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1 | INTRODUCTION

Interactions between clouds and the large-scale atmo-
spheric flow represent one of the main sources of the

| Sebastian Schemm

Abstract

The complex coupling between the large-scale atmospheric circulation, which
is explicitly resolved in modern numerical weather and climate models, and
cloud-related diabatic processes, which are parameterized, is an important
source of error in weather predictions and climate projections. To quantify
the interactions between clouds and the large-scale circulation, a method is
employed that attributes a far- and near-field circulation to the cloud system.
The method reconstructs the cloud-induced flow based on estimates of vortic-
ity and divergence over a limited domain and does not require the definition
of a background flow. It is subsequently applied to 12- and 2-km simulations of
convective clouds, which form within the large-scale cloud band ahead of the
upper-level jet associated with an extratropical cyclone over the North Atlantic.
The cloud-induced circulation is directed against the jet, reaches up to 10 m-s~4,
and compares well between both simulations. The flow direction is in agree-
ment with what can be expected from a vorticity dipole that forms in the vicinity
of the clouds. Hence, in the presence of embedded convection, the wind speed
does not steadily decrease away from the jet, as it does in cloud-free regions, but
exhibits a pronounced negative anomaly, which can now be explained by the
cloud-induced circulation. Furthermore, the direction of the reconstructed cir-
culation suggests that the cloud induces a flow that counteracts its advection
by the jet. Convective clouds therefore propagate more slowly than their sur-
roundings, which may affect the distribution of precipitation. The method could
be used to compare cloud-induced flow at different resolutions and between

different parameterizations.

KEYWORDS

cloud-circulation interaction, diabatic-adiabatic coupling, far- and near-field cloud-induced circu-
lation, high-resolution modeling.

high level of uncertainty in future projections of regional
precipitation changes (Shepherd, 2014; Bony et al., 2015).
The coupling between adiabatic and diabatic processes
in the atmosphere is highly nonlinear and challenges
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even the latest generation of weather and climate mod-
els (Naud et al, 2019). For example, convection and
cloud-related diabatic processes, such as condensation and
freezing but also turbulence and radiation, significantly
alter the temporal evolution of the upper-level circula-
tion (Saffin et al., 2017; Spreitzer et al., 2019) and thus
provide the foundation for forecast errors to grow (Davies
and Didone, 2013; Selz and Craig, 2015; Baumgart et al.,
2018). The error problem is often rooted in the need
to parameterize subgrid scale processes, such as convec-
tion, and understand how these processes couple with
the resolved-scale circulation (Stevens and Bony, 2013;
Daleu et al., 2015; 2016). Thus, it is of interest to diag-
nose the wind field induced by clouds, in particular their
influence on far-field circulation, in an effort to compare
cloud-circulation interactions across different model reso-
lutions or between different weather and climate models
and sets of parameterizations.

The aim of the method adopted here is to assign a
fraction of the flow field to the vorticity and divergence
that predominate in a limited region. This limited region
encompasses, for example, convective clouds, and the vor-
ticity and divergence in the limited region is assumed
to result predominantly from the convection and other
cloud-related diabatic physics inside the limited region
that drive circulation changes via eddy mass, momen-
tum, and heat fluxes. Especially in a vertically sheared
environment, convective momentum transport in shallow
and deep convective clouds can play an important role in
the modification of the large-scale flow field (e.g., Tung
and Yanai, 2002; Badlan et al., 2017; Saggiorato et al.,
2020). Reconstructing the associated circulation changes
from the vorticity and divergence inside the limited region
allows for a quantification of the cloud-induced far- and
near-field circulation changes. The reconstruction of the
circulation from vorticity and divergence has previously
been used in large-scale atmospheric dynamics (Lynch,
1988; 1989) and is here applied for the first time in a
highly unbalanced and turbulent flow situation modeled
at kilometer-scale resolution. The reconstruction method
is ideally suited to quantify the cloud-circulation coupling
because it does not rely on the definition of an a priori
defined time-mean or lowpass-filtered background flow
field. The attribution of a flow field to a cloud and related
diabatic processes is so far often qualitatively conducted
by, for example, subtraction of a background flow from
the instantaneous flow (Davies and Didone, 2013) or is
accomplished via potential vorticity (PV) inversion assum-
ing balanced flow conditions (Davis and Emanuel, 1991;
Davis, 1992). In contrast, the attribution method outlined
below allows reconstruction of the flow field without the
need to assume balanced background flow conditions. It is
independent of the background flow.

