the prescribed surface temperature, taken
to be the same value as 'li,0, and 0 = 0.8 is a near-surface
relative humidity. This set-up allows qt to respond to
temperature changes with a fixed relative humidity. We
assume that, above the cloud top, the potential temper-
ature gradient Γ' = 5 K⋅km−1 in all cases, and the rela-
tive humidity f is constant with height. Above the LES
domain, the RRTMG patched profiles of temperature fol-
low the LES domain temperature changes, and specific
humidity is calculated with fixed relative humidity val-
ues. This set-up enables us to explore the Arctic BL cloud
response to perturbations that may occur under climate
change.

Idealized climate change studies are conducted by
varying three variables (Table 1):

1. Initial mixed-layer liquid-ice potential temperature 'li, 0.
Changing only 'li, 0 produces uniform potential tem-
perature warming or cooling in the entire domain (also
at the surface). We vary 'li, 0 from 4 K cooler to 8 K
warmer (referred to as “temperature change") relative
to the reference value of 265 K. This leaves the highest
temperature at the surface close to the melting point.
Beyond this temperature, we can no longer justify neg-
ligible surface heat fluxes because the surface would
become ice-free.

2. Cloud-top inversion strength Δ'li. Elevated tempera-
ture inversions are common in Arctic spring, with a
typical strength of 5–10 K (Tjernström and Graversen,
2009). Changing Δ'li can be thought of as changing

F I G U R E 1 Schematic of the ISDAC-i 'li and qt initial
conditions. The cloud layer is indicated in shading. The BL with
height zi has constant 'li and qt, where qt is determined by the
relative humidity (dotted line) near the surface 0. The BL is
capped by an inversion of Δ'li, above which potential temperature
increases with height at the rate Γ' . Relative humidity above the BL,
f, does not vary with height, and it is used to determine qt above
zinv [Colour figure can be viewed at wileyonlinelibrary.com]

the horizontal advection in the free troposphere from
lower latitudes, or as changing the degree to which
warming is surface amplified. We expect the inversion
to weaken in a warmer climate, as the warming is
surface amplified in spring (Screen et al., 2012). There-
fore, we choose to set the inversion strength to 3, 5,
7, and 9 K to cover the observed range plus a weaker
inversion strength, to consider possible climate-change
effects. The inversion strength directly affects both
entrainment at the cloud top and the amount of
free-tropospheric moisture. The inversion strength dif-
fers from the lower-tropospheric stability (LTS) which
is often used to measure the bulk temperature jump;
Δ'li is more directly relevant for BL and cloud pro-
cesses (Wood and Bretherton, 2006).

3. Relative humidity in the free tropospheref. Typical val-
ues of relative humidity in the lower free troposphere
at 70◦N are about 60% to 70%. The projected relative
humidity change with warming in climate models is
negligible in this region (Sherwood et al., 2010). There-
fore, we run a set of simulations with f = 60%, then
compare them to those withf = 70%. We fix the value
of f and determine Δqt = fq∗

v(T+) − qt,0 from the
temperature above the inversion. Although Δqt is the
relevant variable for cloud-top entrainment, prescrib-
ing Δqt would lead to unphysical f, which in reality is
controlled by the large-scale circulation. For example,
if we fix Δqt instead of f while changing 'li, 0 and Δ'li,f varies from 40 to 80%.

We ran 32 simulations with different combinations of
the 'li, 0, Δ'li, and f values shown on Table 1 as initial

http://wileyonlinelibrary.com
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T A B L E 1 List of parameters and ranges
over which they are varied in the sensitivity
studies with ISDAC-i. The reference parameter
values are shown in bold

Variable Range

'li,0 261, 265, 269, 273 K

Δ'li 3, 5, 7, 9 K

f 60, 70%

conditions, each for 72 hr. In the ISDAC-i set-up, there is
no surface heat flux to balance the cloud-top entrainment.
Therefore, none of the simulations reaches a cloudy steady
state over the simulated time. Instead, we analyze both
the BL properties and the time tendencies after 24 hr and
compare the cloud dissipation rates during the extended
simulation.

4 RESULTS

4.1 Comparison with LES
intercomparison

Figure 2 shows the domain-mean profiles of liquid-ice
potential temperature 'li, total-water specific humiditiy
qt, liquid-water specific humidity ql, and the sum of ice
and snow specific humidity qi + qsnow, all averaged over
the eighth hour of the ISDAC simulation. Observations
gathered by the National Research Council of Canada
Convair-580 aircraft from ISDAC flight 31 are also shown
for comparison (McFarquhar et al., 2011). Data are binned
at a vertical interval of 50 m for the in-cloud measurements
of temperature, humidity, and liquid and ice water con-
tents. The mean values are shown in dots, with the bars
showing the 15–85%ile range. Also shown are the min-
imum to maximum range from the ISDAC LES model

(a) (b) (c)

(d) (e) (f)

