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ABSTRACT: This study examines processes fundamental to the development of South Asian monsoon depressions using
an array of integrations of an idealized convection-permitting numerical model. In each integration, a wave of initially small
amplitude is subjected to a different amount of vertical and meridional wind shear, with temperature and moisture fields
constructed according to realistic constraints. Based on the evolution of this disturbance into monsoon depression-like
vortices, two features of the background environment emerge as important: the low-level gradient of moist static energy
(MSE) and the low-level meridional shear. As the low-level MSE gradient steepens, the disturbance becomes stronger and
produces more rain. This strengthening results from the interaction of the vortex with latent heat release by convection that
is in turn organized by positive MSE advection in the northerly flow west of the vortex. In this region of advection, moister
air from the north ascends along upward-sloping isentropes, driving moist convection. The disturbance also becomes
stronger with increasing meridional shear, which makes the environment more barotropically unstable. The absence of
either of these two features of the background environment prevents substantial growth of the disturbance. Our results
suggest that monsoon depression growth in South Asia is fostered by the coexistence of a strong low-level MSE gradient
with strong meridional wind shear associated with the monsoon trough.
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1. Introduction been hypothesized to favor monsoon depression development
through a moisture-vortex instability (Adames and Ming
2018a). Finally, since they most commonly form over ocean,
other studies have argued that surface heat and moisture fluxes
are important for their intensification (Fujinami et al. 2020).
Building upon these studies, our recent work has argued that
monsoon depressions can form through a variant of moist
barotropic instability that requires vertical shear (Diaz and
Boos 2019b). In this paradigm, vortices draw energy from both
the meridional shear of the monsoon trough and through
coupling with moist convection. This convection is maintained
by ascent forced by the vortex interacting with the vertically
sheared environment. Following previous studies, this ascent
is explained using the quasigeostrophic (QG) omega equa-
tion. Latent heating from convection brings an otherwise
weakly stable background flow to a state of barotropic in-
stability. This mechanism does not involve baroclinic insta-
bility and does not require interactive surface heat fluxes. A
different growth mechanism for monsoon depressions was
presented by Adames and Ming (2018b). Using idealized
experiments, they reproduced monsoon depression-like
disturbances and argued that their convection was orga-
nized by their interaction with the time-mean moist static
energy (MSE) gradient. From an MSE budget, they con-
cluded that the presence of a temperature gradient led to
isentropic ascent west of the circulation center. This ascent
advected moisture vertically, leading to an environment
favorable for convection, whose associated vortex stretch-
ing promoted growth of the larger-scale vortex. Whereas
Adames and Ming (2018b) found that vertical advection

Low pressure systems in multiple regions of the tropics have
been labeled as monsoon depressions. Perhaps the most fa-
mous of these are those that develop over the Bay of Bengal
during the Indian monsoon, where they have been catalogued
for well over a century (Mooley and Shukla 1989). What makes
this region so uniquely conducive to monsoon depression for-
mation remains an area of active research (Ditchek et al. 2016).
Many studies have highlighted some feature of the background
environment as being of key importance [see Diaz and Boos
(2019a) for a detailed overview]. For example, in contrast with
most of the tropics, this region’s climatology is dominated by
strong easterly vertical wind shear, with an accompanying
temperature gradient in approximate thermal wind balance.
Although this baroclinicity usually prevents tropical cyclo-
genesis, past studies have cited reasons why it could favor
monsoon depressions, including through baroclinic instability
(Saha and Chang 1983; Moorthi and Arakawa 1985), its link to
quasigeostrophic ascent (Rao and Rajamani 1970), or its role
in forcing isentropic ascent (Adames and Ming 2018b). Other
studies have argued that the locally enhanced vorticity of the
monsoon trough can become barotropically unstable, allowing
disturbances to gain energy from the background meridional
shear (Nitta and Masuda 1981). More recently, the northward-
directed gradient of moisture that characterizes this region has
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and Ming (2018b) nor Adames and Ming (2018a) argued for
any role by barotropic instability.

In summary, despite recent progress in our understanding of
monsoon depressions, unanswered questions remain. For ex-
ample, what is the importance of barotropic instability com-
pared with convection in realizing vortex growth? Which of the
above mechanisms best describes how the vortex couples with
convection? A key drawback of studies such as Diaz and Boos
(2019b) and Adames and Ming (2018a) is that the complicated
background flows they use make it difficult to unambiguously
isolate particular physical processes. At the other extreme,
while simple analytical models such as that presented by
Adames and Ming (2018b) excel at highlighting mechanisms,
they could be oversimplifications of reality. Thus, it would be
instructive to have a background environment that can be
systematically altered to vary wind shears and MSE gradients
in order to test how growing disturbances respond. The goal of
this study is to investigate the role that such environmental
factors play in the development of monsoon depressions
using a set of idealized model experiments, and then deduce
which of the aforementioned processes most plausibly explain
their growth.

2. Methods

This study uses the numerical model developed by Diaz and
Boos (2019a) and expanded upon by Diaz and Boos (2019b).
The advantage of this model is that it separates the atmosphere
into a basic state and perturbations, allowing us to perform
experiments wherein we prescribe a background environment
(the basic state) and examine how a monsoon depression-like
vortex (the perturbation) evolves within it.

a. Model equations

Equations for momentum, temperature, pressure, and water
mixing ratios used in the numerical model are

= —(Utw)- Vo —w VU= V¢ + bk fkxV +T,,
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where u = (u, v, w) represents the three-dimensional velocity
field, v = (u, v) the two-dimensional velocity field,  the po-
tential temperature, p the density, ¢ = p/p, the pressure nor-
malized by density, g, the water vapor mixing ratio, g. the
cloud water mixing ratio, g,,, the rain, snow, or ice water
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mixing ratio, and w, the terminal velocity of rain, snow, or ice.
Primes denote perturbation values, bars denote basic-state
values, and the zero subscripts denote base-state values. The
base state varies in only the vertical direction and is a resting
state used to make the standard anelastic approximation,
whereas the basic state can vary in all three dimensions and is
used to impose a nonresting environment in which perturba-
tions grow. Microphysical processes, e.g., condensation and
evaporation, are represented by M, and tendencies from sur-
face fluxes and subgrid-scale turbulence by 7. The buoyancy
term (') is defined in terms of virtual potential temperature,

0/
b= g<9— +0.61q, —q,—q,—q,— %) . (2
0

Unlike Diaz and Boos (2019b), which uses a warm rain mi-
crophysical parameterization based on Kessler (1969), this
study uses an ice microphysical parameterization based on
Rutledge and Hobbs (1983), with the improvements suggested
by Hong et al. (2004). The subgrid-scale turbulence parame-
terization is described in Diaz and Boos (2019b). To isolate the
physical processes associated with wind shear and gradients of
temperature and moisture, we exclude interactive surface
fluxes of heat and moisture. However, as discussed in Diaz and
Boos (2019b), there are implicit surface fluxes necessary to
maintain the basic state. We will explore the impact of inter-
active surface fluxes in a forthcoming study.

b. Experimental design
1) BASIC STATES

Each basic state consists of two zonally uniform compo-
nents. The first is a profile of zonal wind that varies only in
height. The second is a monsoon trough-like feature, with a
region of enhanced meridional shear whose maximum ampli-
tude is concentrated near the surface. These two components
are added together to create a basic-state wind field with a
mixture of vertical and meridional shear that is zonally sym-
metric in the east-west direction with zero meridional wind.
The temperature and moisture fields are then derived based on
realistic constraints.