The purpose of this article is to present and apply the
reconstruction method to a 12-km and a 2-km simula-
tion of an extratropical cyclone over the eastern North
Atlantic and to quantify the circulation field associated
with convective clouds located ahead of the surface cold
front embedded in a larger-scale cloud band. Based on
the obtained circulation field, we discuss implications
for the precipitation distribution at the surface and the
cloud propagation. The 12-km and the 2-km simulations
are both run without parameterized deep convection, and
their associated circulation fields are further compared
against a 2-km simulation that is coarse-grained to a 12-km
grid spacing. These examples illuminate the insights that
can be gained from the reconstruction method and serve
as a steppingstone for future research. The reconstruction
method is presented in Section 2. In Section 3, the synoptic
situation and the model setup are discussed. The presence
of circulation anomalies in the vicinity of the jet stream
that are associated with convective cloud are discussed in
Section 4.1 and 4.2. The associated anomalous mass trans-
port is studied using parcel trajectories in Section 4.3. The
cloud-induced circulation obtained by the reconstruction
method is then presented in Section 4.4. We conclude our
study in Section 5 and also discuss potential caveats of the
outlined approach.

2 | RECONSTRUCTING
THE CLOUD-INDUCED
HORIZONTAL FLOW FIELD

Methods for reconstructing the wind field from vorticity
and divergence over finite domains have already been dis-
cussed by Lynch, (1988; 1989) and Chen and Kuo (1992a;
1992b), and the method adopted here follows the recom-
mendations by Bishop (1996a). We start with the conven-
tional relationships between the horizontal component of
vorticity ¢, the streamfunction y, the divergence §, the
velocity potential y, and the horizontal wind v,

k-Vxv=Viy=¢ (€]
Vi-v=V,y=56. )

Subsequent multiplication of Equation 1 by k and Vx
and Equation 2 by V- yields the following expression for
the rotational vu,1 and divergent v, parts of the wind,

vy ==V X (k) (3)

v, =Vuy. 4

Wwith the help of the identity for the Laplacian vector V x (V X v) =
V(V -v) — V2v and the assumption that the first term on the r.h.s is zero
by definition of a rotational wind.



OERTEL AND SCHEMM

Quarterly Journal of the ERMets

The decomposition of the horizontal wind v into
rotational and divergent components is exact up to an
arbitrary constant known as the harmonic wind (vy),

Vo =v— (v, +V,), (5)
which is both irrotational and divergence-free. The har-
monic wind can be represented by either a streamfunction
or a velocity potential. On a sphere or a domain with peri-
odic boundary conditions, the maximum principle for har-
monic functions requires that the associated streamfunc-
tion or velocity potential of the harmonic wind is constant,
and thus vy =0 everywhere. For a limited domain, the har-
monic wind is irrotational and divergence-free inside the
domain (it acquires maximum and minimum values at
the boundaries) and is thus unrelated to the vorticity and
divergence sources inside the domain, but becomes part
of the flow field that is due to the vorticity and divergence
outside of the domain.

Solutions to the Poisson equations Equations (1) and
(2) over a limited domain Q, encompassing, for example, a
well-marked divergence and vorticity anomaly associated
with a convective cloud, are given by

wmw=§/hﬂmmmww’ 6)
T Jo

ro(x,y) = Zi / 80,y In(r)dx’'dy’ (7)
TJo

where zi In(r) is the two-dimensional free-space Green’s
T

function and r = 1/(x — x')2 + (y —y')2. In three dimen-
sions, the corresponding Green’s function would be —i %
The Green’s function accounts for the part of the stream-
function or velocity potential at point x = (x, y) that is due
to the vorticity or divergence at point x’ = (x’,)’). The solu-
tion of the Poisson equations with the free-space Green’s
function thus reconstructs the streamfunction and veloc-
ity potential response at point x due to the vorticity and
the divergence in a finite domain bounded by Q. The
corresponding rotational wind is (Equation 3)

Uy (5,7) = all/sz _ /Z_,’( (V y)

——/a

and the divergent wind (Equaion 4) is

———d'dy’ (8)

Vg (6,3) = o= “Mﬁ’ ©)

_Oxa _ 1 ) (x x) )
Uy, (X, ) = o —27[/95()6 N——d'dy’ (10)

v, (6y) = =_/@Jﬁ’ww@ (11)
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The subscript Q indicates that these are the wind fields
associated with the vorticity and divergence over a lim-
ited domain. The sum of both wind components subtracted
from the full wind yields the part that is due to the vorticity
and divergence outside of the limited domain, which also
includes the harmonic part of the flow. We refer to this part
of the wind as the environmental wind v,

Ve =V— (Vy, +Vy,) - (12)

For gridded data, the integrals are replaced by the cor-

responding sum over all grid points, and we estimate the

vorticity and divergence using finite differences. Further,

as recommend by (Bishop, 1996a), the spherical grid of

the employed limited-area model is mapped onto a flat
Cartesian grid using a polar stereographic projection.