F I G U R E 2 Domain-mean properties of the ISDAC intercomparison case. (a) liquid ice potential temperature profiles, (b) total water
specific humidity profiles, (c) timeseries of liquid water path, (d) cloud liquid water specific humidity profiles, (e) the sum of cloud ice and
snow water specific humidity profiles, and (f) timeseries of sum of cloud ice and snow water paths. Dotted lines are the initial condition
profiles. Grey shading shows the minimum to maximum range of the LES intercomparison results in Ovchinnikov et al. (2014). The dots and
error bars show the aircraft observations of flight 31 of ISDAC campaign on 27 April 2008. The horizontal error bars indicate the 15–85%ile
range for the measurements binned every 50 m. Profiles are averaged over the eighth simulation hour [Colour figure can be viewed at
wileyonlinelibrary.com]
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intercomparison (Ovchinnikov et al., 2014). As in the sim-
ulations in the ISDAC LES intercomparison study, the BL
in our simulation becomes well mixed as turbulence gen-
erated by cloud-top radiative cooling mixes the cloud and
sub-cloud layer. The initially stable layer near the surface
is not maintained in our simulation; cloud-top radiative
cooling leads to a BL that is cooler than was observed.
A mixed-phase cloud layer of ∼300 m thickness persists
throughout the simulation. Although the initial liquid
water specific humidity ql is within the observed range, it
becomes greater than observed at the end of the simula-
tion. This is consistent with the cooler 'li profile, allow-
ing more condensation than the initial conditions. The
ISDAC intercomparison set-up lacks large-scale forcing
such as horizontal advection of temperature that balances
the radiative cooling. The resulting cooling and high cloud
liquid biases can reinforce themselves through increased
cloud-top radiative cooling, until radiation and subsidence
warming become comparable.

The observed total ice water specific humidity, which
includes cloud ice and snow (observations do not dis-
tinguish cloud ice from snow), shows large variance
(Figure 2e). Our LES overestimates qi at the cloud top, but
it underestimates the snow below. The shape of our ice
profile arises because qi is diagnosed and takes the similar
shape as ql profile, while qsnow is prognostic and has a peak
at cloud base. Furthermore, cloud ice in our simulations
is not subject to gravitational settling. Radiatively, cloud
ice has a much weaker effect when the cloud is dominated
by liquid. We have done a sensitivity experiment where
the cloud ice radiative effect is turned off. In that case, the
simulated cloudy BL evolution is essentially unchanged.
Thermodynamically, precipitation and vapour deposition
contribute to a positive entropy tendency in cloud. How-
ever, these terms are orders of magnitudes smaller than
the radiative tendency terms. Therefore, our result does
not appear to be sensitive to the vertical distribution of
cloud ice.

Liquid water path (LWP) at the eighth hour in our sim-
ulation is 39 g⋅m−2, which is within the range of the inter-
comparison values (Figure 2c). The sum of ice water path
(IWP) and snow water path (SWP) is 4 g⋅m−2 (Figure 2f),
also within the range of the intercomparison (Ovchinnikov
et al., 2014). Using data from the ISDAC flight 31, we esti-
mate LWP to be 3.7–24 g⋅m−2, and IWP to be 3.1–11 g⋅m−2.
Other studies have estimated different values, for example
Fan et al. (2011) suggest LWP and IWP to be of compara-
ble magnitudes of 5–8 g⋅m−2. Savre et al. (2014) use LWP of
8–16 g⋅m−2 and IWP of 4–10 g⋅m−2 as the observational ref-
erences for their benchmark simulation. One should also
be aware of the uncertainties associated with the aircraft
observations. Fan et al. (2011) implies that the measured
ice water content’s uncertainty is up to 100%. Nevertheless,

both PyCLES and the LES intercomparison tend to over-
estimate LWP and produce IWP at the lower end of the
observations.

While the ISDAC intercomparison set-up was based on
observations, its goal was to identify differences among
LES models and microphysical schemes. In the intercom-
parison, models with more complex bulk microphysics
schemes still tend to underestimate qi and IWP (Ovchin-
nikov et al., 2014). LES with bin microphysics schemes
produce higher IWP, and so do bulk schemes whose par-
ticle slope distribution is fitted to resemble that of the
bin schemes. Unfortunately, such ice properties cannot be
derived from observations so far (Fridlind and Ackerman,
2018). We recognize the limitations of our relatively sim-
ple microphysics scheme, which leads to overproduction
of cloud liquid compared to observations, and a mismatch
in vertical structure of cloud ice. But, despite the sim-
plicity of the microphysics, our LES captures the main
features of the BL during ISDAC as well as other LES in
the intercomparison. This suffices for our study, which
adopts the ISDAC set-up not to focus on microphysics but
on macrophysical dynamics.

4.2 ISDAC-i

We first present three cases showing the details of the
BL and cloud evolution and characteristics. In addition to
the reference simulation that is close to the ISDAC inter-
comparison ('li,0 = 265 K, Δ'li = 5 K), we also choose to
present a warm case ('li,0 = 273 K, Δ'li = 3 K), and a cold
case ('li,0 = 261 K, Δ'li = 9 K). The warm case configura-
tion is representative of a “surface intensified” warming,
where 'li,0 is increased in the BL and the inversion strength
Δ'li is decreased. On the other hand, “uniform warming”
refers to increasing only 'li,0.

Figure 3 shows the time evolution of the three selected
cases. Further details of the BL time evolution and cloud
lifetime are described in Supporting Information (Section
S1, Figures S1–S2). In the reference case, LWP does
not increase with time as it does in the ISDAC inter-
comparison, because here, unlike in the ISDAC inter-
comparison, we do not have a moist stable layer at
the surface that can provide moisture to the cloud.
Instead, both cloud thickness and LWP decrease with time
(Figure 3a, b). Cloud thinning is steady for the majority of
the simulation, then accelerates before complete dissipa-
tion.

