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Abstract: The heavy precipitation in Northern California—brought about by a landfalling atmo-
spheric river (AR) on 25–27 February 2019—is investigated for an understanding of the underlying
dynamical processes. By the peaks in hourly accumulation, this rainstorm can be divided into
two stages (Stage I and Stage II). Using a recently developed multiscale analysis methodology, i.e.,
multiscale window transform (MWT), and the MWT-based theory of canonical transfer, the original
fields are reconstructed onto three scale windows, namely, the background flow, synoptic-scale and
mesoscale windows, and the interactions among them are henceforth investigated. In both stages, the
development of the precipitation is attributed to a vigorous buoyancy conversion and latent heating,
and besides, the instability of the background flow. In Stage I, the instability is baroclinic, while in
Stage II, it is barotropic. Interestingly, in Stage I, the mesoscale kinetic energy is transferred to the
background flow where it is stored, and is released back in Stage II to the mesoscale window again,
triggering intense precipitation.

Keywords: rainstorm; atmospheric river; multiscale window transform; canonical transfer; barotropic
instability; baroclinic instability

1. Introduction

As an elongated and transient plume of strong horizontal water vapor transport,
atmospheric rivers (ARs) not only are essential to the global water cycle [1,2], but also play
an important role in the occurrence of extreme precipitation and hydrological hazards [3–5].
Particularly, landfalling ARs frequently give rise to extreme rainfall and flash flooding
when they meet the topography [6–12]. Due to the linkage to different natural hazards,
ARs have received more and more attention in recent years [13–17].

From the perspective of water supply, most ARs are beneficial because they can supply
water vapor to alleviate the drought. For instance, Kim [18] found that ARs can account
for over 70% of the winter precipitation in western United States. Dettinger et al. [3]
reported that ARs may make contributions to more than 50% of the annual runoff over the
west coast of North America. In other regions, similar results are obtained. However, in
terms of hazardous weather, a few extreme ARs are damaging, incurring extreme rainfall.
Numerous studies have demonstrated that the frequency of ARs is highly correlated to that
of extreme precipitation events or flooding [3,4,6,10,19,20]. In Western Europe (e.g., Britain
and Germany), ARs can increase the occurrence of flooding events by 40%, even up to 80%
in some areas [4]. In East Asia, Kamae et al. [19] concluded that 20~90% of extreme rainfall
events are associated with ARs during spring, summer and autumn. Kim et al. [11] further
stated that the relationship between ARs and precipitation varies with seasons and regions.
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The role of landfalling ARs in flooding on the Russian River was examined [6]. It is
found that AR conditions are present in all seven floods and trigger heavy rainfalls. It is well
understood that ARs can transport abundant water vapor, incurring precipitation [21,22].
Apart from moisture, dynamic conditions are also critical to trigger precipitation. This
aspect, however, has received far less attention in studying rainstorm events brought by
landfalling ARs. Inspired by Ralph et al. [23] who examined the impact of systems with
different scales from planetary to mesoscale on ARs, we intended to investigate the heavy
rainfall associated with landfalling ARs from the view of multiscale interactions, in order
to clarify how dynamic processes force the precipitation related to them.

Recently, a theory [24] and methodology [25] for multiscale interaction analysis have
been systematically developed. The purpose of this study was to explore the multiscale in-
teractions underlying a heavy rainfall event in Northern California incurred by a landfalling
AR on 25–27 February 2019 (see http://floodlist.com/america/usa/usa-california-russian-
river-february-2019 for details, accessed on 10 September 2021). This rest of the paper is
organized as follows: We briefly introduce the data in Section 2.1 and the methodology for
the analysis in Section 2.2. In Section 3, this rainstorm is briefly reviewed. Presented in
Sections 4 and 5 are the major results. Section 6 summarizes the study.

2. Data and Methodology
2.1. Data

We utilized for this study the high-resolution data from the ERA5 reanalysis sets [26],
with a temporal and horizontal resolution of 1 h and 0.25◦, respectively. The variables
include geopotential (φ), temperature (T), three-dimensional wind vector (u, v, ω) and
specific humidity (q), extending from 10◦ N to 60◦ N, from 180◦ W to 100◦ W. Vertically,
there are 25 levels from 1000 to 50 hPa, with an interval of 25 hPa under 750 hPa and 50 hPa
above 750 hPa. The temporal coverage is from 14 January to 9 April 2019.