The first component of the basic state is defined in terms of
its vertical shear as

— Sy =S,
- Wy, T (3a)
U z=>hy
s, =0.0(h,). (3b)
S,=0d_U(hy), (30)
U(ho) =3ms (3d)

where h; = Okm, hy = 16.6km, and Ay = 4.0 km. This func-
tional form is linear and allows us to concentrate the vertical
shear in either the lower (S.) or upper (Sy) troposphere, re-
sulting in vertical profiles of U that are parabolic. The second
component of the basic state, the monsoon trough-like feature,
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is a surface-intensified strip of vorticity, whose relative vor-
ticity is defined as

{(y,2)=¢, [cos(—q-r + zwm> " 1}

Y17 Yo
-z,
X |cos| —0.17r + 1.27 +11, 4)
2,72,

defined on the interval y, to y; where yo = 18°N, y; = 21°N,
Zo = 0m, and z; = 17.0 km. The wind field is then obtained by
solving

-
% ~{(32) 5)

with periodic lateral boundaries in the zonal direction and
zero-gradient boundaries in the north and south. The final
basic-state zonal wind field is constructed by adding U from
Eq. (3) and U from Eq. (5). This procedure leaves us with three
tunable parameters for the basic state, namely, S;, Sy, and £,
which control the strength of the lower-level vertical shear, the
upper-level vertical shear, and the lower-level meridional
shear, respectively. For succinctness, these will all be expressed
as dimensionless quantities throughout this manuscript, by
normalizing S; and Sy, by 1 ms™ ' km™ ", and by normalizing £,
byl X 10~ *s™ L. As will be discussed shortly, §; and Sy can also
be thought of as controls on the lower- and upper-level tem-
perature and moisture gradient. However, it should be noted
that since §; and Sy affect the shear over the entire interval
between /; and hy, Sy has some effect on the lower-level shear
and S, has some effect on the upper-level shear. For example,
incrementing S, by 1.0 alters the shear at 2.0km by
0.43ms~'km™', while incrementing Sy by 1.0 alters the
shear at 2.0km by 0.12ms 'km '. Additionally, since
Eq. (4) alters the meridional shear more strongly at lower
levels, it also adds vertical shear to the basic state. However,
it does so in a manner different from Sy and S;. For the
range of parameters we will use, it increases vertical shear
south of the monsoon trough axis at 20°N while decreasing it
to the north. At20°N, Eq. (4) does not impact vertical shear.

For a given wind field, we use thermal wind balance to
construct the basic-state temperature and pressure fields. Since
the thermal wind equation is expressed in terms of gradients,
we must specify the vertical temperature profile at one point.
The structure of this profile is important because, along with
humidity, it determines the stability of the atmosphere to moist
convection. To define a representative profile, we use the
values of temperature and mixing ratio at 20°N, 88°E from the
basic state of Diaz and Boos (2019b), which was constructed to
represent the pregenesis environment of monsoon depressions
(Fig. 1). This point is near the track density maximum of ob-
served monsoon depressions and its latitude corresponds to
where the vortices in our simulations are centered. The profile
in Fig. 1 is used to define 6, and g, in Egs. (1b) and (1d), with @
and g, being set to zero at 20°N. Hence, the vertical profiles of
total temperature and humidity among all of our experiments
are identical at 20°N. The surface pressure at this latitude is set
to 1002.0 hPa.
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FIG. 1. Base-state profile of potential temperature (), mixing ratio
(q0), and relative humidity.

Creating the meridional moisture gradient is somewhat
trickier. It requires a compromise between a method that can
readily be applied to a wide range of basic states and one that
accurately approximates the conditions in the South Asian
monsoon. Unlike some theoretical models in which the mois-
ture and temperature gradients are decoupled (e.g., Monteiro
and Sukhatme 2016; Adames and Ming 2018a), the extent to
which the moisture gradient in our simulation can be increased
in the absence of a temperature gradient is limited by the
Clausius—Clapeyron equation and the constraint that the relative
humidity remains below 100%. Thus, to create the humidity field
outside of the base latitude of 20°N, we assume constant relative
humidity between 15° and 26°N and adjust the mixing ratio ac-
cordingly. Given that temperature increases going northward, this
adjustment yields a northward-directed moisture gradient. To the
north and south of this region, the relative humidity is decreased
linearly by 10% from 26° to 30°N and from 15° to 5°N. This de-
crease ensures that the environment does not become overly
unstable to moist convection in the northern and southern regions
of the domain, which lie outside our primary region of interest.
We found using relative humidity to control the moisture field
superior to using mixing ratio, because modifying the latter
directly is more prone to creating unrealistic humidity profiles.

One complication resulting from the effect of {, on the
vertical shear (and thus on the temperature gradient) is that
increasing o will also increase the moisture gradient if the
procedure described above is followed. This dependence is
undesirable since our results prove to be quite sensitive to both
the moisture distribution and the meridional shear. To help
alleviate this problem, we use the component of the tempera-
ture field in thermal wind balance with the vertical shear for
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FI1G. 2. Cross sections of basic state. (a) Basic-state zonal wind
(shading, U, ms™!) and potential temperature (contours, 8, K) for
£o=1.0,85;, = —1.0, and Sy = —2.0 and (b) basic-state zonal wind
(shading, U, ms™"), vorticity (black contours, Z, 10™°s™"), and
mixing ratio (green contours, g, gkg ') for £, = 1.0, S, = 0.0, and
Sy = 0.0. Dashed contours show negative values. The basic-state
potential temperature and mixing ratio shown here are horizontal

deviations from the base state shown in Fig. 1.

{o = 1.0 to set the moisture field for all of our experiments. As a
result, changes to {j affect the relative humidity field instead of
the mixing ratio field. Thus, changing ¢, does not affect the
moisture gradient and has a minimal effect on the MSE
gradient.

Two sample basic states are shown in Fig. 2. Figure 2a shows
U and 0 for S; = 1.0, Sy = —2.0, and ¢, = 1.0. These settings
yield a northward temperature gradient and easterly vertical
shear. Westerly flow dominates near the surface and easterly
flow dominates aloft, with a well-defined monsoon trough axis
near 20°N. These are all classic features of a monsoon climate.
Figure 2b shows U, 7, and Q for a state that isolates the low-
level monsoon trough with §; = 0.0, Sy = 0.0, and {, = 1.0. As
previously discussed, in addition to providing meridional shear,
nonzero values of {, also produce some vertical shear. With
this shear changing its direction at the monsoon trough axis, a
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sharp meridional gradient of vertical shear results when added
to the contribution of shear from S, and Sy, (cf. Fig. 2a). This
gradient is a realistic feature of the observed South Asian
monsoon. Also note the northward moisture gradient in
Fig. 2b. As pointed out in section 1, some have argued that this
feature is important for monsoon depression growth. For ref-
erence, all of the basic states used in this study are available in
the online supplementary material (Figs. S1-S4).