We focus our analysis of the BL state on the 24th hour,
while the cloud layer is in the steady thinning regime.
All three cases consist of well-mixed BLs with light snow
(Figure 4). The most significant feature in the 'li and qt
profiles is the increase of BL height zinv from cold to warm
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(a)

(b)

(c)

(d)

F I G U R E 3 ISDAC-i timeseries of (a) cloud thickness
(smoothed over 1 hr periods for better visualization), (b) liquid
water path, (c) ice water path, and (d) snow water path. Solid lines
are from simulations with f=60%, and the dashed lines are with
f=70% [Colour figure can be viewed at wileyonlinelibrary.com]

(Figure 4a, b), which corresponds to an increase of cloud
thickness zc (Figure 3a).

In ISDAC-i, cloud liquid water increases with surface
intensified warming (Figures 3b and 4c), yet cloud ice
water shows a non-monotonic response (Figures 3c and
4d). The amount of ice depends on the liquid fraction
! (Equation (1)) and total cloud condensate, which both
vary with temperature. Given a fixed total cloud conden-
sate amount, ice water decreases with Arctic warming
because ! increases with temperature. Although the total
cloud condensate still increases under uniform warming
in ISDAC-i, ! increases more rapidly, leading to a low-
ered ice water amount under surface intensified warm-
ing. Snow, unlike cloud ice, is a prognostic variable in
PyCLES. Its amount depends on microphysical processes.
Autoconversion is the dominant source term for snow in
ISDAC-i, and it increases significantly under surface inten-
sified warming, because the increase of supersaturation
outweighs the decrease of cloud ice with warming. Hence,
SWP increases monotonically from cold to reference to
warm cases, similarly to LWP (Figure 3d). There is no
significant rain in the ISDAC-i simulations.

To further emphasize that the BLs are indeed well
mixed in ISDAC-i, Figures 5a–c show the normalized

profiles of vertical velocity variance w′w′, TKE, and
vertical flux of virtual potential temperature w′'′v (approx-
imating the buoyancy production of TKE) for the three
cases. A single peak in w′w′ is found for each case, as is
common in well-mixed BLs. The TKE profile shows a peak
near the surface, and a secondary peak at the cloud top,
due to horizontal wind variances. The profile of the virtual
potential temperature flux w′'′v is the result of a combina-
tion of cloud processes (Stull, 1988). The negative peak at
the cloud top is indicative of entrainment, and the posi-
tive peak in the cloud is evidence of long-wave radiative
cooling. A kink at the cloud base (Figure 5c) arises as a
result of onset of condensation and latent heat release.
The virtual potential temperature flux vanishes at the sur-
face because both sensible and latent heat fluxes vanish.
The positive flux w′'′v below the cloud layer confirms the
lack of decoupling in all three cases. This also suggests
that microphysical processes in our ISDAC-i set-up are too
weak to cause decoupling, unlike in other Arctic simu-
lation studies (e.g., Solomon et al., 2014). The significant
increase of turbulent fluxes with surface intensified warm-
ing is mainly driven by stronger cloud-top radiative cooling
due to higher ql. Figure 5d, e show the clear-sky and cloudy
radiative heating rate profiles. Note that the clear-sky val-
ues are an order of magnitude smaller than the radiative
cooling rates due to clouds, demonstrating the importance
of cloud-top radiative cooling. The cloudy radiative cooling
rate maximum nearly doubles as we move from the cold to
the warm case, which is expected for radiatively subsatu-
rated clouds with an exponential dependence of long-wave
emissivity on LWP (Stephens, 1978; Shupe and Intrieri,
2004).

When we increase the relative humidity above the
inversion f from 60% to 70%, free-tropospheric specific
humidity increases accordingly, reducing the entrainment
drying at the cloud top (dashed lines in Figures 3 to 5).
In the cold case with f = 70%, a specific humidity inver-
sion forms (Figure 4b), a frequently observed feature in
the Arctic BL (Curry et al., 1996; Sedlar and Tjernström,
2009). Turbulence is weakened in all cases (Figure 5a, b),
despite an increase in LWP with f (Figure 3b). The weak-
ened turbulence with f in ISDAC-i is consistent with
a previous ISDAC study with a different microphysical
scheme, in which the free-tropospheric specific humidity
was likewise increased (Savre et al., 2015).

Having looked at the individual cases, next we present
domain-mean quantities averaged over the 24th hour of all
ISDAC-i simulations. We display the results in a gridded
parameter space spanned by inversion strength (horizon-
tal axis, from Δ'li = 3 K to 9 K) and uniform temperature
change (vertical axis, −4 K to +8 K changes around 'li,0 =
265 K). We first focus on cases with f = 60% (top panels
of Figures 6,7, and 9). Figure 6 shows the LWP, IWP, and
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F I G U R E 4 ISDAC-i domain
mean profiles of (a) liquid ice
potential temperature, (b) total water
specific humidity, (c) liquid water
specific humidity, and (d) the sum of
cloud ice and snow water specific
humidity. All fields are averaged over
the 24th hr. Solid lines are from
simulations with f=60%, and the
dashed lines are with f=70%
[Colour figure can be viewed at
wileyonlinelibrary.com]

(d)(c)(a) (b)