3 | SIMULATION SETUP AND
LAGRANGIAN DIAGNOSTICS

We apply the attribution method to vorticity and diver-
gence anomalies in a high-resolution model simula-
tion with a horizontal grid spacing of 0.02° and a
medium-resolution simulation with a horizontal grid
spacing of 0.12°, corresponding to approximately 2 and
12 km, respectively. The simulations are performed using
the Consortium for Small-scale Modeling (COSMO) non-
hydrostatic limited-area model (Baldauf et al., 2011; Doms
and Baldauf, 2018) without parameterized deep convec-
tion. The COSMO model is the operational numerical
weather prediction model of different European weather
services: for example, the Swiss (MeteoSwiss) and the
German (DWD) national weather services. It is main-
tained and developed by the COSMO and documented
in detail at www.cosmo-model.org. Both simulations use
the same set of physical parameterizations as the opera-
tional MeteoSwiss configuration. Cloud microphysics are
parameterized with a one-moment, six-category scheme
for water vapor (q,), cloud liquid, ice, rain, snow, and
graupel content (Baldauf et al., 2011). The turbulence
parameterization is the level 2.5 scheme of Mellor and
Yamada (Mellor and Yamada, 1982). Deep convection is
not parameterized, but shallow convection is parameter-
ized with a reduced Tiedke scheme (Tiedtke, 1989). The
time-integration scheme is a two-time-level Runge-Kutta
scheme with time-split treatment of acoustic and gravity
waves.

The simulation domain is centered in the east-
ern North Atlantic and extends from 50°W to 20°E
and 30° to 70°N. The simulations are initialized at
0000 UTC September 22, 2016, and the simulated period
is 4.5days, which covers the intense observation periods
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(IOP) 2 and 3 of the North Atlantic Waveguide and The southern cyclone, “Vladiana”, had a core pressure
Downstream Impact Experiment (NAWDEX) (Schifler  of approximately 980 hPa and was attended by an elon-
et al., 2018), which could be used to verify the simula-  gated cold front with an extended cloud band covering the
tion wind anomalies. Observational data collected during  cyclone’s warm sector (Figure 1). The hourly precipita-
the NAWDEX campaign are archived at the German  tion sum indicates that the cold front was preceded by two
Aerospace Center (DLR) at www.pa.op.dlr.de/nawdex.  bands of precipitation (dark-blue shading in Figure 2a,b).
Initial and lateral boundary conditions of our sim- The cold-frontal precipitation formed in the cyclone’s
ulations are taken from the operational European  warm conveyor belt (WCB), a warm and moist ascend-
Center for Medium-Range Weather Forecast (ECMWF)  ing air stream, which ascends ahead of the cold front
high-resolution analyses with a horizontal grid spacing of ~ towards upper levels (Browning, 1986; Wernli and Davies,
0.1°. The boundary conditions are updated every 6 hr. 1997) and forms the large-scale and vertically-extended

To quantify anomalous air mass transport in the vicin-  cloud band with high cloud tops in the cyclone’s warm
ity of the convective clouds, as an additional diagnostic ~ sector (Figure 1b). The upper-level outflow region of this
to illustrate the sustained and longer-lasting effect on the =~ WCB was successfully probed during NAWDEX by the
circulation field, we compute forward trajectories with  high-altitude and long-range research aircraft (HALO)
the Lagrangian analysis tool LAGRANTO (Wernli and  (Oertel et al., 2019).

Davies, 1997; Sprenger and Wernli, 2015). The trajecto- At upper levels above the surface cold front, an elon-
ries are started in the upper troposphere between 6 and  gated SW-NE oriented band of high wind speed indicates
10km height in a region that encompasses the larger sur-  the position of the jet axis (black contour in Figures la

roundings of the convective cloud (Figure 5a,b) and are =~ and 2). The wind speed decreases away from the jet
calculated from the 3D wind fields of the (a) 12-km, and axis and precipitation forms ahead of it, where the air is
(b) 2-km simulations, which are available with a tempo- lifted above the surface cold front. A closer look at the
ral resolution of 15 min. Subsequently, we approximate the ~ frontal precipitation pattern reveals the existence of con-
air mass transport by the distance that is covered by the  vective precipitation (Figure 3) embedded in the broader
individual trajectories within 3 hr. cloud band ahead of the upper-level jet (Figure 1a,b) - see

also Oertel et al. (2020). This region is generally known

to be populated by convective clouds (Jeyaratnam et al.

4 | RESULTS 2020), which are also visible in low cloud-top temperatures
(orange shading in Figure 1a). It is this region ahead of
4.1 | Synoptic overview the jet axis where we intend to quantify the interactions

between convective clouds and the large-scale horizontal
The synoptic situation over the Northeastern Atlantic  flow. The exact target regions on which we focus are shown
between September 22 and 24, 2016 was characterized by  as gray and black boxes in Figure 2. In the next section,
the propagation and development of two mature extra-  the circulation inside these target regions is investigated in
tropical cyclones off the British Isles and near Iceland.  greater detail.