2) INITIAL PERTURBATION

We initialize each simulation with the fastest growing dry
linear normal mode of wavenumber 2 for a horizontal shear of
{o = 1.0 and vertical shears of zero (the basic state shown in
Fig. 2b). Excluding the vertical shear in the normal mode cal-
culation ensures that each experiment starts with the same
initial condition, and having two wavelengths is beneficial be-
cause it provides us with an ensemble of two growing distur-
bances. This mode is barotropically unstable and will be scaled
to give v/ a maximum value of 5m s~ . The initial moisture field
q., will be set to zero. An alternative way to initialize our ex-
periments would be to use a vortex. We chose to use a normal
mode instead, because it requires fewer arbitrary parameters
to set, such as size, location, and structure. We also found that a
vortex tends to rapidly disperse along the basic-state vorticity
gradients, leading to multiple disturbances in various stages of
growth. This evolution is more difficult to analyze, especially
when comparing different experiments.

3) MODEL CONFIGURATION

Each simulation is run for 6 days and uses a grid spacing of
Skm X 5km with 1035 grid points in the east-west direction,
777 in the north-south direction, and 43 in the vertical. The
vertical coordinate uses a stretched grid. Although the grid
spacing used is perhaps larger than ideal for a convection-
permitting simulation, the fact that the convection is organized
by synoptic-scale processes justifies this somewhat coarser
resolution.

To help isolate the impact of moist convection, we conduct
two sets of experiments for each basic state: one with moisture
as previously described and one with zero moisture, effectively
eliminating microphysical processes. For convenience, we will
refer to these as ““dry”” and ““moist” experiments.

3. Results
a. Sample case

We start by illustrating a sample case from a region of pa-
rameter space that favors robust, monsoon depression-like
vortices. Figure 3 shows the simulation for {, = 1.5, S, = —1.0,
and Sy = —2.0 at hour 78. The background map is drawn for
reference only; i.e., the coastal outlines do not indicate changes
in surface characteristics. This vortex has a minimum sea level
pressure of 996.2 hPa and exhibits many features of observed
monsoon depressions. The strongest convection lies to the
southwest of the circulation center, where the northerly flow of
the low pressure system interacts with the northern edge of the
low-level westerlies (Fig. 3b). Additionally, it has a warm core
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FI1G. 3. Sample monsoon depression from ¢, = 1.5, §;, = —1.0,
and Sy = —2.0 at hour 78. (a) Perturbation potential temperature

(shading, #', K), total pressure (contoured by 0.75 hPa), and wind
vectors at 7.6 km. (b) The vertically integrated condensate from the
surface to 15 km (shading, g, + ¢; + g, + q,, gkg '), total pressure
(contoured by 2.0 hPa), and wind vectors at 3.0 km, (c) As in (a),
but at 0.6 km with pressure contoured by 2.0 hPa. The background
map is for scale reference only and has no effect on the simulations.

aloft (Fig. 3a) and a cold core at low levels (Fig. 3c). The vortex
tilts downshear with height, with the center at 7.6 km altitude
lying approximately 150 km southwest of the center at 0.6 km
altitude.

b. Effect of varying vertical shear (S;, and Sy)

We first consider the effect of S; and S, which control the
vertical shear, temperature gradient, and moisture gradient in
the lower and upper troposphere, respectively. Figure 4 shows
the minimum pressure reached during the 6-day simulation
for the dry (Fig. 4a) and moist (Fig. 4b) cases, as well as the
6-day accumulated rainfall (Fig. 4c). These metrics are shown
as a function of §; and Sy, for o = 1.0, with the values of S; and
Sy having been selected by trial and error in order to capture a
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wide range of behaviors. The range of Sy is wider than that of
S, because our experiments are more sensitive to S, than to
Su. Upon closer inspection, we found that simulations in the
lower-right corner of Fig. 4b (S, < —1.0 and Sy < —2.0)
exhibited small-scale pressure minima coincident with the
heaviest rainfall, but well displaced from the main circulation
center. Since we consider these minima to be unrepresenta-
tive of the intensity of the larger-scale vortex, the pressure
values shown in Fig. 4b are the minimum values within a 2° X 2°
box centered on the centroid of negative perturbation pressure
at 1.5 km altitude.

The dry simulations reveal the extent to which the vortex
amplifies in the absence of convection (Fig. 4a). We will show
in section 3¢(1) that this growth is primarily from barotropic
instability. With an initial pressure anomaly of —1.3 hPa, this
process contributes an additional —1.3 to —2.2hPa to the
anomaly. The dry vortex weakens as |S;| and |Sy| increase,
though only 0.9 hPa separates the strongest from the weakest
experiment.

Including moisture leads to a stronger vortex for all simu-
lations, with S; and Sy substantially affecting the magnitude
of this amplification (Fig. 4b; note the change in color scale
compared to Fig. 4a). As |S, | increases, minimum pressure
decreases, indicating a stronger vortex. Sensitivity to Sy is
more complicated, with no obvious pattern emerging when
comparing individual rows of constant S,;. However, con-
sidering the much larger range of Sy, vortex intensity is
clearly more sensitive to S;,.. Based on the monsoon low and
depression track dataset of Vishnu et al. (2020), the 994 to
998 hPa surface pressures seen here are within the range of
typical monsoon lows and depressions (Fig. 5). However,
considering that a substantial number of observed monsoon
depressions reach pressures below 994 hPa, the simulated
ones are on the weaker side of normal. Additional analysis
suggests that interactive surface fluxes of heat and moisture are
required to reach these higher intensities (not shown). The
pattern of accumulated rainfall is similar to that of minimum
pressure, but with much larger differences across the parame-
ter space (Fig. 4c). For example, total rainfall increases ap-
proximately tenfold as S, goes from 0.0 to —1.5, whereas the
magnitude of the pressure anomalies increases by less than a
factor of 2.

Toillustrate how S; and Sy, affect the vortex structure, Fig. 6
shows the 1.5 km total pressure and surface rain rate for each
simulation at day three, a time near the peak vortex intensity.
In cases with significant rainfall, the highest rain rates are
located a few hundred kilometers southwest of the circulation
center. By contrast, rainfall is substantially lighter and more
randomly distributed about the circulation center for S, = 0
when |Sy| < 4.5. These patterns are consistent with the fact
that a vortex embedded in vertical shear generates its maxi-
mum ascent in its downshear-left quadrant (e.g., Rao and
Rajamani 1970; Raymond 1992). The longitudinal distance
between the rain and the circulation center increases with |Sy|,
presumably as a result of differential advection caused by the
strengthening vertical shear. The rain rate is highest in the
lower-left corner of the plot, where |Sy]| is small and |S.| is
large. However, as suggested by Fig. 4c, this pattern does not
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FI1G. 4. Minimum pressure (hPa) and 6-day total rainfall (mm) as
a function of vertical shear for , = 1.0. (a) Pressure for the dry
experiments, (b) pressure for the moist experiments, and (c) rain
for the moist experiments. Pressure is given as both the perturba-
tion value at 1.5km (upper number) and the total value at the
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FIG. 5. Stacked histogram of number of monsoon lows and de-
pressions in the Bay of Bengal from 1979 to 2019 binned by mini-
mum pressure (hPa) reached during their life-span. Black bars
show monsoon depressions and gray bars show monsoon lows. The
black and gray bars are nonoverlapping. Dataset and classification
based on Vishnu et al. (2020) and the hourly ERAS.

indicate that total accumulated rainfall decreases with | S|; the
rain rate simply peaks before this instant in time for simula-
tions with higher |Sy|.

To better understand the temporal coevolution between
rainfall and vortex intensity as S; and Sy vary, we examine
time series of the previously shown metrics for select experi-
ments. Specifically, we examine minimum perturbation pres-
sure and rain rate for all values of S; with Sy held constant
at —2.0 (Figs. 7a,b) and for all values of S;; with S; held con-
stant at —1.0 (Figs. 7c,d). The parameter , is held constant at
1.0 for all of these simulations. The thick lines show the moist
simulations and the thin lines show the dry simulations.