F I G U R E 5 ISDAC-i domain
mean profiles of (a) vertical velocity
variance, (b) turbulent kinetic energy
(TKE), (c) vertical flux of virtual
potential temperature (representing
buoyancy production of TKE), (d)
clear-sky radiative heating rate, and
(e) radiative heating rate due to
clouds. All profiles are averaged over
the 24th hour. The vertical axis is
normalized cloud-top height. Solid
lines are from simulations with
f=60%, and the dashed lines are
with f=70% [Colour figure can be
viewed at wileyonlinelibrary.com]

(a) (b) (c) (d) (e)

SWP of 16 simulations with f = 60%. LWP is sensitive to
both the inversion strength and temperature: it decreases
as the cloud-top inversion strengthens, and increases as
the atmosphere warms uniformly. IWP, on the other hand,
shows an opposite sensitivity to uniform warming. This
is because, with uniform warming, the ice fraction 1 − !
decreases strongly, notwithstanding that the total water
path increases. Therefore, IWP decreases with uniform
warming. In general, the amount of cloud ice is an order
of magnitude less than cloud liquid, and it has negligi-
ble radiative effects on the BL. SWP responds mainly to
inversion strength; it decreases as the inversion strength
increases.

Another relevant quantity for the BL is the cloud-top
height ztop, here defined as the first level from the top
down that has non-zero condensate specific humidity ql
or qi. Cloud-top height usually lies within the undulat-
ing entrainment zone, above the mixed layer zinv (Moeng,
2000). However, ztop and zinv exhibit similar sensitivi-
ties to the perturbations. As shown in Figure 7, ztop
is mostly a function of inversion strength. The main

processes that determine ztop are cloud-top entrainment
and large-scale subsidence, as made explicit in the mass
balance Equation (2) of the MLM. In the MLM framework,
we is inversely proportional to the inversion strength,
as suggested by Equation (5). The vertical profile of
large-scale subsidence is fixed for all cases. We thus expect
ztop to decrease monotonically with inversion strength, as
long as ΔiFR does not increase to compensate. Cloud-base
height zbase shows a similar sensitivity to ztop, though it
increases more with uniform warming than ztop. This leads
to a decrease with uniform warming in cloud thickness
(zc = ztop − zbase), which suggests that factors in addition to
we influence the sensitivity of zbase to uniform warming.
We will discuss this further in Section 5.

The use of a full radiative transfer model allows us
to infer cloud radiative feedbacks from the ISDAC-i sim-
ulations by looking at CREs at the top-of-atmosphere
(TOA) and surface. The CRE is defined as the difference
between the all-sky and clear-sky net radiative fluxes. Pos-
itive CRETOA means the presence of clouds warms the
atmosphere–surface system. Also plotted are the surface

http://wileyonlinelibrary.com
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(a) (b) (c)

(d) (e) (f)

F I G U R E 6 (a, e) Liquid water path (LWP), (b, e) ice water path (IWP), and (c, f) snow water path (SWP) in LES ISDAC-i simulations
averaged over the 24th hour. The horizontal axis shows the inversion strength, and the vertical axis shows the uniform temperature change.
(a–c) show simulations with f = 60%, and (d–f) show those with f = 70%. The three symbols correspond to the warm (triangle), reference
(circle), and cold (star) cases. Zero temperature change corresponds to 'li,0 = 265 K [Colour figure can be viewed at wileyonlinelibrary.com]

cloud radiative effects, where positive CRESRF warms
the surface. As shown in Figure 8, CRELW,TOA decreases
weakly with uniform warming, but much more promi-
nently with temperature inversion. As the Arctic warms
and the inversion weakens, CRELW,TOA increases, imply-
ing a positive LW cloud feedback at TOA. The negative
CRESW,TOA partially offsets the long-wave effect, making
CREnet,TOA close to zero for the reference case. However,
CREnet,TOA displays a positive sensitivity to surface inten-
sified warming. From the cold to the reference cases, a
near-surface temperature increase of 4 K is associated with
1.6 W⋅m−2 increase of CREnet,TOA. From the reference to
the warm cases, the near-surface temperature increase is
8 K, doubling that from the cold to the reference cases;
however, CREnet,TOA only increases by 0.8 W⋅m−2. The
estimated sensitivities are 0.4 and 0.1 W⋅m−2⋅K−1 accord-
ingly. If we look at the entire parameter space, warming
uniformly without changing the inversion strength gives
a weak but negative cloud feedback. At the other end
of the spectrum is reducing cloud-top inversion strength
without uniform warming, which gives a strong positive

cloud feedback. If we assume that Arctic warming will
always involve a combination of uniform warming and
weakened inversion, the cloud feedback varies from 0.03 to
0.75 W⋅m−2 ⋅K−1, suggesting that the vertical structure of
the warming plays a crucial role in high-latitude cloud and
climate feedbacks. By contrast, for a 10% increase in f,
changes in CRE are negligible (not shown). Notwithstand-
ing the idealizations of our set-up, the estimated cloud
feedback strength lies within the range of that in compre-
hensive GCM simulations (Zelinka and Hartmann, 2012).
The long-wave component is also within the range esti-
mated by a 2D cloud-resolving study (Cronin et al., 2017).