700

600

500

50°N
400

300

cloud top pressure [hPa]

200

30°W 0°W T 10w

FIGURE 1 (a)Satellite-derived cloud top pressure (shading; in hPa) from Meteosat Second Generation Satellites (EUMETSAT;
Schmetz et al., 2002), sea-level pressure (gray contours; steps of 5 hPa), 320 K wind speed (black contour; 50 m-s~!), and wind vectors
(>50m-s~1!) from ERAS reanalysis (Hersbach et al., 2020) at 1200 UTC September 23, 2016, and (b) satellite image from MODIS overpass at
1225 UTC September 23, 2016 (Data source: NASA Worldview)
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FIGURE 2  Sea-level pressure (gray contours; steps of 5 hPa), hourly accumulated precipitation (shading; kg-m~2-h~!), and 320 K wind
speed (black contour; 50 m-s~!) and wind vectors (>50 m-s~!) at (a) 0900 UTC September 23, 2016 for the 12-km simulation and at (b) 0800
UTC September 23, 2016 for the 2-km simulation. Additionally shown are two target regions (gray and black boxes) used for the detailed
diagnostics in the following sections [Correction added 3 March 2021, after first online publication: The original published version of the
article contained an incorrect version of Figure 2. The article has been updated to correct this mistake.]
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FIGURE 3  (Left) A zoom into the larger of the two target regions shown in Figure 2 for (a) the 12-km simulation and (c) the 2-km
simulation. (Right) Wind speed anomaly at the 320 K isentropic level along the three northwest-to-southeast oriented sections shown in the
left panel for (b) the 12-km simulation and (d) the 2-km simulation. The wind speed anomaly is computed relative to wind averaged over the

presented domain (m-s~!)

4.2 | The circulation in the vicinity upper-level wind speed decreases by definition away from
of convective clouds the jet axis. In regions where surface precipitation is low

or absent, the wind speed decreases almost linearly away
Firstly, we discuss the circulation and related flow anoma-  from the jet axis (for example, along the red sections in

lies in the vicinity of convective clouds qualitatively. The  Figure 3). However, in regions where surface precipitation
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is high, the steady decrease of the wind speed away from and the local wind speed anomaly coincide, and extend
the jet axis is locally interrupted (for example, along  vertically from approximately 3-10km, with the wind
the two black sections shown in Figure 3a,c) before the  speed reduction being particularly large in the upper tro-
wind speed increases again at distances farther away  posphere near the 320K isentropic surface (Figure 4c,d).
from the jet axis (Figure 3b,d). These localized nega-  The existence of these small-scale wind anomalies in
tive anomalies in the wind speed, which are found in  the vicinity of convective clouds is not overly surpris-
both the 2- and 12-km simulations, coincide not only ing, given that convective clouds are sources and sinks of
with enhanced values of surface precipitation (blue shad-  vorticity and divergence, due to the upright mass trans-
ing in Figure 3a,b) but also with the presence of con-  port and the associated column stretching, and tilting of
vective clouds, which are indicated by high values of  vorticity. The strong ascent in convective clouds results in
vertically integrated hydrometeor content (blue shading  a low-level convergence and upper-level divergence pat-
in Figure 4a,b). A vertical cross-section highlights the  tern due to mass conservation. The non-divergent flow
existence of convective clouds and the regions of reduced  is characterized by a distinct mesoscale quasi-horizontal
wind speed (Figure 4c,d) ahead of the upper-level jet  vertical vorticity dipole centered around the convective
stream (red shading in Figure 4c,d). The convective cloud  updrafts, which is also seen in our simulations (see below

50m s~ km~!
—

28°W 26°W 24°W 22°W

0.005 0.1 0.5 1
VIHC[kg m~2]
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z [km]
[e)]

r/(
\
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[}

A 300 400 500 B
[km]

10 20 30 40
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FIGURE 4 (Top) Hourly accumulated precipitation (contours; at 3 and 10 kg-m~2-hr~!) and vertically integrated hydrometeor content
(blue shading; kg-m~2) for (a) the 12-km simulation and (b) the 2-km simulation. (Bottom) Vertical cross-sections of wind speed (shading),
total hydrometeor content (white contours at 0.3, 0.6, 1.0, and 2.0 g-kg™!), and isentropes (at 315-325 K in steps of 2 K) along the northwest-
to-southeast oriented cross-section shown in the upper panel (a,b) [Correction added 3 March 2021, after first online publication: The
original published version of the article contained incorrect versions of Figures 4 and 5. The article has been updated to correct this mistake. ]
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(Top) Distance covered in 3 hrs (shading; km) by parcel trajectories started on the 320 K isentropic level inside the target

region (black box in Figure 1) for the (a) 12-km simulation and (b) the 2-km simulation; the core of the convective cloud is indicated by the

2kg-m~2 contour of the 2-hr mean of the vertically integrated hydrometeor content (green). (Bottom) The 3-hr covered distance as function

of the distance to the jet for the (c) 12-km simulation and (d) the 2-km simulation; Trajectories are released at different levels (317-325K in

steps of 2 K) along the black NW-SE oriented section shown in (a,b); 2-hr mean of the vertically integrated hydrometeor content (green line;

in kg-m~2); colored asterisks indicate the local minimum of the covered distance inside the cloud region (gray shading). Further shown is the

result of a linear fit to the 3-hr distance as function of the distance to the jet (dashed lines) excluding parcel trajectories released inside the

cloud region

the detailed discussion in Section 4.4.). The formation of
mesoscale vorticity dipoles near clouds has been investi-
gated thoroughly from the PV perspective (e.g., Chagnon
and Gray, 2009; Schemm, 2013; Oertel et al., 2020; 2021;
Miiller et al., 2020), but it can also be understood from
the vorticity perspective. The vorticity equation is given by
(Holton, 2004, p. 101),