We first discuss variations in Sy, (Figs. 7a,b). Throughout the
first day, the minimum pressure for each simulation is nearly
identical (Fig. 7a) and little to no precipitation falls (Fig. 7b),
indicating that only dry processes are contributing to growth.
We show in section 3¢(1) that this growth results from baro-
tropic instability. The simulations begin to diverge on day 2.
The moist ones become much stronger than the dry ones and
variations in S, lead to systematic differences within these two
subgroups. For the dry experiments, increasing |S,| leads to
slightly weaker vortices. For the moist experiments, increasing
|Sz| leads to substantially stronger vortices with higher rain
rates. Temporally, this intensification is strongly linked to rain
rates, with the rapid increase in rain on day 2 corresponding to
falling pressure and the rapid decrease in rain on days 3 and 4
corresponding to rising pressure. Interestingly, there seems to
be a bifurcation point between §; = —0.5 and §; = —1.0, with
the two simulations with S; > —1.0 behaving similarly and
remaining less than 1 hPa deeper than their dry counterparts.

—

surface (lower number), expressed without the first digit (e.g.,
993.8 hPa = 93.8). The total rainfall is averaged within a 10° X 10°
box centered on the minimum pressure. All values are the average
of the two vortices.
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FIG. 6. Rain rate (shading, mm h™') and total pressure (contoured every 1.5 hPa) for all experiments with ¢, = 1.0 at day 3 of simulation.
The dashed contour corresponds to 842 hPa, marked to ease intercomparison of panels.

A possible explanation is that some threshold for convective
initiation is crossed between these two values.

The simulations with varying S exhibit many of the same
patterns as those with varying S; (Figs. 7c,d). A notable
difference is that the moist experiments with higher |Sy|
reach their peak intensity and highest rain rates earlier than
those with lower |Sy|. In fact, those with lower |Sy| even-
tually catch up in intensity to those with higher |Sy/|, leading
to the small differences in intensity seen in Fig. 4b.
Examining Fig. 4, it appears that increases in upper-level
shear (Sy) cause the precipitation to become increasingly
detached from the circulation center, limiting the potential
for the precipitation and the vortex to constructively
interfere.

1) POTENTIAL ENERGY

Given the strong coupling between pressure and tempera-
ture through hydrostatic balance, determining the source of
temperature anomalies can provide insight into what physical
processes are responsible for the pressure anomalies in our

simulations. To do this, we derive an equation for potential
energy in terms of 8’ by multiplying Eq. (1b) by

_sg ¢
=£_" . ©)
6,d0,/dz
The perturbation potential energy is then defined as
,_lg 0” )
¢ 20,d6/dz
with its time tendency given by
oP, — a6 o
—~£+(U+d) VP, =—Av ——gw' —+ AM, + AT,, (8
ot ( ll) e Uay gwoo 0 0> ()

which has been simplified for a zonally symmetric basic state. The
first two terms on the left-hand side (lhs) of Eq. (8) represent the
local time tendency and advection of P,, respectively. The first
term on the right-hand side (rhs) represents the conversion of
basic-state potential to perturbation potential energy through
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FIG. 7. Comparison of time series of minimum pressure and rain
rates for select experiments. (a) Minimum pressure (hPa) for
each value of §; with Sy = —2.0 and ¢, = 1.0 and (b) rain rates
(mmh™!) for the same experiments. Thick lines are for simu-
lations with microphysics and thin lines for those without.
(c),(d) Asin (a) and (b), respectively, but for each value of Sy with
S = —1.0. Rain rates are calculated using the same averaging box
as in Fig. 4.
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(a) Merid. Adv. (moist, Sy = -2.0)
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FIG. 8. Select terms in the potential energy equation integrated
from the surface to 10.0 km and averaged over the full model do-
main. (a) Meridional advection [first term on rhs of Eq. (8)] and
(b) vertical temperature advection plus diabatic terms [last three
terms on rhs of Eq. (8)] for each value of S; with S;; held constant at
—2.0and ¢, held constant at 1.0 for the moist simulations. (c),(d) As
in (a) and (b), respectively, but for the dry simulations.

meridional advection of basic-state temperature. This process is
fundamental to baroclinic instability. The second term represents
the conversion of perturbation potential to perturbation kinetic
energy through baroclinic conversion. Both baroclinic instability
and diabatic heating from moist convection can contribute to this
term. The third and fourth terms represent contributions to per-
turbation potential energy from microphysics and parameterized
turbulent diffusion, respectively. This equation is useful for our
purposes, because it can tell us the relative importance of baro-
clinic instability versus moist convection in generating the tem-
perature anomalies by comparing the meridional advection term
with the terms associated with diabatic heating. Figure 8 shows a
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time series of select terms in Eq. (8) for each value of S; with Sy
held constant at —2.0. Each quantity is vertically integrated from
the surface to 10.0km and averaged over the full model domain.
We combine the last three terms on the rhs of Eq. (8), because the
diabatic and vertical advection terms strongly cancel (i.e., adiabatic
cooling cancels condensational heating), and because turbulent
diffusion is a substantial energy sink in regions of moist convection.
For our case, this combination does not cause ambiguity, because
almost all of the baroclinic conversion (term 2 on the rhs) is located
within regions of moist convection as opposed to regions of me-
ridional temperature advection, where term 1 on the rhs could be
important.

Figure 8a demonstrates that this disturbance is not drawing
energy from the meridional temperature gradient, indicating
that it is not a baroclinic instability. In fact, consistent with the
downshear tilt seen in Fig. 3, it is losing energy through
—Av'9,0, with these losses generally growing with increasing
|S.|- Instead, the dominant energy source is diabatic heating
from convection (Fig. 8b). This source becomes larger as |Sy |
increases and closely follows variations in the rain rates
(Fig. 7b). However, not all of this energy comes from diabatic
heating; the dry simulations also exhibit a peak in this term
(Fig. 8d). This potential energy at least partly represents that
required to bring the temperature field into thermal wind
balance with the growing perturbation kinetic energy gained
from the meridional shear [refer to section 3¢(1)]. Some could
also result from Ekman pumping or a vertical circulation in-
duced by the vertical shear tilting the vortex. Interestingly,
the S, = 0.0 and S, = —0.5 experiments are very similar
between the dry and moist simulations, reinforcing the idea
that moist convection has a minimal effect in amplifying these
vortices.

2) RELATIONSHIP BETWEEN MOISTURE AND
PRECIPITATION

Having established a strong relationship between S; and
rainfall, we now seek to understand what causes this trend. As a
starting point, we examine the perturbation water vapor field in
relation with the condensate field. Figure 9 shows vertically
integrated condensate (Figs. 9a—d) and ¢/, at 1.0 km above the
surface (Figs. 9e-h) two days into the simulation for four dif-
ferent experiments in which only S; varies. A clear trend
emerges: anomalies of low-level moisture increase with |S,|. In
the bottom two rows of Fig. 9, the largest positive ¢, values are
positioned just north of the largest condensate, with northerly
flow advecting this moisture toward the convection. Such an
arrangement is less apparent in the top two rows of Fig. 9,
which display much weaker convection. Recall from section 3b
that these two cases with |S;| < 1.0 produce substantially less
rainfall than those with higher |S,|. On the eastern side of the
circulation, where there is much less condensate, ¢, is mostly
negative.