The CREnet,TOA response to changes in inversion
strength is associated with a change in the vertical struc-
ture of the warming and, related to that, the long-wave
cloud-top emission temperature. Weaker inversions lead
to a higher cloud top and lower cloud-top temperature, so
that the upward long-wave radiation is reduced. If the asso-
ciated temperature change is discounted in offline radia-
tive transfer calculations, the long-wave cloud feedback
becomes negative for Δ'li < 5 K. For example, the cloud
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(a) (b) (c)

(d) (e) (f)

F I G U R E 7 As Figure 6, but for (a, d) LES cloud-top height ztop, (b, e) cloud-base height zbase, and (c, f) cloud thickness zc [Colour
figure can be viewed at wileyonlinelibrary.com]

feedback would be −0.4 W⋅m−2⋅K−1 for the warm case rel-
ative to the reference case if temperatures are kept fixed.
This is because the cloud-top temperature in the reference
case is at a local minimum, and warmer cases have higher
emission temperatures despite their higher cloud tops.
However, a separation of temperature and cloud changes
is artificial here, since the temperature and cloud changes
are closely coupled.

At the surface, CRELW,SRF dominates the net effect
(Figure 8d–f). This is not surprising: given the sur-
face albedo of 0.85, the cloud masking effect is signifi-
cantly damped. Clouds warm the surface most when the
cloud-top inversion is the weakest. With uniform warm-
ing, CRELW,SRF decreases despite increasing LWP. This is
because the sensitivity of clear-sky downward long-wave
radiation to warming outweighs that of all-sky downward
long-wave radiation. The sensitivities of CRE at the surface
are much higher than at TOA, which may be related to the
fact that radiation is not coupled to surface temperature in
our set-up. Simulations with closed surface energy budgets
will be used to explore cloud feedbacks in more detail in
future work.

To summarize the main results from the ISDAC-i LES
simulations, we found that

• The BL remains coupled throughout all simulations.
• LWP dominates the condensed water path and is close

to adiabatic.
• LWP increases with uniform warming and increas-

ing free-tropospheric relative humidity, but it decreases
with increasing inversion strength.

• Cloud-top height, cloud-base height, and cloud
thickness all decrease with increasing inversion
strength.

• Turbulence weakens slightly, despite a higher
LWP, when free-tropospheric relative humidity
increases.

• TOA long-wave cloud radiative effect decreases with
increasing inversion strength, suggesting a net posi-
tive cloud feedback. Changes in cloud-top height along
with cloud-top temperature, both responding to inver-
sion strength changes, are responsible for the positive
long-wave–cloud feedback.
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(a) (b) (c)

(d) (e) (f)

F I G U R E 8 Cloud radiative effect, calculated as the difference between all-sky and clear-sky (a, d) long-wave, (b, e) short-wave and
(c, f) net radiative fluxes, at (a–c) TOA and (d–f) the surface in LES simulations with f = 60%. The three symbols correspond to the warm
(triangle), reference (circle), and cold (star) cases [Colour figure can be viewed at wileyonlinelibrary.com]

5 ANALYZING CLOUD CHANGES
WITH MLM

We run simulations analogous to the ISDAC-i set-up
with the MLM. The MLM qualitatively reproduces the
LES results (Supporting Information Section S2, Figures
S3–S5), which encourages us to apply the mixed-layer
framework to analyze the LWP and cloud thickness sensi-
tivities in the LES.

We examine theoretically how LWP varies with tem-
perature and inversion strength. The nearly adiabatic liq-
uid layers in the ISDAC-i LES simulations allow us to
approximate LWP, following Van der Dussen et al. (2015),
as

LWP ≃ 1
2"az2

cΓl, (8)

where Γl is the liquid water gradient, and "a is the air den-
sity. Linearizing, we can decompose the fractional changes
in LWP into contributions from fractional changes in zc
and Γl:

(LWP
LWP ≈ (Γl

Γl
+ 2(zc

zc
. (9)

Figure 9 shows the decomposition of LWP frac-
tional changes referenced to the reference simulation,
using LES simulations. Here, (LWP∕LWP estimated from
Equation (9) increases with warming and with weaken-
ing inversion, similar to the LWP pattern in Figure 6.
The estimated (LWP∕LWP also resembles (LWP∕LWP
directly computed from the LES in pattern and magni-
tude (not shown). The increase of LWP with temper-
ature is due to increased Γl (Figure 9b, e), as can be
seen from the expression for Γl (Appendix B gives the
derivation) Γl =

cp

Lv
(Γd − Γm). (10)

Here, Γd is the dry adiabatic lapse rate, and Γm is the
moist adiabatic lapse rate which is attained within the
clouds.

Figure 10 shows Γl, dΓl∕dT, and the fractional change
of Γl with respect to temperature, plotted as functions of
temperature. The liquid water gradient is much less sensi-
tive to the in-cloud pressure range in ISDAC-i, represented
by the dotted lines. It is not surprising that Γl increases
with temperature, but its rate of increase is higher at
lower temperatures than at higher temperatures. There-
fore, the fractional change (1∕Γl)(dΓl∕dT) decreases with
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(a) (b) (c)

(d) (e) (f)