2.2. Localized Multiscale Energetics Analysis

In the 1950s, Lorenz [27] derived the equations for the zonal-mean and eddy energy
based on the Reynolds decomposition with respect to longitudes. This very successful
and useful formalism, however, cannot reveal the zonally variable multiscale energetics.
If the Reynolds decomposition with respect to time is performed, the resulting average
and perturbation energies are invariant in time. To overcome the difficulty, during the
past decades filtering has been widely utilized to fulfill the scale decomposition. In the
literature, it is a common practice to write a multiscale energy simply as the square of
the corresponding reconstructed (filtered) field (up to some constant factor). However, it
is conceptually wrong to represent multiscale energy with filtered fields as clarified by
Liang [24] since multiscale energy is a concept in phase space (e.g., the square of a Fourier
coefficient with a Fourier transform) rather than in physical space. It is absolutely not
equal to the square of the filtered/reconstructed variable. The phase space representation
is related to its physical space counterpart through a renowned theorem called Parseval
Relation [24,25].

To faithfully represent the time-varying multiscale energetics, Liang and Anderson [25]
developed a new functional apparatus called multiscale window transform (MWT). With
MWT, a function space is decomposed into a direct sum of several mutually orthogonal
subspaces, each with an exclusive range of scales. Such a subspace is called a “scale
window” [25].

For example, in a three-scale decomposition, u(t) can be decomposed as

u(t) = u∼0(t) + u∼1(t) + u∼2(t) (1)

where u∼0(t), u∼1(t) and u∼2(t) stand for the low-pass, band-pass, and high-pass filtered
component. Different from traditional filters, MWT can yield not only the filtered fields,
but also the transform coefficients û∼v

n (v denotes any scale window, n stands for any
time step), which allow for a representation of multiscale energies. By a theorem called
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“property of marginalization”, Liang and Anderson [25] proved that the energy on scale
window v can be expressed as (û∼v

n )2 (up to some factor). Note that this is not equal to
the square of the filtered variable u∼v(t).

In the framework of MWT, the kinetic energy (KE) and available potential energy
(APE) on scale window v at any time step n, denoted by Kv

n and Av
n can be expressed as:

Kv
n =

1
2
(̂vh)

∼v

n · (̂vh)
∼v

n (2)

Av
n =

1
2

c
(

T̂∼v
n

)2
(3)

where vh = (u, v) is the horizontal wind, T is the temperature departure from the vertical
profile of the background temperature (averaged over time and area), c = g

T(g/cp−L)
is a

constant which is proportional to the buoyancy frequency (g is the gravitational acceleration,
cp is the specific heat at constant pressure, T is the background temperature, and L is the
lapse rate). Based on the primitive equations, Liang [24] obtained the equations governing
the kinetic energy (KE) and available potential energy (APE) on scale window v (v = 0, 1, 2)
(the subscript n is omitted for brevity):

∂Kv

∂t
= −∇ ·

[
1
2
(̂vvh)

∼v
· v̂h
∼v

]
︸ ︷︷ ︸

−∇·Qv
K

−∇ ·
(
v̂∼vφ̂∼v

)︸ ︷︷ ︸
−∇·Qv

P

+
1
2

[
(̂vvh)

∼v
: ∇v̂h

∼v −∇ · (̂vvh)
∼v
· v̂h
∼v

]
︸ ︷︷ ︸

Γv
K

− ω̂∼v α̂∼v︸ ︷︷ ︸
bv

+Fv
K (4)

∂Av

∂t
= −∇ ·

[
1
2

c(̂vT)
∼v

T̂∼v

]
︸ ︷︷ ︸

−∇·Qv
A

+
1
2

c
[
(̂vT)

∼v
· ∇T̂∼v − T̂∼v∇ · (̂vT)

∼v
]