D __ ou v\ _(dwov _dwou
E(é“"f)- (C+f)<ax+0y> <ax0z ay6z>

1 (22 2

13
p2 \oxady dyox (13)

The forcing terms on the right are the contributions
from divergence, tilting, and from the solenoid. Vorticity
tilting is assumed to cause the formation of mesoscale vor-
ticity dipoles in the vicinity of clouds. In the presence of
a maximum in convection, which denotes a local maxi-
mum in w, that is located within a vertically sheared jet
environment (0v/dz > 0, du/0z > 0), it is the change of the
sign of the horizontal gradient of w (i.e., ow/dx and ow/dy
) that leads to the formation of opposite vorticity tenden-
cies to either side of the updraft maximum. As a result
of the convective updraft, horizontal vorticity is tilted into
vertical vorticity (see also the schematic in Figure 4.12 in



Quarterly Journal of the OERTEL AND SCHEMM

Royal Meteorological Society

/ / - ~ Z
e /A\/g/
46°N e’
= =

£ 50mstkm

- 5 —
42N N 22N
28°W 26°W 287w 2w 207 32w 30°W 28°W 26°W 24w 32°W 30w 28°W 26°W 20°W

50m st km?

- g
25-20-15-10 6 2 -1 1 2 6 10 15 20 25

¢[107%:s71]

FIGURE 6
after coarse-graining of the wind to 12 km

Holton (2004), p. 102). In the following, we first explore the
flow distortion caused by the convective clouds using air
parcel trajectories before we quantify the cloud-induced
circulation associated with the vorticity and divergence
anomalies with the reconstruction method described
earlier.

4.3 | Lagrangian transport of air in the
vicinity of convective clouds

In this section, we analyze the circulation in the vicinity
of convective clouds more deeply using Lagrangian air
parcel trajectories. The convective clouds, which form
ahead of the upper-level jet, persist for several hours.
Figure 5 shows the distance covered in 3hr by parcel
trajectories released at every grid point on the 320K
level in the target region shown in Figure 2. The cov-
ered distance is projected onto the starting location (color
shading in Figure 5a,b). The general pattern of the cov-
ered distance agrees with what would be expected from
the wind field: it decreases almost linearly with increasing
distance away from the jet axis, but the steady decrease
is interrupted by local minima (darker-blue shading in
Figure 3a,b) in the area of the convective cloud (green
contour in Figure 3a,b). The covered distance of parcel
trajectories released along the cross-section shown in
Figure 4a,b as a function of the distance to the jet axis
is shown for different isentropic levels in Figure 5c,d.
The covered distance decreases away from the jet axis,
but the nearly linear decrease is interrupted by the con-
vective cloud, which is located 300-450km away from
the jet axis (green line Figure 5c,d). In the realm of the
convective cloud (gray shading in Figure 5c,d), the dis-
tance covered by the trajectories rapidly decreases before

Relative vorticity at the 320 K level (s7!) for (a) the 12-km simulation, (b) the 2-km simulation, and (c) the 2-km simulation

it increases again. In the 2-km simulation, the air parcels
at, for example, the 325K level (solid dark-red line in
Figure 5d), which are located 400 km away from the jet
axis, cover only 400km in 3 hrs. This is approximately
150 km less than predicted by a simple linear fit (dashed
dark-red line in Figure 5d). The linear fit is based on all
covered distances for all trajectories released outside of
the convective cloud area and provides a rough estimate
of the expected covered distance in the absence of the
cloud. For example, air parcels at the 318 K level that are
located 500 km away from the jet axis cover a distance of
approximately 450 km, which is in agreement with the
expectation from the linear fit. In contrast, inside the
cloud region at a distance to the jet of only 400 km, the
air parcels started on the same level cover only 370 km in
3 hrs, which is approximately 100 km less than expected
from the linear fit.

The difference between the expectation and the
observed distance shows that the observed distance
covered by air parcels in the cloud-affected region is
reduced by approximately 70-150 km, which corresponds
to approximately 20-40% of the total distance covered in
3 hrs. Thus, the 3-hr distance in this example is reduced
by one-third because of the presence of the convective
cloud. In the next section, we use the attribution method to
quantify the circulation influence of the convective cloud.