F I G U R E 9 As Figure 6, but showing (a, d) the LES estimated fractional LWP sensitivity (LWP∕LWP, (b, e) the sensitivity due to
fractional liquid lapse rate changes (Γl∕Γl, and (c, f) sensitivity due to fractional cloud thickness changes 2(zc∕zc. (a–c) show simulations
with f = 60%, and (d–f) show those with f = 70%. All sensitivities are based on the LES reference simulation indicated by the black dots.
See Equation (9) and definition of the terms in the text [Colour figure can be viewed at wileyonlinelibrary.com]

temperature. Consequently, the liquid lapse rate effect
is considerably more potent at low temperatures (Betts
and Harshvardhan, 1987; Rieck et al., 2012; Ceppi et al.,
2017). The ISDAC cloud-base temperature is about 258 K,
which gives a 5.7% increase in Γl per K warming. This is
more than three times the value for subtropical BL clouds
(1.6%⋅K−1 at 290 K). The second term on the right-hand
side of Equation (9) changes similarly to the cloud thick-
ness (compare Figures 7c and 9c). Both (Γl∕Γl and 2(zc∕zc
are of comparable magnitude for the parameter variations
in ISDAC-i. However, under weak temperature inversions,
the increase in LWP with warming is dominated by the
liquid lapse rate effect (Γl∕Γl.

When f is increased from 60% to 70%, the patterns of
the main BL variables discussed above remain unchanged
(compare (d–f) to (a–c) in Figures 6,7, and 9). The most
significant changes are the magnitudes of LWP and zc.
This is evident in Figure 9, where 2(zc∕zc in the warm
case becomes more dominant as f increases. Cloud-base
height zbase is insensitive to f, and thus the increase in
zc is due to higher ztop (Figure 7). Indeed, the entrainment

rate increases slightly with f. One might expect that a
drier free troposphere promotes stronger entrainment via
the cloud-top entrainment instability (CTEI) mechanism
(Deardorff, 1980; Wood, 2012). We do not observe such a
mechanism here: our ISDAC-i simulations satisfy neither
the original nor the modified CTEI criteria (Wood, 2012).

In order to understand how cloud thickness changes,
it is necessary to know what governs the changes of
cloud-base height zbase. Initial zbase only varies with 'li,0,
but not with inversion strength. Therefore, any sensitivity
of zbase to inversion strength at the 24th hour of the simula-
tion comes from the time tendency of zbase. We can derive
the time rate of change of zbase in the MLM framework
(Appendix C gives the derivation),

dzbase
dt = 1

Γd

⎛
⎜
⎜
⎜
⎜
⎜
⎜⎝

weΔ'li
zinv⏟⏟⏟

sensible
entrainment

−% weΔqt
zinv⏟⏞⏞⏟⏞⏞⏟

latent
entrainment

− ΔFR
cp"azinv

⏟⏞⏞⏟⏞⏞⏟
radiative
cooling

⎞
⎟
⎟
⎟
⎟
⎟
⎟⎠

. (11)
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(a) (b) (c)

F I G U R E 10 (a) Liquid water gradient, (b) temperature derivative of liquid water gradient, and (c) fractional change of liquid water
gradient with respect to temperature at 900 hPa (solid) and 950 hPa (dotted). Typical values for Arctic and Subtropical temperatures at
900 hPa are indicated [Colour figure can be viewed at wileyonlinelibrary.com]

The three terms on the right-hand side of Equation (11)
determine the rate of change of zbase. The first two terms
are related to cloud-top entrainment. The sensible entrain-
ment gives the entrained dry heat flux distributed over the
entire BL. For all ISDAC-i cases, we have Δ'li > 0 , mean-
ing that entrainment warms the BL; therefore, it raises
the cloud base. The latent entrainment depends on the
entrainment flux of water vapour but is multiplied by %.
In most cases Δqt < 0, which means that entrainment dry-
ing will decrease BL qt, causing cloud base to rise. The
third term represents the radiative cooling across the entire
BL (ΔFR > 0). The negative sign shows that radiative cool-
ing lowers the cloud base and thickens the cloud. Note
that the sum of the sensible entrainment and radiative
cooling terms is in fact the right-hand side of the MLM
energy balance Equation (3), which governs the time rate
of change of the mixed-layer 'li.

Figure 11a shows how the estimated dzbase/dt using
Equation (11) is mostly a function of inversion strength.
It increases only slightly with uniform warming, and the
general pattern is similar to the cloud-base height pat-
tern (Figure 7). The pattern of the estimated dzbase/dt is
also similar to the diagnosed dzbase/dt, despite some dif-
ferences at large inversion strength, where the entrain-
ment parametrization Equation (5) performs poorly
(Figure S5).

To further partition dzbase/dt into three terms as
in Equation (11), we calculated each term with the
parametrized entrainment rate we using Equation (5) and
estimated ztop. Figures 11b–d show that the decrease with
inversion strength comes from the sensible and latent
entrainment terms. All three terms are of comparable mag-
nitude, but the radiative cooling term is always negative
and has a positive gradient with inversion strength. As
a result, the radiative cooling term counteracts the other

two terms and slows down the rate at which zbase lowers,
especially for Δ'li > 5 K (Figure 11d). Therefore, zbase rises
when the inversion weakens; it lowers when the inver-
sion strengthens. On the other hand, ztop depends only on
we and decreases with inversion strength. In summary, as
the inversion strength increases, ztop lowers at a faster rate
than zbase does, leading to a thinner cloud (smaller zc).