︸ ︷︷ ︸
Γv

A

+ ω̂∼v α̂∼v︸ ︷︷ ︸
bv

+
1
2

T̂∼v (̂ωT)
∼v ∂c

∂p
+

1
T

T̂∼v (̂ωα)
∼v

︸ ︷︷ ︸
Sv

A

+Fv
A

(5)

where v = (u, v, ω) is the 3D wind field, α is the specific volume. The operator (:) is
defined such that (AB):(CD) = (A · C)(B ·D) for two dyadic products AB and CD. Other
notations are conventional. In Equation (4), −∇ ·Qv

K is the spatial transport term of KE
by advection on window v, −∇ ·Qv

P stands for the pressure work term, Γv
K is a faithful

representation of the transfer, i.e., canonical transfer, of KE to window v from other
windows, bv denotes the buoyancy conversion between KE and APE on window v, and
Fv

K is the frictional dissipation term, which is obtained by evaluating the residual in the
balance. In Equation (5), −∇ ·Qv

A is the spatial transport term of APE by advection on
window v, Γv

A as above represents the canonical transfer of APE to window v from other
windows, and Fv

A is the diabatic heating term.

As derived by Liang [24], the diabatic heating term Fv
A is expressed as Fv

A = c
cp

T̂∼v .̂
qnet
∼v

(
.
qnet stands for the heating rate from all diabatic terms, including sensible heating, la-

tent heating and radiation). To measure the latent heating from the phase transforma-
tion which is essential for precipitation,

.
qnet is replaced with the latent heating rate

QL = −Lv
dq
dt = −LvFω following Shen et al. [28], Now the latent heating term Fv

L can be
calculated by

Fv
L =

cLv

cp
T̂∼v (̂−Fω)

∼v
(6)

where Lv ≈ 2.5× 106 J/kg is the specific heat of condensation, F = qT
p

(
LvRd−cpRwT
cpRwT2+qL2

v

)
the

condensation function, ω the vertical velocity, q specific humidity, Rd ≈ 287.058 J/kg/K
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the specific gas constant for dry air, and Rw ≈ 461.520 J/kg/K the specific constant for
water vapor).

Above we have introduced the concept of canonical transfer. It is an expression of
energy transfer which is quite different from the traditional ones. As rigorously proved in
Liang [24], a canonical transfer faithfully represents the inter-scale energy transfer because
it automatically meets the criterion of energy conservation, while the traditional ones do
not. Specifically, it satisfies

∑
v

∑
n

Γv
n = 0 (7)

This means that it is a process such that energy is only redistributed among the scale
windows, and is conserved as a whole. Canonical transfer gains its name in that it has a Lie
bracket form, reminiscent of the Poisson bracket in Hamiltonian dynamics. See Liang [24]
for details.

As demonstrated by Liang and Robinson [29], the canonical transfer terms can be
further analyzed to single out the transfers from one window, say, v1, to another, say v2.
Notationally, we will henceforth write as Γv1→v2 . In a three-window framework as shown
above, for example, Γ0→2

K (Γ0→2
A ) represents the canonical transfer of KE (APE) from the

background-scale window to the mesoscale window. Likewise, Γ1→2
K (Γ1→2

A ) represents the
canonical transfer of KE (APE) from the synoptic-scale window to the mesoscale window.
Moreover, Liang and Robinson [30] proved that Γ0→2

K (Γ0→2
A ) corresponds to the barotropic

(baroclinic) instability in the classical sense, if the values are positive.
So far, this theory has been widely applied to the studies of atmospheric and oceanic

dynamics problems such as cold air outbreak [31], storm track [32], atmospheric block-
ings [33], tropical cyclogenesis [34], vortices over Tibet Plateau [35], Kuroshio Extension
dynamics [36], to name a few. For more details, the reader is referred to Liang [24] and
Liang and Anderson [25].

