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ABSTRACT

Indian monsoon depressions (MDs) are synoptic-scale cyclonic systems that propagate across peninsular

India three or four times per monsoon season. They are responsible for the majority of rainfall in agrarian

north India, so constraining precipitation estimates is of high importance. Here, a case study from August

2014 is used to explore the relationship between varying soil moisture and the resulting track and structure of

an incident MD using the Met Office Unified Model. This case study is chosen with the view to increasing

understanding of the general impact of soil moisture perturbations on monsoon depressions. It is found that

increasing soil moisture in the monsoon trough region results in deeper inland penetration and a more de-

veloped structure—for example, a warmer core in the midtroposphere and a stronger bimodal potential

vorticity core in the mid-to-lower troposphere—with more precipitation, and a structure that in general more

closely resembles that found in depressions over the ocean, indicating that soil moisture may enhance the

convective mechanism that drives depressions over land. This experiment also shows that these changes are

most significant when the depression is deep and negligible when it is weakening. Increasing soil moisture in

the sub-Himalayan arable zone, a regionwith large irrigation coverage, also caused deeper inland penetration

and some feature enhancement in the upper troposphere, but no significant changes were found in the track

heading or lower-tropospheric structure.

1. Introduction

Indian monsoon depressions (MDs) are synoptic-

scale systems that usually originate in the Bay of Ben-

gal and propagate northwestward across the Indian

subcontinent, with a mean duration of 4–6 days, and

an average frequency of between two and four per

summer (Boos et al. 2015; Hunt et al. 2016a). Their

spinup mechanism remains uncertain (Cohen and Boos

2016), although it appears likely that convective insta-

bility of the second kind (CISK; Charney and Eliassen

1964) plays at least some role (Shukla 1978); how-

ever, their primary propagationmechanism has been well

described, albeit fairly recently (Boos et al. 2015; Hunt

and Parker 2016), as a coupling of horizontal nonlinear

advection of the midtropospheric potential vorticity

maximum and an image vortex interaction of the lower-

tropospheric PV maximum with the no-normal-flow

condition imposed by the Himalayas.

It also remains unclear what synoptic variables, if any,

control the duration and ultimate dissipation of MDs;

there is some evidence that a contemporaneous mon-

soon flood year or active spell tends to extend the du-

ration of depressions in the north of the peninsula

(Krishnamurthy and Shukla 2007; Krishnamurthy and

Ajayamohan 2010), although this has not yet been dis-

entangled into a primarily synoptic or mesoscale (tro-

posphere or land surface conditions, respectively,

favorable for longer duration) theoretical framework.
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Nevertheless, recent work has shown that favorable

conditions (e.g., higher vorticity and more moisture) at

both scales is correlated with increased MD activity,

duration, or intensity; for example, for soil moisture by

Chang et al. (2009) and Kishtawal et al. (2013), and for

the active phase of the monsoon by Hunt et al. (2016a).

Eltahir (1998) was the first to provide a solid theoretical

pathway to accompany the long-held assertion that an in-

crease in large-scale soil moisture induces enhanced pre-

cipitation. He proposed that the drops in surface albedo

and Bowen ratio caused by wetting soil work to increase

the near-surface specific moist static energy and boundary

layer moist static energy gradient, which results in more

favorable conditions for precipitation. If, however, this

is to be an important process in MDs, it is likely to be in-

direct [it must also overcome a negative feedback at the

MD center; the associated lower-tropospheric cold core

(Godbole 1977; Hunt et al. 2016a) acts to cool the surface

and increase stability there]: the area of maximum pre-

cipitation is found to the southwest of the center (e.g.,

Ramanathan and Ramakrishnan 1933) where the (adia-

batic) quasigeostrophic omega equation (e.g., Holton and

Hakim 2013) predicts the greatest ascent associated with

the balanced MD vortex will be (Boos et al. 2015). In

contrast, the Bowen ratio tends to reach a minimum just

ahead (northwest) of the center (Hunt et al. 2016a). To

elucidate this, following Hunt et al. (2016a), Fig. 1 shows

the mean Bowen ratio (ERA-Interim, hereinafter ERA-I;