4.4 | Reconstructing the cloud-induced
circulation

In the previous sections, we qualitatively described the cir-
culation in the vicinity of convective clouds (Section 4.2.)
and analyzed the related flow anomalies using parcel
trajectories (Section 4.3). In this section, we turn our atten-
tion to the quantification of the cloud-induced circulation
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FIGURE 7 (a)Relative vorticity on the 320 K isentropic level (shading; s™!) and the cloud box (gray contour) that is centered on the

convective cloud in the 12-km simulation. (b) Reconstructed rotational wind field (red vectors; m-s~!), the corresponding wind magnitude
(shading), and two selected negative (blue) and positive (red) vorticity contours (+ 2x10~* s71). (c) Wind anomalies taken relative to the 2-hr

centered mean wind

anomalies. The relative vorticity in the vicinity of the con-
vective region displays a dipole structure (see Section 4.2.
and Equation 13), with negative vorticity (blue shading
in Figure 6) found on the side of the convection that is
towards the jet axis and positive vorticity (red shading
in Figure 6) farther away from the jet axis to the east of
the convective cloud. Several of these vorticity dipole pat-
terns are located ahead of the jet axis (Figure 6a). The
vorticity dipoles are centered around the convective cloud
center and tend to align along a common axis, which
corresponds to the precipitation band found, for example,
in Figure 2 and is parallel to the jet axis. In the 2-km
simulation (Figure 6b), the vorticity displays a stronger
fine-scale structure with stronger vorticity anomalies;
however, overall, we find that the vorticity dipole pat-
terns and their alignment are common features of both
simulations. The vorticity dipole pattern is also preserved
under coarse-graining from the 2-km grid to a 12-km grid
(Figure 6c). In fact, the larger-scale vorticity dipole struc-
ture becomes more distinct after the coarse-graining, and
the magnitude of the vorticity anomalies is lower and more
similar to the 12-km simulation. The vorticity patterns
help to understand the localized reduction of the wind
speed, which were previously identified in this region
(Figure 3), as well as the reduced mass transport (Figure 5).
The anticyclonic circulation around the negative vorticity
maximum and the cyclonic circulation around the posi-
tive vorticity maximum will jointly induce a flow, which
is directed along their common axis and against the direc-
tion of the jet. While it is not overly surprising that such
vorticity anomalies exist in the realm of convective activ-
ity, it is the goal of the attribution method presented here

to quantify the wind field associated with such vorticity
dipoles.

To apply the attribution method, we first define a
limited domain that is chosen to encompass the area
of convective activity. We regard the physical processes
associated with the convective cloud as the main sources of
vorticity and divergence within the finite domain, which
we refer to as the cloud box. The cloud box is centered on
the convective cloud and encompasses the vorticity dipole
pattern (gray ellipse in Figure 7a). The reconstructed rota-
tional wind related to the vorticity source inside the cloud
box will be referred to as the cloud-induced rotational
wind.

The strength of the cloud-induced rotational wind in
the 12-km simulation is strongest between the vorticity
dipole (Figure 7b), where the circulation of the positive
and negative vorticity add up. The wind speed inside the
cloud box, which is directed against the direction of the
jet, is on the order of 6-8 m-s~! and thus explains partly
the reduced wind speed that coincides with the convective
cloud band (Figure 3b). To the northwest outside of the
cloud box, the far-field wind is anticyclonic and up to
2-3 m-s~L. To the southeast, the weaker positive vorticity
anomaly induces no well-marked far-field cyclonic wind
field. The wind field that is due to the divergence in the
cloud box is several orders of magnitude smaller compared
with that related to the vorticity (not shown). The total
reconstructed wind is therefore almost identical to the
wind shown in Figure 7b.

Figure 7c shows the result of the corresponding wind
anomaly obtained after subtracting the centered 2-hr
mean wind. The 2-hr period was chosen after a series
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of manual inspections, with the goal of obtaining wind
anomalies that match those obtained from the attribution
method with respect to magnitude. Longer time periods
result in wind anomalies that exhibit large magnitudes
due to the propagation of the combined jet-front sys-
tem. In contrast to the wind anomalies obtained from the
attribution method, the wind anomalies’ deviation from
the 2-hr mean provides a rather vague indication of the
cloud-induced circulation (Figure 7c). The wind is again
strongest between the two vorticity anomalies, though
more confined to the southwestern sector of the target
region. Qualitatively, the obtained anomalies indeed also
allow inference of a cyclonic and anticyclonic circulation
around the cloud box; however, the anomalies are less
clear compared with those obtained from the attribution
method. Further, the choice of the 2-hr mean as the most
appropriate reference period is based in the first place
on the comparison with the reconstructed wind obtained
from the attribution method. The strength of the attribu-
tion method is therefore that it reveals qualitatively as well
as quantitatively how the convective cloud influences the
local and far-field circulation

For the 2-km simulation, it is more challenging to iso-
late a single vorticity dipole (Figure 8) compared with
the 12-km simulation, but the well-aligned positive and
negative vorticity bands still allow for quantification of
the cloud-induced circulation. Similar as for the 12-km
simulation, we define a cloud box that is centered on a
region of convective activity (gray ellipse in Figure 8b), for
which we previously identified a nonmonotonic decrease
in the wind speed away from the jet axis (Figure 3c) and
high cloud hydrometeor content (Figure 4b). The circu-
lation attributed to the vorticity source inside the cloud
box is in reasonably good agreement with the results
obtained from the 12-km simulation (Figure 8b). Again,
the cloud-induced rotational wind is directed against the
direction of the jet and is strongest between the vorticity