6 DISCUSSION
AND CONCLUSIONS

To improve our understanding of the climate response of
low clouds resembling those in the Arctic in spring, we
simulated an idealized mixed-phase stratocumulus using
the PyCLES code. Our set-up was based on the ISDAC LES
intercomparison project, with idealized climate changes
imposed in a variant we called ISDAC-i to investigate
mechanisms of the Arctic stratocumulus response. In the
ISDAC set-up, our simulated BL and cloud cover agree rea-
sonably well with aircraft observations and is within the
range of the LES intercomparison results, albeit with dif-
ferences to observations especially in cloud condensate.
However, there is a mismatch between our ISDAC results
and the LES intercomparison in the vertical structure of
ice. A sensitivity experiment where the cloud ice radiative
effect was turned off resulted in an essentially unchanged
cloudy BL evolution. Therefore, the mismatch in the ver-
tical distribution of cloud ice is unlikely to impact our
conclusions.

In our ISDAC-i experiments, we varied thermody-
namic parameters that control the initial BL structure:
the BL potential temperature 'li,0, inversion strength Δ'li,
and free-tropospheric relative humidity f. In this way,
we explored the BL response to different climates in an
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F I G U R E 11 Time tendency of
cloud-base height dzbase/dt (in
m⋅hr−1) from ISDAC-i LES
simulations with f = 60%. (a) Total
tendency, (b) tendency due to
sensible entrainment, (c) tendency
due to latent entrainment, and (d)
tendency due to radiative cooling.
Contours have intervals of 0.5 m⋅hr−1,
with solid showing positive values
and dashed showing negative values.
See Equation (11) and text for more
details [Colour figure can be viewed
at wileyonlinelibrary.com]

(a) (b)

(c) (d)

idealized setting. We showed that our LES clouds can be
represented well with a MLM, as long as the BL does
not become strongly decoupled. Here, the MLM serves as
an analytical tool to help us understand the LES results.
For example, we use Equation 11 and Figure 11 derived
from the MLM to understand what controls the cloud-base
height evolution, which cannot easily be inferred from the
LES alone. The combination of the LES and MLM anal-
yses allowed us to elucidate and understand the depen-
dence of cloud properties on the parameters we varied.
Because in most cases studied here, the cloud layer is
dominated by liquid, with amounts close to adiabatic, the
dependence of cloud condensate on the parameters can be
understood from the adiabatic LWP. The adiabatic LWP
increases with BL potential temperature 'li,0 and with
free-tropospheric relative humidity f, and it decreases
with cloud-top inversion strength Δ'li, for the following
reasons:

• Because the liquid water gradient Γl increases with tem-
perature, LWP increases with 'li,0, given a fixed cloud
thickness.

• When f increases, Γl varies little, yet the cloud thick-
ens because entrainment drying weakens; hence, LWP
increases.

• When Δ'li increases, cloud-top entrainment weakens,
depressing cloud tops. Cloud-base height decreases

with Δ'li at a lower rate than cloud-top height, which
results in thinner clouds and thus lower LWP for higher
Δ'li.

LES and MLM agree qualitatively in these parame-
ter dependencies, albeit with quantitative differences. The
mechanisms appear robust and therefore can be expected
to be relevant for certain springtime Arctic BL clouds.

The cloud response suggests a positive TOA
long-wave–cloud feedback: as the Arctic moves toward
a warmer state with a warming that is surface intensi-
fied, the inversion weakens and cloud tops rise, leading
to an enhanced greenhouse effect. Comprehensive GCM
simulations also show elevated cloud liquid profiles
under warming, contributing to a weak but positive
long-wave–cloud feedback (Morrison et al., 2019). In our
idealized experiments with a single cloud layer and no
surface heat flux coupling, the estimated cloud feedback
depends on the vertical structure of the warming; it varies
from 0.03 to 0.75 W⋅m−2⋅K−1, with the feedback strength
increasing as the warming becomes more surface intensi-
fied. Cloud ice amounts are an order of magnitude smaller
than liquid amounts, so that ice here has a negligible
radiative effect on TOA budgets.

The ability of the MLM to reproduce LES results
depends on the fact that the BL remains coupled in our
simulations. Microphysical processes have the potential
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to decouple the BL by transporting moisture from the
cloud layer downward. (Large-scale advection can also
drive BL decoupling in weakly precipitating cases (Savre
et al., 2015), but here we focus on responses driven by
local cloud dynamics.) For example, sublimation of snow
in the sub-cloud layer may cool the air, thus leading to
decoupling. In our simulations, microphysics alone were
unable to decouple the BL, at least in part because, like
in many Arctic mixed-phase stratocumulus simulations,
ice is underestimated in our ISDAC simulation (Solomon
et al., 2011). We have tested the sensitivity of our results to
the liquid fraction (Equation (1)) by increasing the expo-
nent n from 0.1 to 0.5. This results in a decrease of liq-
uid fraction for temperatures higher than 246 K, and an
increase for temperature lower than 246 K. In our ISDAC-i
set-up, all clouds are warmer than 246 K, so the main
effects of setting n= 0.5 are a decrease of LWP and an
increase of IWP and SWP. Correspondingly, cloud radia-
tive cooling is weakened and cloud-top entrainment is
reduced. However, the sensitivities of LWP and CRE to
warming are not qualitatively changed with a different
n, mainly because the BL in our simulations remains
well-mixed so that the above MLM reasoning remains
valid.