An intuitive way to understand the source of these ¢
anomalies is through a back trajectory analysis. To sample air
parcels flowing into the convection, we initialize trajectories
within a box bounded by 20°, 21°N, 91.5°, and 97.5°E (shown by
red box in Fig. 9g) for vertical levels between 0.61 and 3.1 km
for the simulation with §; = —1.0. These parcels are followed

DIAZ AND BOOS

1215

backward from hour 48 to hour 0. The trajectories are then
grouped according to their height at hour 48 and averaged to
get a set of composite trajectories. Since we are most con-
cerned with how parcels behave before reaching the convec-
tion, those that become saturated are excluded from this
composite. Of the 2926 trajectories initially present at each
vertical level, this subsetting leaves anywhere from nearly
100% of the trajectories below 1.3km to 66%—69% above
1.8 km, with a rapid drop-off in between. Figure 10a shows a
cross section of the trajectories colored by g,, along with
contours of basic-state potential temperature (6 + 6,) and
mixing ratio (g, + qo). The trajectories generally ascend while
following a path closely parallel to the basic-state isentropes,
though crossing at a slight angle below about 1.5 km. Since we
have intentionally excluded most diabatic processes from this
analysis, the ascent is almost entirely isentropic, with the de-
viations of the trajectories from the basic-state isentropes seen
in Fig. 10a resulting from the isentropes themselves being ad-
vected southward. As trajectories follow isentropes, they cross
contours of g, + qo, raising their value of ¢/. This crossing
explains the anomalies of ¢, seen in Fig. 9 and suggests an
explanation of why ¢/ varies strongly with increasing | S, |: since
the basic-state temperature and moisture gradients sharpen
as |S;| increases, the angle between them steepens, enhancing
the southward advection of moisture along an isentrope. This
process is likely akin to that described in Adames and
Ming (2018b).

As some theories of monsoon depression growth rely on
horizontal moisture advection (e.g., Adames and Ming
2018a; Clark et al. 2020), it is useful to quantify how much
this process contributes to the ¢/, anomaly compared to that
from vertical advection. We can calculate these quantities
by deriving a Lagrangian version of our water vapor equa-
tion. The conservation equation for ¢/, [Eq. (1d)] can be
rewritten as
dq

0 "
+M, +T, . (9)

a—q;+(ﬁ+u') Vg, =—u Vg —w
at % @ dz

Simplifying for a zonally symmetric basic state yields

4 q d aq,
By 00y (4, 90, +T,,
dt ay dz oz W

(10)

which is an equation for ¢ following the flow. In this form,
meridional and vertical advection of basic-state moisture be-
come source terms for ¢/, that can be integrated with time to
determine their individual contributions. An analogous equa-
tion can be derived for #'. Calculations for both ¢, and 6’ are
shown in Fig. 10b, which displays the average value for each
trajectory composited in Fig. 10a integrated from hour 0 to
hour 48. From Fig. 10b, it is clear that most of the g, comes
from horizontal advection. For trajectories ending at 1km,
69.5% of ¢/, comes from horizontal advection and 29.2% from
vertical advection with a residual of 1.1%. The difference be-
tween these two sources shrinks with height, with both con-
tributing nearly equally by 3km. Consistent with isentropic
ascent, the source terms of ¢’ largely cancel, though with in-
creasing warm advection below 2 km (cf. Fig. 3¢, which shows a
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FIG. 9. Comparison among simulations for Sy; = —2.0 and ¢, = 1.0 as S, varies. (a)-(d) Vertically integrated

condensate (shading, q. + g, + ¢, + g;, gkg ') from the surface to 15.0 km and total pressure (contoured by 1.0 hPa,
at 1.5km) for values of S, = 0, —0.5, —1.0, and —1.5 at hour 48. (e)—(h) Perturbation mixing ratio (shading,
q,.8 kg™ !) and winds (vectors) at 1.0 km for the same set of simulations. The black boxes show the bounds used
to calculate the MSE budgets for this time in section 3b(3), with the northernmost edge extending past the

figure bounds. The red box shows the starting point of the back trajectories in section 3b(2).

warm anomaly west of the low-level cold core) and increasing
cold advection above 2 km.

3) MOIST STATIC ENERGY BUDGETS

Though the trajectory analysis is intuitive and visually ap-
pealing, using it to compare multiple simulations evolving with
time is cumbersome. To better quantify the relationships be-
tween convection and moisture, we use a vertically integrated

MSE budget. Such an analysis is beneficial because several
recent studies have applied it to idealized simulations of
monsoon depressions (e.g., Adames and Ming 2018b; Clark
et al. 2020). We define a basic-state MSE by

h=c,(7+7)+L,(q,+4q,)+8z (11)

and a perturbation MSE by
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F1G. 10. Trajectory analysis. (a) Composite trajectories colored

by perturbation mixing ratio (¢!, gkg ") with basic-state potential

temperature (contoured by 2.0K, 6 + 6,) in solid contours and
basic-state mixing ratio (contoured by 1.0gkg™ ', gy + qo) in
dashed contours. (b) Accumulated contributions of vertical and

horizontal advection to the perturbation potential temperature (6,

K) and perturbation mixing ratio (¢, gkg ") as a function of the

trajectories’ height at hour 48. A box showing the starting point of

the trajectories is drawn in Fig. 9g.

W= cpr’ +Lq,, 12)
where ¢, = 1004.0Jkg 'K ', L, = 2.5 x 10°Tkg ', and 7 is
temperature. The full budget of /' simplified for a zonally
symmetric basic state is

ah/__f (A ’_ IaE
57 szh v V2h U@
B LSOV I (13)
9z h h

where V, is the two-dimensional gradient operator, V is the
two-dimensional wind, and the square brackets enclose two
terms that we will combine. As the vortex interacts with the &
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gradient, it creates both positive and negative MSE anomalies.
Since the positive anomalies are more important for under-
standing how the convection evolves, we isolate them by
drawing a box from the centroid of negative pressure at 1.5 km
to 8° west of this point, and from 8° to the north of the cen-
troid’s latitude to 8° to its south. Figure 9 shows this box in
relation to the 1.5km ¢, anomalies, which are collocated with
K anomalies (not shown). We average over this box and
calculate a mass-weighted average from the surface to 18.2 km.
It will also be useful to divide MSE into its dry static energy
(DSE; ¢,7’) and moisture (L,q,) components. This analysis is
shown in Fig. 11 for the simulation with S, = —1.0 and
Sy = —2.0, chosen because it lies in the middle of the param-
eter space. As with our previous budgets, the values represent
three hour accumulated tendencies converted to daily rates.