3. Characteristics of the Heavy Rainfall

As introduced in Section 1, this rainstorm was brought by a landfalling AR on 25–27
February 2019 in the Northern California. Figure 1a shows the 48-h accumulated rainfall
during the period based on the hourly precipitation data from the ERA 5 dataset. The
box marks the rainfall area (38.5–43.5◦ N, 125–121◦ W), over which the area averaging is
taken. As displayed in Figure 1b, there are two peaks in the trend of the hourly rainfall,
respectively from 10 UTC 25 February to 18 UTC 25 February and from 18 UTC 26 February
to 04 UTC 27 February. This indicates that the lifecycle of the heavy rain can be divided
into two stages: Stage I (from 00 UTC 25 February to 00 UTC 26 February) and Stage II
(from 12 UTC 26 February to 12 UTC 27 February).
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Figure 1. (a) The 48-h accumulated rainfall (in mm) during 25–27 February 2019. The rainfall area
(38.5–43.5◦ N, 125–121◦ W) is boxed. (b) Time series of the hourly rainfall averaged over the box
in (a).

To examine the circulation pattern associated with this extreme precipitation, we
plotted horizontal maps of the 850-hPa geopotential (contours) and the integrated water
vapor transport from 1000 to 300 hPa (IVT; shaded), as illustrated in Figure 2. Here, IVT is
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used to represent the AR, following the convention as used in previous studies [37,38]. At 06
UTC February 25, there are two cyclonic centers at 850 hPa, located at 130◦ W (C1) and 150◦

W (C2), respectively. During Stage I (Figure 2a–c), the landfalling AR at the west coast of
Northern California is rather vigorous, with a maximum of IVT exceeding 700 kg m−1 s−1.
Afterwards, it is weakened (not shown). It revives during Stage II (Figure 2d–f), becoming
much stronger than Stage I. It should be noted that the AR is accompanied by C1 during
Stage I, whereas it is close to C2 during Stage II.
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Figure 2. Maps of the 850-hPa geopotential (contours; in m2 s−2) and IVT (shadings; in kg m−1 s−1):
(a) 25 February at 06:00 UTC, (b) 25 February at 12:00 UTC, (c) 25 February at 18:00 UTC, (d) 26 Febru-
ary at 12:00 UTC, (e) 26 February at 18:00 UTC and (f) 27 February at 00:00 UTC. The extratropical
cyclones at 130◦ W and 150◦ W are respectively labeled as “C1” ad “C2” in (a).

The difference between Stage I and Stage II is further compared in terms of rainfall
area. Figure 3 presents the 24-h accumulated rainfall distributions during Stage I and Stage
II, with the areas respectively boxed. During Stage I, it is seen located to the north of 40◦

N (box in Figure 3a), whereas during Stage II, it is predominantly situated south of the
latitude (box in Figure 3b).
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4. Scale Decomposition

To investigate the multiscale interactions underlying the rainstorm, we firstly applied
MWT to fulfill scale decomposition. Considering the heavy rain is attributed to the AR
within a synoptic scale [1,39,40], two cutoff periods are required to demarcate three scale
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windows in this study, namely, the background flow window, the synoptic-scale window
and the mesoscale window. For easy reference, v = 0, 1, 2 is used to denote the three
windows, respectively. The wavelet spectrum analysis [41] is employed to define these
cutoff periods/scale levels, which mark the bounds for the windows. Since ARs with strong
horizontal water vapor transport take place below 3 km [42], here, the 850-hPa specific
humidity is used for spectral analysis. Figure 4b presents the wavelet power spectrum of
the 850-hPa specific humidity (q) in Venado (38.5◦ N, 123◦ W), California, with a maximum
precipitation of 500 mm within 48 h. One observation is that there are three dominant
peaks of the spectra, corresponding to periods longer than 256 h, between 32 and 256 h, and
shorter than 32 h. Based on this, the cutoff periods are set to be 32 and 256 h, respectively.
That is to say that processes with periods longer than 256 h are defined as the background
flow window, those with periods between 32 and 256 h are treated as the synoptic-scale
window (ARs and extratropical cyclones are included), and those with periods shorter than
32 h are included in the mesoscale window, such as mesoscale processes associated with
heavy rain.
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Figure 4. (a) Time series of the 850-hPa specific humidity (q, in g/kg) in Venado (38.5◦ N, 123◦ W),
California. (b) The wavelet power spectrum of (a). The left axis is the period (in hour), and the bottom
axis is time.