The three parameters we chose to vary have impli-
cations for Arctic climate change. For example, surface
amplified warming, which has been observed in Arctic
spring (Screen et al., 2012), is likely to reduce the inversion
strength capping the BL. When this occurs over sea ice,
where surface fluxes are weak, we expect LWP to increase
based on our experiments. A positive long-wave–cloud
feedback results, enhancing the BL warming. The addi-
tional surface warming would weaken the cloud-top inver-
sion in spring, which may further enhance CRE via a
positive feedback loop. Increased springtime cloudiness
may also accelerate the initiation of sea ice melt through
radiative coupling, which may lead to longer-term impacts
on summer and autumn sea ice extent (Kapsch et al., 2013;
Cox et al., 2016).

Our study of the sensitivity of Arctic stratocumulus is
largely inspired by the subtropical marine stratocumulus
literature (e.g., Dal Gesso et al., 2014; Van der Dussen et al.,
2015). The cloud thinning with uniform warming that we
found in ISDAC-i is consistent with studies of subtropical
stratocumulus. However, the LWP in subtropical stratocu-
mulus decreases with warming as the cloud thins, which
is opposite to what we see in ISDAC-i. This is due to the
fact that in ISDAC-i, ql remains close to adiabatic and its
response to warming overcomes the cloud thinning. The
reason for the difference to the subtropics is that the frac-
tional change of liquid water gradient with temperature
(Γ−1

l dΓl∕dT) is three times higher at Arctic temperatures
than at subtropical temperatures (Figure 10). This explains

the weaker liquid water gradient effect in the subtropics,
and the stronger effect in the polar regions (Ceppi et al.,
2017). The long-wave CRE we find in ISDAC-i is weak
but positive. The strength of this long-wave–cloud feed-
back depends on inversion strength, and hence on the
vertical structure of warming. Our analysis is relevant for
single-layer clouds only, since here CRELW depends on
cloud-top emission to space. Two features distinguish our
study from the subtropical ones. First, surface tempera-
ture is fixed in time and surface heat fluxes are set to zero,
so the surface fluxes do not respond to perturbations. Sec-
ond, decoupling of the BL does not occur in the parameter
ranges we explored.

Our results based on the idealized ISDAC-i set-up
are most directly relevant for weakly precipitating
springtime Arctic stratocumulus. Because single-layer
liquid-containing clouds are the dominant cloud types
in Arctic springs (Intrieri et al., 2002), we expect our
mechanistic results to apply to only certain Arctic cloud
feedbacks. Representing other processes will help paint
a fuller picture of the Arctic cloud response to climate
change. For example, we have not tested the sensi-
tivities of the BL and clouds to surface fluxes. As sea
ice extent continues to decline in the Arctic Ocean,
surface heat fluxes will become more important in driv-
ing BL turbulence. A closed surface energy budget is
needed to explore radiative feedbacks in a consistent
manner. A next step is to investigate how such surface
flux changes and how other changes in the large-scale
circulation can affect Arctic low-cloud cover more
broadly.
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APPENDICES

A. Entrainment Parametrization

Cloud-top entrainment rates we are diagnosed for all
ISDAC-i LES simulations, using the mass balance
Equation (2). To parametrize we for MLM, we also diag-
nose ΔiFR and Δ'li from the LES to get the linear-fit
slope and intercept. The results are shown in Figure
A1. Overall, we obtain a good fit for ISDAC-i simula-
tions using Equation (5). Nearly 90% of the entrainment
comes from the direct contribution of cloud-top radiative
cooling.

B. Derivation of Liquid Water Gradient

In the absence of precipitation and with weak entrainment
drying, we can define the liquid water gradient as

Γl ≡ dql
dz = −dq∗

v(T)
dz . (B1)

F I G U R E A1 Entrainment rates diagnosed from ISDAC-i
LES simulations using Equation ((2)), and parametrized using
Equation ((5)). The linear fit gives a slope coefficient a= 0.95 with
zero intercept, and r2 = 0.94. Markers show simulations with
f = 60% (black) and 70% (grey). Marker types distinguish inversion
strengths: 3 K (triangles), 5 K (circles), 7 K (squares), 9 K (stars)

For a saturated cloud layer, the moist static energy is
conserved if hydrostaticity is assumed. Therefore,

cpdT + gdz + Lvdq∗
v = 0,

which we can rearrange to get

dq∗
v

dz = −
cp

Lv

( g
cp

+ dT
dz

)
. (B2)

Combining Equations (B1) and (B2), we obtain an ana-
lytical expression for Γl (Equation (10)).

C. Derivation of Cloud Thickness Tendency

We start by defining

zbase =
1
Γd

(T0 − TLCL),

where Γd is the dry adiabatic lapse rate, and TLCL is the
temperature at the lifting condensation level, which is
assumed to coincide with zbase. To compare the rate of
change of zbase to the mass balance (2), we differentiate
with respect to time t:

dzbase
dt = 1

Γd

(
dT0
dt − dTLCL

dt

)
. (C1)

The rate of change of near-surface air temperature T0 is
implied by the energy balance (3). The temperature at zbase
is TLCL (with its corresponding pressure pLCL), defined as

qt = q∗
v(TLCL, pLCL).
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We can take the time derivative and use the chain rule
to get the time rate of change of TLCL,

dTLCL
dt = %

dqt
dt , (C2)

where
% =

(dq∗
v

dT |TLCL

)−1
.

By plugging Equation (C2) into Equation (C1) and
using Equations (3) and (4), we find

dzbase
dt = 1

Γd

(
weΔ'li

zinv
− %

weΔqt
zinv

− ΔFR
cp"azinv

)
. (C3)