(@)

48°N

(b)

dipole along the axis of alignment, with wind speed of
up to 5-10m-s~!, which is approximately 10-25% of the
wind speed in the jet region. The anticyclonic circulation
extends well outside of the cloud box, while the cyclonic
circulation is much weaker, as already observed in the
12-km simulation. This points towards the dominance
of the negative vorticity anomalies inside the cloud box.
Further interesting details are, for example, the two
wind-speed maxima, the first in the northeastern (upper
right) corner of the cloud box and a second in the south-
western (lower left) corner of the cloud box (Figure 8b).
This isin very good agreement with the fact that this region
indeed encompasses two centers of high vertically inte-
grated hydrometeor content (Figure 4b), and thus also two
related vorticity dipoles (Figure 8a). The wind anomaly
relative to the 2-hr mean wind is much more fringed: in
particular, the elongated band of larger magnitude wind
speed (shading in Figure 8c) is less distinct and not entirely
aligned with the precipitation band. The wind anomaly
vectors nevertheless offer a vague idea of the induced
circulation, but the pattern is much less clear if compared
against the reconstructed rotational wind in Figure 8b.

We also applied the attribution method to the wind
field from the 2-km simulation that is coarse-grained to
a 12-km grid (Figure 9b). The reconstructed wind barely
differs between the 2-km and the coarse-grained wind
fields, which suggests that the integrated effect of the vor-
ticity in the cloud box on the far-field circulation does
not hinge on the fine-scale vorticity structure. Overall, the
local and far-field circulation influences of the convective
cloud are fairly well retained under a coarse-graining of
the data.

Figure 10 shows the total cloud-induced circulation
and the deviation of the full wind speed from a hypo-
thetical linear decrease of the wind speed away from
the jet (Figure 3b,d, red line) along the cross-section
shown in Figure 4a,b (black line). In this region, the total
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(a) Relative vorticity on the 320 K isentropic level (shading; s™) and the cloud box (gray contour) that is centered on the

convective cloud in the 2-km simulation. (b) Reconstructed rotational wind field (red vectors; m-s~!) and the corresponding wind magnitude
(shading). (c) Wind anomalies taken relative to the 2-hr centered mean wind
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reconstructed wind field is on the order of 8 m-s~! (orange
line in Figure 10a) in the 12-km simulation and 10 m-s™*
in the 2-km simulation. Hence, the attribution method
explains approximately 50% of the observed wind speed
reduction in both simulations, suggesting that the esti-
mated influence of the cloud-induced circulation might
be somewhat underestimated by the method. We discuss
limitations of the reconstruction method that could help
explain the remaining fraction of the flow anomaly in the
summary and discussion.

Finally, the total cloud-induced circulation is eval-
uated systematically along several NW-SE oriented
cross-sections across the vorticity dipoles shown in
Figures 7-9. Both the wind speed reduction and the
reconstructed wind are relatively robust if the result is
averaged across multiple cross-sections (Figure 11). While
it is not surprising that the reconstructed wind for the
12-km simulation, where the vorticity anomaly field is
relatively homogeneous (Figure 7a), varies little along
several cross-sections, it is remarkable that the magnitude
and standard deviation of the wind speed anomaly and
the total reconstructed wind from the 2-km simulation
(Figure 11b) are comparable to those of the 12-km simu-
lation (Figure 11a), although the variance of the vorticity
along the cross-sections through the cloud region is sub-
stantially larger for the 2-km simulation. In particular,
the reconstructed wind field from the 2-km simula-
tion (Figure 11b) is almost identical to the wind field
retained after coarse-graining to a 12-km grid (Figure 11c),
although the small-scale vorticity (and divergence) pat-
terns are much more variable on the original 2-km grid
(cf. Figures 8a and 9a). This again emphasizes the inte-
grated effect of vorticity and divergence inside the cloud
box on the wind field and suggests that the cloud-induced
circulation is not very sensitive to the detailed small-scale

(a) ()
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structures of vorticity and divergence within the selected
cloud box.

5 | SUMMARY AND DISCUSSION
Because of their complex, highly nonlinear, and chaotic
nature, cloud-circulation interactions challenge even the
latest generation of high-resolution weather and climate
models and are, not surprisingly, an important source of
error in numerical models of the atmospheric circulation.
In this study, we apply a method to reconstruct the wind
field associated with convective clouds in an effort to quan-
tify how clouds affect the near- and far-field circulation in
their surroundings. The aim of the method, which was pre-
viously applied to large-scale circulating systems (Bishop,
1996b; Chaboureau and Thorpe, 1999), is to assign a
fraction of the flow field to the vorticity and divergence
associated with a cloud system within a limited domain.
Over this limited domain, the wind is reconstructed using
the free-space Green’s function of the associated Poisson
equations for streamfunction and velocity potential. The
method does not require artificial boundary conditions
imposed on the limited domain or balanced assump-
tions of the background flow, as is the case for PV
inversion.