With the MWT setting, the original total fields are reconstructed onto three scale win-
dows. On the background flow window, there is a nonstationary high-level jet between 40◦

to 50◦ N at 300 hPa (not shown). Figure 5 depicts the maps of the synoptic-scale geopotential
anomaly (contours) and specific humidity (shadings) at 850 hPa. One common observation
is that there is a long and narrow belt of enhanced values of the synoptic-scale specific
humidity (q∼1) between the cyclone and anticyclone, in accordance with the synoptic-scale
pattern associated with ARs [7,38]. This indicates that ARs and extratropical cyclones or
anticyclones are well separated from the original field through an MWT application.
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In Section 4, the synoptic systems (ARs, extratropical cyclones or anticyclones) and 
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the original field. Based on this, we investigated the multiscale interaction behind the 
extreme AR-related precipitation, which are quantitatively expressed in terms of the ca-

Figure 5. Maps of the synoptic geopotential anomaly (φ∼1; contours; in m2 s−2) and specific humidity
(q∼1; shadings; in g/kg) at 850 hPa: (a) 25 February at 12:00 UTC, (b) 26 February at 12:00 UTC, (c) 27
February at 06:00 UTC. Gray contours denote ARs (IVT >= 250 kg m−1 s−1) with an interval of 100.
The interval of black contours is 150 (solid lines for positive values, dashed lines for negative values,
and bold line for zero value).

To determine whether signals of the rainstorm are effectively separated or not, we
plotted maps of the mesoscale KE (K2) and reconstructed mesoscale vertical velocity (−ω∼2)
averaged vertically from 900 hPa to 300 hPa, as shown in Figure 6b,d. One can see that
where the hourly precipitation is strong, both KE and ascending motion on the mesoscale
window are enhanced. This collocation justifies our scale decomposition, indicating that
signals of the rainstorm can be extracted from the original field and represented with the
KE and vertical velocity on the mesoscale window.
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Figure 6. Spatial distributions of the hourly rainfall (in mm): (a) 25 February 09:00–10:00 UTC and
(b) 26 February 17:00–18:00 UTC. Horizontal maps of the mesoscale KE (K2; shadings; in m2 s−2) and
vertical velocity (−ω∼2; contours; in Pa/s) averaged vertically from 900 to 300 hPa: (c) 25 February
10:00 UTC and (d) 26 February 18:00 UTC. Solid contours represent the ascending motion with an
interval of 0.2 (the contour with zero value is not drawn).

5. Dynamics Underlying the Extreme Precipitation

In Section 4, the synoptic systems (ARs, extratropical cyclones or anticyclones) and
mesoscale processes associated with the rainstorm are appropriately decomposed from the
original field. Based on this, we investigated the multiscale interaction behind the extreme
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AR-related precipitation, which are quantitatively expressed in terms of the canonical
transfers across different scale windows and buoyancy conversions. As there are two
different stages, we will investigate the dynamical processes independently for Stage I
(from 25 February at 00 UTC to 26 February at 00 UTC 26) and Stage II (from 26 February
at 12:00 UTC to 27 February at 12:00 UTC). Two moments, 25 February at 10:00 UTC and
26 February at 18:00 UTC, are chosen to render their respective representative results. For
other moments, the patterns are similar.

5.1. Stage I

Figure 7 illustrates horizontal distributions of the barotropic transfers (Γ0→2
K , Γ1→2

K ),
baroclinic transfer (Γ0→2

A ), and buoyancy conversion (−b2) on the mesoscale window
averaged from 900 to 300 hPa on 25 February at 10:00 UTC (The baroclinic transfer Γ1→2

A is
not shown because the value by comparison is negligible). The rainfall area for Stage I is
marked by the box in Figure 7a. Contours of the mesoscale vertical velocity (−ω∼2) are
added in Figure 7. For the main body of the ascending motion over the box in Figure 7a,
the large negative pool of Γ0→2

K corresponds well to the vigorous ascending motion (solid
contours), whereas the positive values are confined within the descending motion area
(dashed contours). In contrast, negative Γ0→2

A are distributed within the descending motion
region, and vice versa. Recall that a positive Γ0→2