Dee et al. 2011) and precipitation (TRMM; Kummerow

et al. 1998; Huffman et al. 2010) for a 34-depression

composite in which location and orientation are normal-

ized such that the center lies at the origin and the heading

is up the page; land-only datawere used.As asserted, there

is not much spatial similarity between the extrema of

precipitation and Bowen ratio, indicating that if we are to

believe previous work suggesting a link between MD be-

havior and underlying soil moisture, it may be a more

subtle feedback, or work on a finer spatial scale, than that

suggested byEltahir (1998). The caveat here is that surface

fluxes are an entirely modeled product in ERA-I, and so

have substantial uncertainty; however, this is at least par-

tially addressed by the similarity of composite MD pre-

cipitation between ERA-I and TRMM, and the fact that

most rainfall near the center of a depression is stratiform in

nature (Hunt et al. 2016b). To date, a number of studies

have shown that assimilation of soil moisture, or better

initial representation of it, improves the forecast of mon-

soon depressions in mesoscale models (Vinodkumar et al.

2007, 2008; Rajesh and Pattnaik 2016). Further, it has been

shown that inland soil moisture is capable not only of ex-

tending the duration of tropical cyclones (Andersen and

Shepherd 2017), but in some cases of allowing them to

reintensify (Kellner et al. 2012).

Soil moisture is one of the meteorological variables

subject to greatest change with respect to the progres-

sion of the Indianmonsoon, largely due to its correlation

with accumulated precipitation. The NOAA CPC re-

analysis soil moisture climatology (Van den Dool et al.

2003) and the ESA Climate Change Initialtive (CCI)

satellite-derived soil moisture climatology (Liu et al.

2011, 2012; Wagner et al. 2012) for India for April, June,

August, and September are given in Figs. 2a and 2b,

respectively, and show a clear northwestward advance

through most of the season: some areas in the monsoon

trough have September soil moisture more than double

that of June. Naïvely, then, we might expect MD tracks

to penetrate deeper inland later into the monsoon sea-

son, given the expected influence of antecedent soil

moisture on the development of MDs. Figure 3 shows

the mean MD track for each month (1979–2015) from

the track datasets of Hunt et al. (2016a) and Hurley and

Boos (2015) respectively; note that the MD tracks have

been extended to include parts where the depression is

strictly in a monsoon low regime (that is to say, the

surface winds are below 8.5m s21). There is some weak

evidence here to suggest that not only do MDs tend to

progress farther inland later in the season, they also

seem more likely to have overland genesis. This should

be taken with the caveat that large-scale conditions over

the subcontinent also clearly play some part, given that

FIG. 1. Bowen ratio (contours) and precipitation (colors) for

a 34-depression composite (1998–2014), as described by Hunt et al.

(2016a); the composite is normalized such that the center of each

depression is placed at the origin, and each is rotated so that the

heading is up the page. For both fields, only points over land were

composited.
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there is evidence that the September tracks start to re-

cede, despite high levels of soil moisture remaining.

So, if soil moisture has some effect on the duration of

MDs, which seems at least plausible, we are then faced

with the secondary question of whether antecedent soil

moisture patterns could affect the heading of existing

MDs. Chen et al. (2005) showed that, in theory, the off-

center latent heat released by the asymmetric rainfall

distribution would interact with the local circulation to

create a negative velocity potential southwest of theMD

center, and therefore there would be some tendency for

the MD to move in that direction. However, this

mechanism is unlikely to be the primary one, since de-

pressions typically move toward the northwest, rather

than the southwest. Furthermore, Baisya et al. (2017)

recently showed using a mesoscale model that pre-

cipitation intensity in MDs is strongly coupled with an-

tecedent soil moisture. Two simple experiments are

therefore proposed: 1) a uniform change in soil moisture

across the monsoon trough region to determine the

sensitivity of MD duration to antecedent land surface

conditions, and 2) a uniform change in soil moisture in

the highly farmed region across the Himalayan foothills

(typically several hundred kilometers north of MD

tracks; Roy et al. 2015) to determine to what extentMDs

can be steered by soil moisture. These questions are

presented in the context of an initial case study, but we

hope that the results are sufficiently thought-provoking

that further research on this topic will be motivated.