Over the course of the simulation, 4’ increases for about
1.5 days and then decreases, becoming negative after day 3
(Fig. 11a). Its magnitude and sign are dominated throughout by
L,q,, (Fig. 11b), though ¢,7 makes some contribution after day
2 (Fig. 11c). Comparing with the rain time series (Fig. 7b, green
dotted line), we see that the initial rapid increase in rain rate
occurs just after 4’ peaks, then /' decreases during the period of
intense rain and becomes negative just before the rain rate
decreases. This correspondence suggests a causal relationship
between the buildup of /4’ and the ensuing convection. The
initial buildup is driven primarily by horizontal advection of
basic-state MSE (v/9,h) (Figs. 11a,d), which increases both c,7’
and L,q, (Figs. 11e.,f). The subsequent decrease in 4’ is also
produced by horizontal advection: once significant g/ anoma-
lies develop, nonlinear horizontal advection and advection of
¢/, by the basic state both become large and negative (Fig. 11e),
overwhelming the v,k term. This process can be inferred
from Fig. 9g: westerlies advect drier air into the western side of
the box and moister air out of the eastern side. Additionally,
easterlies advect drier air through the eastern side of the box.
Essentially, the initially straight contours of mixing ratio are
deformed by the vortex to the point that horizontal advection
no longer increases the vertically integrated moisture within
the averaging box. Such a process does not occur with DSE,
even though the temperature and moisture gradients are ini-
tially parallel, and horizontal DSE advection remains positive
throughout the simulation (Fig. 11f). The explanation is clear
from Fig. 10a; since the flow tends to follow isentropes, the
temperature field is not nearly as strongly deformed as the
moisture field.

The strong cancellation between vertical and horizontal
advection of ¢,7’ during the first few days (Figs. 11c,f) is con-
sistent with the isentropic ascent discussed in section 3b(2).
This ascent increases ¢/, through vertical advection (Fig. 11b)
and closely follows arguments by Adames and Ming (2018b).
Compared with the isentropic analysis in section 3b(2), the
vertically integrated moisture budget (Fig. 11b) yields a higher
contribution from vertical advection than from horizontal ad-
vection. This discrepancy results at least partly from vertical
moisture advection becoming larger above the region analyzed
in section 3b(2). Additionally, the averaging box includes the
convection, whose cross-isentropic flow would enhance verti-
cal advection. The trajectory analysis sought to exclude this
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FIG. 11. Vertically integrated MSE budget (/') for {, = 1.0, S, = —1.0, and Sy, = —2.0. (a) Total &’ (J kg ), total
I tendency (J kg~!day '), total vertical advection plus diabatic tendencies from microphysics [term 4 on rhs of
Eq. (13)], and the subgrid-scale turbulent flux of %’ [term 5 on rhs of Eq. (13)]. (b) As in (a), but for the L,q,,
component of /. (¢) Asin (a), but for the ¢,,7’ component. (d) The total horizontal advection of /', the advection of
the basic-state 4 [term 3 on rhs of Eq. (13)], the advection by the basic state of 4’ [term 1 on rhs of Eq. (13)], and the
nonlinear advection of /' [term 2 on rhs of Eq. (13)]. (e),(f) As in (d), but for the L,q, and c,7 components,
respectively. A box showing the horizontal extent of the averaging region at day 2 is drawn in Fig. 9g.

process. Interestingly, in contrast with the MSE analysis of
Adames and Ming (2018b), we find that vertical advection in-
creases /' in the precipitating region (Fig. 11a).

The close association between 4’ and convection may be
used to explain the rainfall and vortex intensity differences
among our simulations. Figure 12 shows vertically integrated /’
and its horizontal advection for the same simulations shown in

Fig. 7, but with S, = —1.25 omitted for clarity. A clear rela-
tionship exists between S; and the buildup of 4’ during the first
two days (Fig. 12a). This trend is best explained by the ten-
dency for horizontal MSE advection to increase with |S;|
(Fig. 12c), a pattern brought about by |S; | steepening the low-
level /& gradient. The strong relationship between MSE ad-
vection and precipitation likely explains why increasing |S; |
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FIG. 12. Comparison of select terms in the vertically integrated
MSE budget (/') for ¢, = 1.0. (a) Total &’ (J kg~ ") for Sy = —2.0 as
S varies and (b) the same for §; = —1.0 as S, varies. (c) The total
horizontal advection of /' (J gkg ' day™') for the same experi-
ments as (a), and (d) the total horizontal advection of 4’ for the
same experiments as (b). A box showing the horizontal extent of
the averaging region at day 2 is drawn in Fig. 9g.

enhances rainfall and vortex intensity. Such a pattern is less
prominent for changes in Sy (Figs. 12b.d), perhaps because
most processes important to convection in these simulations
occur within the lower troposphere. The vortex and its asso-
ciated temperature and moisture advection are strongest in the
lower troposphere, where positively buoyant air parcels that
trigger and maintain convection are located. These factors may
partly explain why rainfall is much more sensitive to changes in
S, than in Sy, (Fig. 4).

To further establish the relationship between rainfall and
MSE advection, we compare the accumulated rainfall in all
simulations to horizontal MSE advection, including for
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FIG. 13. Total accumulated rainfall (mm) for each 6-day
simulation vs time-integrated horizontal MSE (4’) advection
(Jkg~'day'). (a) Advection of basic-state MSE [term 3 on rhs
of Eq. (13)] integrated from 0 to 48h and (b) advection of
perturbation MSE by the basic-state and perturbation wind
[terms 1 and 2 on rhs of Eq. (13)] integrated from 48 to 84 h.
Rainfall calculated as in Fig. 4.

experiments in which we vary ¢, that are presented more
thoroughly in section 3c. Figure 13a shows —v/d,h inte-
grated from hour 0 to 48 and Fig. 13b shows —(V + V') - V,//
integrated from hour 48 to 96. The MSE advection terms
are calculated as discussed in section 3b(3) and the rainfall
as done in Fig. 4. Rainfall increases as —v'd,h goes up, a
trend that persists for different values of ¢, (Fig. 13a).
Interestingly, there is a gap between two clusters of simu-
lations: one in the lower-left corner below 4 mm of rainfall
and another in the upper-right above this value. This gap
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suggests a threshold of 4’ must be reached before significant
rainfall occurs, possibly related to the amount of ascent
required to bring air parcels to their level of free convec-
tion. This gap is likely another manifestation of the bifur-
cation behavior noted in Fig. 7. The opposite trend occurs
for the other two advection terms: they become increas-
ingly negative with increasing rainfall (Fig. 13b). As sug-
gested by Figs. 9 and 12c¢, the larger MSE gradients also lead
to more dry air advection, ultimately limiting the growth of
MSE anomalies and the time period over which the vortices
can grow through convective coupling.

4) MOISTURE GRADIENT

In section 3b(2) we attributed a significant fraction of the
vortex-generated MSE anomaly to horizontal moisture ad-
vection (Fig. 10b). This is intriguing in light of the results of
Adames and Ming (2018a,b), which disagree on whether the
more important moisture source is horizontal or vertical ad-
vection. We can test the importance of horizontal moisture
advection in our simulations by altering the meridional mois-
ture gradient. For our next experiments, we set the moisture
gradient north of 15°N to zero. This cutoff latitude is a com-
promise between preventing the southern portion of the do-
main from becoming saturated and allowing most of the vortex,
which is centered at 20°N, to lie within the zero-gradient re-
gion. We continue to impose the vertical moisture profile from
the reanalysis at 20°N, so that flattening the moisture gradient
in this manner reduces the mixing ratio and relative humidity
north of 20°N and increases these quantities from 15° to 20°N.
Other features of the basic state, including the wind and tem-
perature remain unchanged. Results are shown in Fig. 14 for
three simulations with different values of S; with S = —2.0.
For comparison, we also show a dry simulation and a moist
simulation with an unaltered moisture gradient.