K (Γ0→2
A ) indicates a barotropic (baroclinic)

instability of the background flow (cf. Section 2.2). Over the ascending area, the atmosphere
is hence barotropically stable, but baroclinically unstable, while over the descending area,
it is baroclinically stable, but barotropically unstable. Another observation is that positive
values of −b2 are everywhere throughout the rainfall area, indicating that the mesoscale
APE is converting to mesoscale KE throughout, despite the distinct instabilities.
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Figure 7. Horizontal distributions of the energetics (shadings; in 10−4 m2 s−3) and mesoscale vertical
velocity (−ω∼2; contours; in Pa/s) averaged vertically from 900 to 300 hPa on 25 February at 10:00
UTC: (a) Γ0→2

K , (b) Γ1→2
K , (c) Γ0→2

A and (d) −b2. The box in (a) denotes the rainfall area during Stage I.
Solid contours represent the ascending motion with an interval of 0.2.
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To take a look at vertical structures of these dynamic processes, we drew the zonal–
vertical sectional distributions averaged over the latitudinal band 42◦–44◦ N, and show
them in Figure 8. At 10:00 UTC, 25 February the ascending motion (solid contours) develops
to reach 400 hPa. The canonical transfer Γ0→2

K is negative through the whole column within
the ascending region, while positive values of Γ0→2

A are located in the lower and middle
troposphere (from 900 to 500 hPa). In the lower troposphere (below 700 hPa), there are
positive values of Γ1→2

K and −b2 around the ascending area. That’s to say, during Stage
I, the precipitation develops due to the KE transfer from the synoptic-scale window and
a buoyancy conversion in the lower troposphere, and baroclinic instability in the middle
troposphere.
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K , (b) Γ1→2
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A and (d) −b2. Solid contours stand for the ascending motion with an
interval of 0.15.

To explore the role of latent heating, we calculated F2
L on the mesoscale window as

introduced in Section 2.2. Figure 9a displays the maps of F2
L averaged from 900 to 300 hPa

on 25 February at 10:00 UTC. The great positive values (shadings in Figure 9a) located near
the Northern California correspond to the ascending motion (solid contours) in Stage I.
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5.2. Stage II

Following the same procedure as above, we assessed the canonical transfers and buoy-
ancy conversions for the processes during Stage II. Figure 10 shows spatial distributions
of (a) Γ0→2

K , (b) Γ1→2
K , (c) Γ0→2

A , (d) Γ1→2
A , and (e) −b2 at 18:00 UTC, 26 February averaged

vertically from 900 to 300 hPa. The box in Figure 10a marks the rainfall region. Here, Γ1→2
K ,

Γ0→2
A and Γ1→2

A are negligible in the balance, and hence are not shown in the cross sections
(Figure 11). It is clear that Γ1→2

A and −b2 are overall positive over the rainfall area (box
in Figure 10a), though a few negative patches of Γ0→2

K are identified. The zonal–vertical
sectional distributions (averaged over the channel 38◦–40◦ N) is presented in Figure 11. We
can find that the main body of the ascending motion (solid contours) around 125◦ W devel-
ops upward to 300 hPa, slightly inclining to the west. In the middle troposphere (from 700
to 500 hPa), there are enhanced values of Γ0→2

K and −b2, corresponding to strong ascending
motion. This means that, during Stage II, it is a barotropic instability and a buoyancy
conversion in the middle layer that facilitate the development of the precipitation.

Like Stage I, the positive values of F2
L (shadings; Figure 9b) are consistent with strong

ascending motion (solid contours) in Stage II, implying that there is a large amount of the
latent heat release during the rainfall.
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Figure 10. Maps of (a) Γ0→2
K (shadings; in 10−4 m2 s−3), (b) Γ1→2

K (shadings; in 10−4 m2 s−3),
(c) Γ0→2

A (shadings; in 10−4 m2 s−3), (d) Γ1→2
A (shadings; in 10−4 m2 s−3) and (e) −b2 (shadings; in