We applied the reconstruction method to a number
of convective clouds located above a surface cold front
and ahead of an upper-level jet over the North Atlantic in
a 12-km and a 2-km simulation using the local weather
prediction model COSMO (Baldauf et al., 2011). Deep con-
vection is not parameterized in either simulation. In the
vicinity of convective clouds, which all align along the
cold front, we observe the formation of vorticity dipoles.
Negative vorticity is located to the west and positive
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(a) Relative vorticity on the 320 K isentropic level (shading; s!) and the cloud box (gray contour) that is centered on the

convective cloud in a 2-km simulation coarse-grained to a 12-km grid spacing. (b) Reconstructed rotational wind field (red vectors; m-s™1)
and the corresponding wind magnitude (shading). (¢) Wind anomalies taken relative to the 2-hr centered mean wind
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FIGURE 10
and wind speed anomaly (black line) at the 320 K isentropic level

Total reconstructed wind speed (orange line)

along the NW-SE oriented section shown in Figure 3 a,b for (a) the
12-km simulation and (b) the 2-km simulation. The cloud region is
indicated by the gray shading. The wind speed anomaly (black line)
is computed as the difference between the full wind speed and a
hypothetical linear decrease of the wind speed away from the jet

vorticity to the east of the cloud. The combined action
of both vorticity anomalies is a flow field that is directed
against the direction of the jet stream. Consequently, in the
presence of embedded convection, the wind speed does not
linearly decrease away from the jet, as it does in cloud-free
conditions, but strongly reduces before it increases again
at distances farther away from the jet axis. This narrow
and elongated wind speed reduction is not only a tran-
sient feature but is maintained for several hours ahead
of the jet, and hence reduces the air mass transport in
the cloud region. The reconstruction method allows for a
quantification of the cloud-induced circulation and thus
the contribution of the clouds to this circulation anomaly.
In both simulations, we can attribute a wind speed of up to
10m-s~! to the convective clouds. The total cloud-induced
circulation is primarily directed against the mean flow,
in agreement with the vorticity anomalies in the vicinity
of the cloud. It is dominated by the rotational wind that

is associated with the vorticity in the cloud region, while
the reconstructed irrotational wind due to the divergence
is substantially smaller. The cloud-induced circulation is
relatively robust when compared between the different
simulations and is also retained when the 2-km simu-
lation is coarse-grained to a grid-spacing of 12km. The
reconstructed circulation suggests that convective clouds
induced a flow field that slows down their advection
by the mean flow. Hence, the clouds are more station-
ary compared with their surroundings, which affects the
local cloud distribution and could potentially influence
the accumulated surface precipitation pattern. It would
be intriguing to connect the cloud motion to measured
precipitation patterns. Also, we believe it could be insight-
ful to apply the reconstruction method to different cloud
types and also at different latitudes, such as tropical shal-
low clouds (Bony et al., 2017), which are known to interact
strongly with wind speed (Nuijens and Stevens, 2012), or
it could be used to compare the cloud-induced flow across
different models (Maloney et al., 2019).

Qualitatively, our results are also in good agree-
ment with what would be expected from “PV thinking”
(Hoskins et al., 1985), based on which we would regard
clouds as PV sources and sinks. This is similar to the inter-
pretation in this study, that clouds are major sources of
mesoscale flow divergence and vorticity. The PV invertibil-
ity principle would in general also allow for the reconstruc-
tion of the wind and even the temperature and pressure
field. The vorticity dipoles analyzed here (Figure 7) indeed
correspond to dipoles of negative and positive PV (see e.g.,
Figure 7c in Oertel et al. (2020)). The circulation expected
from the perspective of PV is thus directed against the
jet, because the positive PV anomaly is associated with a
cyclonic circulation, and the negative PV anomaly with an
anticyclonic circulation. However, for quantification of the
associated wind field, the underlying PV inversion requires
the formulation of suitable balanced background flow con-
ditions, which in most studies is taken to be Charney’s
balance equation (Davis, 1992). In a highly unbalanced
mesoscale flow situation as the one analyzed here, such an
approach is, however, questionable.

Finally, the main limitation of the reconstruction
method is its two-dimensional nature, and thus the
assumption that the horizontal wind can be reconstructed
from the vertical component of vorticity and horizon-
tal divergence alone. An extension of the method to
three dimensions would allow for additional quantifica-
tion of the influence of the two horizontal vorticity com-
ponents on the horizontal wind field. Moreover, we rec-
ommend testing the added value of high-order methods
to estimates of vorticity and divergence inside the limited
domain. In particular, the utilized finite-difference esti-
mate of divergence results in a highly unstructured field
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