Flattening the moisture gradient reduces the peak vortex
intensity by roughly a factor of 2, with the minimum pressure
for S; = —1.0 only slightly more intense than in the dry ex-
periment (Fig. 14a). The S, = —1.5 and S, = —1.25 experi-
ments yield similar pressure time series, indicating that much
of the sensitivity of the simulations to §; comes from changes
in the moisture field. Flattening the moisture gradient also
substantially reduces the rain rate (Fig. 14b). This reduction
makes sense for at least two reasons: lowering the relative
humidity of air parcels flowing from the north requires that
they be lifted farther before becoming saturated, and the
column integrated moisture of this inflow is also lower.
However, rain rates still increase with |S,|, suggesting that
the basic-state temperature gradient and vertical shear en-
hance rainfall.

Designing an analogous experiment wherein the tempera-
ture gradient is flattened is more difficult, because the vertical
shear and temperature gradient are linked dynamically. Also,
reducing the temperature gradient without changing the
moisture field would destabilize the atmosphere to moist
convection to the north, where the temperature would have
to be cooled substantially. So we refrain from altering the
temperature gradient and conclude that the three experi-
ments shown in Fig. 14 reveal that the vortex evolution is
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FIG. 14. For experiments with zero moisture gradient, time series
of (a) minimum perturbation pressure (hPa) and (b) hourly rain
rate (mm h 1), calculated using the same averaging box as in Fig. 4.
One experiment with an unaltered moisture gradient is plotted for
comparison.

very sensitive to the moisture gradient. Despite this sensitivity,
it is worth noting that one-third to one-half of the vortex’s in-
tensity seems to come from dry processes unrelated to the
moisture gradient. In fact, for the first 24 h, almost none of the
amplification requires moist convection. This growth phase is
the focus of the next section.

c. Effect of varying meridional shear ({y)

Our analysis has thus far focused on the impact of changing
S, and Sy for a fixed value of {y, the parameter controlling low-
level meridional shear. We now experiment with changing (.
Since we found that vortex amplification is more sensitive to S,
than to Sy, we pair variations in ¢, with S;. Figure 15 shows
minimum pressure and total rainfall for this set of experiments,
calculated in the same manner as in Fig. 4.

For the dry simulations, vortex intensity increases strongly
with ¢, and generally decreases weakly with |S.| (Fig. 15a).
We will show in section 3c(1) that this sensitivity exists, be-
cause the growth of the dry vortex results from barotropic
instability. For moist simulations, the vortex becomes stron-
ger and rainier for increases in both ¢, and |S, | (Figs. 15b,c).
Comparing these two sets of experiments, the moist vortex is
almost always stronger than the dry vortex, with the biggest
differences in minimum pressure occurring when |S, | is large.
As discussed in section 3b(3), this additional intensification is
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caused by latent heat release from convection forced by MSE
advection, a process that becomes more prominent with in-
creasing |S;|. The enhanced rainfall with increasing {, may
also result from strengthening MSE advection. According to
Fig. 15a, higher {, leads to a stronger vortex even without

(a) Min. Pressure (Dry)

0.01 000 009

T -0.51 é%% ('):(l)?‘r moisture, and the associated stronger wind would lead to
s ' ' more MSE advection, even if the MSE gradient remains fixed.
~ As implied in section 2b(1), the low-level MSE gradient does
— -1.0 -1.4 . .
| -1.01 97.8 95 not remain exactly fixed as ¢ is altered, but these changes are
“n much smaller than that produced by altering S; . For example,
é 1.0 1.4 decreasing S, from —1.0 to —1.5 increases the MSE gradient
+-1.257 973 o989 by approximately 2.35 kg 'km ' at 20°N and 1.2km alti-
n tude, whereas a change in ¢, from 0 to 1.5 alters it by only
1.0  -14 0.52Jkg 'km™!
-1.51 96.5 8.3 The ¢y = 0 simulations are especially instructive, because

they represent the limiting case of a basic state featuring an
MSE gradient without meridional shear. Since the initial
disturbance begins with a 5m s~ wind anomaly, it still has
the opportunity to generate convection through MSE
advection, possibly leading to amplification. However,
for |S.| <1.0, there is essentially no vortex growth relative
to the dry experiments and almost no rainfall. For higher
values of |S,|, some amplification occurs relative to the
dry case, indicating that the MSE advection process can
act independently. Nevertheless, this growth is weak and
does not lead to intensities meriting monsoon depression
classification.

To determine how {, impacts vortex structure, we plot
total pressure at 1.5 km altitude and rain rate at day 2.75 for
each simulation (Fig. 16). As suggested by Fig. 15, the cir-
culation becomes much more prominent as ¢, increases, with
the pressure field evolving from an open trough at {, = 0 to a
vortex with a growing number of closed isobars as {j in-
creases. In fact, disturbances for {, < 1.0 hardly resemble
monsoon depressions. Though much of the evolution in
structure as {j increases is a consequence of the higher in-
tensity of the perturbation flow, some of it results from
sharpening of the basic-state trough of low pressure. Similar
to the experiments in Fig. 6, the rainfall tends to be located
in the southwest quadrant for cases with |S;| > 0 and is
largest for higher values of |S,|. As with Fig. 6, we caution
that the experiments exhibit maximum rain rates at differ-
ent times. For example, peak rainfall for {, = 0 occurs before
the time shown.

To characterize how ¢, influences the temporal evolution of
the vortex, we examine time series of minimum pressure and
rain rate at constant §; = —1.0 and Sy = —2.0 as {, varies.
During the first day, the moist (thick lines) and dry (thin lines)
experiments are nearly identical for a given {, (Fig. 17a). The
amplification rate increases strongly with ¢y, indicating that dry
processes dominate growth within this early phase. Afterward,
however, pressure curves for moist and dry experiments

CO (10 -4 s” 1 ) quickly diverge, with the dry experiments beginning to weaken
FIG. 15. As in Fig. 4, but for variations in ¢, vs variations in §;.  ©F hold steady while the moist ones strengthen. This suggests
that growth after the first 24-36h is driven by coupling with
moist convection, an assumption supported by the higher rain
rates that accompany this continued strengthening (Fig. 17b).
An exception is the {y, = 0 case, which only deviates from the
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FIG. 16. As in Fig. 6, but for all experiments with S;; = —2.0 at day 2.75 of simulation. The dashed contour corresponds to 845 hPa and the
contour interval is 1.5 hPa.

dry experiment during a short period when it produces rain. As
the simulations continue, the strengthening ceases and rain
rates approach zero toward day 6.

ENERGETICS

To explain why changes in ¢, affect the vortices, we examine
the perturbation kinetic energy equation. The full version of
this equation is described in detail in Diaz and Boos (2019b). In
simulations presented here, the two primary source terms are
w'v'd,U and v’ - V¢', with all others being small or negative. The
former is energy acquired from the basic-state meridional

shear and is linked to barotropic instability. The latter is energy
from pressure work, linked to latent heat release by moist
convection. Time series of both terms are shown in Fig. 18 for
variations of {, at S;, = —1.0, and for {, = 1.0 at §; =
0.0 and —1.5.

As expected, the contribution of #'v/d,U to the perturba-
tion kinetic energy increases with {,, the parameter that
governs the strength of the low-level meridional shear
(Fig. 18a). This suggests the presence of barotropic insta-
bility or barotropic growth. For nonzero ¢y, this term is
largest on day one, then falls to near or below zero by day 3.
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FIG. 17. Comparison of time series of minimum pressure and rain
rates for select experiments. (a) Minimum pressure (hPa) for each
value of {y with Sy = —2.0 and S; = —1.0. Thick lines are for
simulations with microphysics and thin lines for those without.
(b) Rain rates (mmh ') for the same experiments as in (a), cal-
culated using the same averaging box as in Fig. 4.