10−4 m2 s−3) averaged from 900 to 300 hPa on 26 February at 18:00 UTC. The box in (a) denotes
the rainfall area during Stage II. Contours of the mesoscale vertical velocity (−ω∼2; in Pa/s) are
superimposed with an interval of 0.2 (solid contours for the ascending motion).
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K (shadings; in 10−4 m2 s−3) and (b) −b2 (shadings;
in 10−4 m2 s−3) averaged over the zonal band 38◦–40◦ N on 26 February at 18:00 UTC. Contours of
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5.3. Energy Pathway

To understand the energy pathway for the rainstorm in question at two stages, we
took volumetric averages of the energetics from 900 hPa to 400 hPa and over the rainfall
areas respectively for Stage I (box in Figure 3a) and Stage II (box in Figure 3b). Then, the
volume-averaged energetics were further averaged over time for the two respective stages.
The resulting spatiotemporally averaged energetics are schematized in Figure 12, where an
arrow stands for the direction of energy flow.

Atmosphere 2022, 13, x FOR PEER REVIEW 12 of 15 
 

 

Figure 11. The zonal–vertical section of (a) 𝛤 →  (shadings; in 10−4 m2 s−3) and (b) −𝑏  (shadings; 
in 10−4 m2 s−3) averaged over the zonal band 38°–40° N on 26 February at 18:00 UTC. Contours of the 
mesoscale vertical velocity (−𝜔∼ ; in Pa/s) are overlayed with an interval of 0.15 (solid contours for 
the ascending motion). 

5.3. Energy Pathway 
To understand the energy pathway for the rainstorm in question at two stages, we 

took volumetric averages of the energetics from 900 hPa to 400 hPa and over the rainfall 
areas respectively for Stage I (box in Figure 3a) and Stage II (box in Figure 3b). Then, the 
volume-averaged energetics were further averaged over time for the two respective 
stages. The resulting spatiotemporally averaged energetics are schematized in Figure 12, 
where an arrow stands for the direction of energy flow. 

As we can see, during Stage I, the mesoscale APE (𝐴 ) is dominantly fueled by the 
latent heating 𝐹 . Another source of 𝐴  is baroclinic instability which transfers APE 
from the background flow to the mesoscale window. As for the mesoscale KE (𝐾 ), it is 
obtained via buoyancy conversion, and is partly returned to the background flow. 

For Stage II, the mesoscale window gains twice as much kinetic energy (𝐾 ) from the 
mesoscale APE reservoir via buoyancy conversion as it does from the background flow 
via barotropic instability. As for the APE balance, latent heating is the dominant source of 
the mesoscale APE (𝐴 ) which then is converted to KE via buoyancy conversion. 

 
Figure 12. Schematics of the energy pathway for (a) Stage I and (b) Stage II. The energetics are in 
10−4 m2 s−3. An arrow stands for the energy flow direction. 

5.4. Comparison between Stage I and Stage II 
The similarity between the precipitation processes in Stage I and Stage II is that in 

both stages, latent heating and buoyancy conversion dominate in the energy balance. 
This may be attributed to the huge amount of latent heat release during the rainfall event. 
They can directly heat the atmosphere and produce APE, most of which is converted to 
KE via buoyancy conversion. 

The differences between the rainfall energetics in the two stages are also obvious. 
Although the background flow contributes in both stages to the precipitation through 
instability, the dominant type of instability is different, with baroclinic instability occur-
ring in Stage I while barotropic instability in Stage II. Considering the fact illustrated by 
Figure 12a that KE in Stage I is not obtained from but lost to the background flow, we 
conclude that the mesoscale KE (𝐾 ) is transferred to the background flow in Stage I, and 
is stored in there until Stage II, when it is released back to the mesoscale window again, 
triggering the heavy rainstorm. This may explain why the rainfall is slightly stronger in 
Stage II than in Stage I. 

6. Conclusions 
Using a recently-developed localized multiscale energetics analysis tool, we have 

investigated the dynamical processes underlying a heavy rainfall event in Northern Cal-
ifornia associated with the landfalling atmospheric river (AR) during 25–27 February 
2019. Based on the trend of the hourly precipitation, the lifecycle of the rainstorm is di-

Figure 12. Schematics of the energy pathway for (a) Stage I and (b) Stage II. The energetics are in
10−4 m2 s−3. An arrow stands for the energy flow direction.