This decrease presumably results from the growing dis-
turbance stabilizing the basic-state meridional shear. During
the second half of the simulation, only the highest shear
case ({o = 1.5) continues growing from this term. By con-
trast, v/ - V¢’ starts near zero to slightly negative and then
becomes positive after day 1 (Fig. 18b), roughly following
rain rates (Fig. 17). Its magnitude grows with increasing |S; |
and ¢, consistent with these trends resulting in more rainfall
(cf. Fig. 15c¢).

Interestingly, the contribution from «'v'd,U to the pertur-
bation kinetic energy seems to be governed almost exclu-
sively by {o; the time series for {, = 1 are nearly identical as S,
varies from 0.0 to —1.0 to —1.5 (Fig. 18a). This similarity sug-
gests that growth of the vortex through barotropic processes
unfolds independently of convection. In other words, addi-
tional strengthening of the vortex from latent heat release does
not feed back on barotropic growth. This lack of a feedback
seems reasonable, because the period during which latent heat
release contributes most strongly to growth does not coincide
with the period when barotropic growth is most active (Fig. 18).
By contrast, increasing {, has a strong impact on v' - V¢,
presumably because stronger perturbation winds produced by
more barotropically unstable basic states lead to greater MSE
advection, thus generating more convection.
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(a) Meridional Shear (Sy = -2.0)

—— % =15,5=-1.0
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F1G. 18. Time series of select terms in the perturbation kinetic
energy equation averaged over the full horizontal extent of the
model domain below an altitude of 15 km. (a) The meridional shear
term (u'v'd, U) for each value of {, with Sy = —2.0 and §;, = —1.0.
Experiments for {, = 1.0 and Sy = —2.0, but with S; = —1.5 and 0.0
are also shown. (b) Asin (a), but for the pressure work term (v’ - V¢').

4. Summary and discussion

Our experiments reveal that, for sufficiently strong low-level
MSE gradients and meridional shears, a regime exists where a
disturbance can grow by drawing energy from both the basic-
state meridional shear and the disturbance’s interaction with
moist convection. From our analysis, we can describe its basic
life cycle. Growth over the first day comes almost entirely from
barotropic instability as the initial modal structure draws en-
ergy from the basic-state meridional shear. In the presence of a
meridional MSE gradient, the growing perturbation advects
temperature and moisture. On the western side of the vortex,
perturbation northerlies advect moisture southward and up-
ward along sloping isentropes, leading to saturation and con-
vection southwest of the vortex center. Latent heat release
amplifies the vortex in ways not discussed in detail here, but
which may be consistent with the diabatic heating being biased
into the warm part of the westward-propagating wave by a
convective time lag (Adames and Ming 2018a) or with the di-
abatically generated potential vorticity being nonlinearly ad-
vected toward the vortex center (Diaz and Boos 2019b;
Dunkerton et al. 2009). This process results in a peak intensity
three days into the simulation. By this time, initially straight
moisture contours have become so distorted that meridional
advection dries the convecting region, causing the rain rate to
fall and the vortex to spin down.
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Consistent with this life cycle, two parameters exert
strong control over the intensity of the vortex and its rain-
fall. The first is the strength of meridional shear, which
controls the barotropic stability of the basic state. The sec-
ond is the magnitude of the low-level MSE gradient, which
controls the extent to which latent heat release amplifies the
vortex. To the degree that these idealized experiments repre-
sent South Asian monsoon depressions, they suggest that jux-
taposition of a strong MSE gradient with the enhanced
meridional shear of the monsoon trough makes the South
Asian monsoon especially favorable to depression growth.

The process in our simulations by which convection is forced
by moisture advection along sloping isentropes is essentially
that discussed in Adames and Ming (2018b). However, there
are differences. Whereas they found that vertical advection is
the source of moistening within the vortex, our simulations
have contributions from both vertical and horizontal advec-
tion, with the latter dominating. In fact, when horizontal
moisture advection is eliminated by removing the moisture
gradient, little intensification occurs even though isentropic
ascent can still act. This outcome is more consistent with the
analytical theory of Adames and Ming (2018a), which is an
extension of Sobel et al.’s (2001) concept of ‘‘moisture modes.”
Nevertheless, these differences might not be contradictory.
The analysis of Adames and Ming (2018b) included only the
time when the vortex was near peak intensity. If one examined
only the time of peak intensity in our simulations, one would
also find horizontal temperature advection causing vertical
moisture advection, with horizontal moisture advection being
negative. Such a state is more in line with their results.
Differences could also be attributed to the fact that our
trajectory analysis examines a subsaturated region whereas
Adames and Ming (2018b) examines a region of moist
convection, where vertical moisture advection is likely
stronger. Additionally, the normal-mode theory used in
Adames and Ming (2018b) is valid only for small-amplitude
disturbances, a condition that better characterizes the ear-
liest development phase. Consistently, meridional moisture
advection is an MSE source for only the first day of our
simulation, after which the vortex has deformed the mois-
ture gradient to the point that nonlinear terms dominate. In
contrast with these two studies, however, our results suggest
that MSE advection alone does not lead to substantial
growth; removing meridional shear entirely resulted in
anemic growth with disturbances that do not resemble
monsoon depressions. Even for cases with the strongest
growth, the MSE advection process is self-limiting and
amplifies the vortex only up to the lower range of intensities
of observed monsoon depressions.

Our results bear some similarity to those of Diaz and Boos
(2019b) in that disturbances grow from the combined effects of
barotropic instability and moist convective coupling. However,
there are some crucial differences. First, we do not find states
that are barotropically stable without convection but unstable
with convection; all states that we presented with nonzero
meridional shear are barotropically unstable, if only marginally
so. One potential explanation for this discrepancy is that
the period of growth through barotropic instability and that
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through convective coupling are separated in time and there-
fore these processes cannot reinforce one another. A second
possible explanation lies in our use of zonal symmetry. A more
realistic basic state with a zonally confined region of strong
meridional shear surrounded by weaker shear would have
different stability characteristics than one that is zonally uni-
form (Diaz and Boos 2019a). Another discrepancy with Diaz
and Boos (2019b) is their emphasis on QG ascent alone as the
mechanism that maintains convection. While QG ascent exists
in our simulations, the fact that removing the moisture gradient
limits the convection and halts vortex growth suggests that a
poleward moisture gradient is important. In other words, lifting
of moisture by QG ascent is insufficient.

As with any idealized modeling study, there are caveats. As
mentioned above, the South Asian monsoon is not zonally
uniform. Specifically, the ends of the monsoon trough exhibit
enhanced curvature vorticity that often rolls up into vortices,
and this structure seems related to the mean monsoon circu-
lation. With a zonally uniform state, such rollup is more diffi-
cult to achieve by anything other than barotropic instability.
Thus, our experiments could overemphasize the importance of
barotropic instability, although stable barotropic rollup might
still be necessary for growth. Additionally, there is some arti-
ficiality in starting with a subsaturated atmosphere. Enhanced
meridional shear in the monsoon trough is often accompanied
by enhanced convection. Thus, the temporal separation be-
tween growth from shear and growth from convection in our
experiments could be an artifact of the experimental setup.
Furthermore, this study does not consider the role of surface
sensible and latent heat fluxes. Despite these caveats, our ex-
periments suggest that monsoon depression amplification re-
quires both barotropic growth due to meridional shear and
moist convective coupling that arises through advection of a
meridional MSE gradient.
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