As we can see, during Stage I, the mesoscale APE (A2) is dominantly fueled by the
latent heating F2

L . Another source of A2 is baroclinic instability which transfers APE from
the background flow to the mesoscale window. As for the mesoscale KE (K2), it is obtained
via buoyancy conversion, and is partly returned to the background flow.

For Stage II, the mesoscale window gains twice as much kinetic energy (K2) from the
mesoscale APE reservoir via buoyancy conversion as it does from the background flow via
barotropic instability. As for the APE balance, latent heating is the dominant source of the
mesoscale APE (A2) which then is converted to KE via buoyancy conversion.

5.4. Comparison between Stage I and Stage II

The similarity between the precipitation processes in Stage I and Stage II is that in
both stages, latent heating and buoyancy conversion dominate in the energy balance. This
may be attributed to the huge amount of latent heat release during the rainfall event. They
can directly heat the atmosphere and produce APE, most of which is converted to KE via
buoyancy conversion.

The differences between the rainfall energetics in the two stages are also obvious.
Although the background flow contributes in both stages to the precipitation through insta-
bility, the dominant type of instability is different, with baroclinic instability occurring in
Stage I while barotropic instability in Stage II. Considering the fact illustrated by Figure 12a
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that KE in Stage I is not obtained from but lost to the background flow, we conclude that
the mesoscale KE (K2) is transferred to the background flow in Stage I, and is stored in
there until Stage II, when it is released back to the mesoscale window again, triggering the
heavy rainstorm. This may explain why the rainfall is slightly stronger in Stage II than in
Stage I.

6. Conclusions

Using a recently-developed localized multiscale energetics analysis tool, we have
investigated the dynamical processes underlying a heavy rainfall event in Northern Cali-
fornia associated with the landfalling atmospheric river (AR) during 25–27 February 2019.
Based on the trend of the hourly precipitation, the lifecycle of the rainstorm is divided into
two stages: Stage I (from 25 February at 00:00 UTC to 26 February at 00:00 UTC) and Stage
II (from 26 February at 12:00 UTC to 27 February at 12:00 UTC). In Stage I, the rainfall is
located to the north of 40◦ N, whereas in Stage II, it is moved to the south of the latitude.
Moreover, the circulation pattern changes as time moves from Stage I to Stage II: during
Stage I, the AR is closely related to an extratropical cyclone, while it is associated with
another cyclone during Stage II.

Application of the multiscale window transform (MWT) allows the original fields to be
reconstructed onto three scale windows, i.e., the background flow window (periods > 256 h),
the synoptic-scale window (periods of 32–256 h), and the mesoscale window (periods < 32 h).
On the synoptic-scale window, the AR and extratropical cyclone or anticyclone are well
captured; on the mesoscale window, the enhanced mesoscale kinetic energy (KE) and the
ascending motion coincide with large values of the hourly precipitation exceeding 5 mm/h.
By diagnosing the interactions between the mesoscale window and the other two windows,
dynamic mechanisms underlying the rainstorm are revealed.

In both stages, the latent heating and buoyancy conversion are found to play an
important role. This implies that the latent heat release can heat the atmosphere and directly
produce APE which is mostly converted to KE via buoyancy conversion. Additionally, it is
found that the instability of the background flow also contributes to the development of
the precipitation which is baroclinic in Stage I whereas barotropic in Stage II. The energy
pathway reveals a connection between the two stages of precipitation. During Stage I, a
part of the mesoscale KE is inversely transferred to and stored within the background flow,
and, as time moves on to Stage II, it is released back to the mesoscale window, triggering
the extremely heavy rainstorm during Stage II. This implies that the energy transfer across
different scales ahead of the rainfall event should receive more attention since it may be the
key factor for the prediction of precipitation.

So far, the multiscale interaction underlying the rainfall associated with the designated
landfalling AR has been explored. It would be of interest to quantify how much precipita-
tion is related to the synoptic scale flow and how much comes from the meso-scale process.
This issue, among others, is to be investigated in the future studies.
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