Wewill discuss the experimental setup and outline the

methodology in section 2, then outline and interrogate

the results, looking at contrasts in track and structure in

section 3 before concluding in section 4.

2. The Met Office Unified Model and experimental
setup

a. Overview and case study selection

The version of the Met Office Unified Model (UM)

used for this study runs the Global Atmosphere, version

FIG. 2. Monthly soil moisture climatologies for the Indian subcontinent from two products: (a) NOAA CPC reanalysis total soil

moisture (data provided by the NOAA/OAR/ESRL Physical Sciences Division (PSD), Boulder, Colorado, from their website at http://

www.esrl.noaa.gov/psd/) and (b) ESA CCI satellite-derived volumetric soil moisture.

FIG. 3. Average MD tracks for each month (June through Sep-

tember represented by red, blue, green, and black, respectively)

during the Indian monsoon. Solid lines represent mean tracks from

the Hunt et al. (2016a) database and dashed lines those from the

Hurley and Boos (2015) database. These tracks also include days

where the disturbance is classified as a monsoon low, as well as

a monsoon depression.
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6.0, scheme (GA6.0; Walters et al. 2017) at N768

resolution (;26km) with 85 vertical levels over a glob-

al domain; the numerical scheme is semi-implicit and

semi-Lagrangian (Davies et al. 2005), and due to the

resolution a number of subgrid processes are parameter-

ized, including convection [e.g., Gregory and Rowntree

(1990), with additions].

In choosing an appropriate case study to use in this

experiment, we were subject to two criteria: first, and

more importantly, that theMD happened within the last

few years, which means that higher-resolution, better-

quality analyses are available for initialization; second,

that the MD had a track resembling the average for

MDs (see Fig. 3) such that it could be seen as a fair

representative of the spectrum of MDs incident on the

east coast of the peninsula. The most suitable such

event was the MD of early August 2014, which featured

depression-status wind speeds from 200km south of

Kolkata until it was downgraded to a monsoon low

400km due south of Delhi. All experiments were ini-

tialized at 0000 UTC 3 August, the day this event was

declared a monsoon depression.

b. The land surface scheme and parameterization

The operational land surface model in the Met Office

UM is the Joint U.K. Land Environment Simulator

(JULES; Best et al. 2011). This employs the Met Office

Surface Exchanges Scheme (MOSES; Cox et al. 1999;

Essery et al. 2003) to handle hydrological processes,

both subterranean and in the boundary layer. A brief

description of the governing equations in the soil hy-

drology subroutine, which is taken from the relevant

part of the MOSES documentation, is given in the ap-

pendix. The interaction between clouds and shortwave/

longwave radiation is also handled explicitly by the

prognostic cloud scheme in the UM (PC2; Wilson et al.

2008) following Edwards and Slingo (1996).

c. Ensemble generation

There are two types of stochastic perturbation that

can be employed to generate a spread of forecasts in a

numerical weather prediction model: uncertainties in

the analysis can be represented by perturbing the initial

conditions, whereas uncertainties in the model can be

represented by using any number of physics perturba-

tions (e.g., time-varying parameterizations). Opera-

tionally, the Met Office use the Met Office Global and

Regional Ensemble Prediction System (MOGREPS;

Bowler et al. 2008) to generate ensemble NWP runs;

given that this was designed specifically for the UM, we

aim to make our ensemble generation as similar as

possible. MOGREPS uses two distinct stochastic phys-

ics schemes: random parameters (RP) and stochastic

kinetic energy backscatter (SKEB). The former uses the

premise that many parameters in the various parame-

terizations in the UM are tuned to empirical values that

appear to give the best representation of the relevant

process, which can be periodically varied at differing

frequencies between physically reasonable values to

produce a spread of forecasts; the latter reintroduces

kinetic energy lost through poor representation of the

mechanisms by which small-scale processes cascade

energy to larger scales (Shutts 2005). Initial tests sug-

gested that using SKEB perturbations tended to artifi-

cially weaken MDs and cause them to have much

shorter tracks. Thus in our study we used a stochastic

perturbed tendencies (SPT) scheme that simply ran-

domly perturbs the summation of tendencies from all

parameterizations in the model (Buizza et al. 1999).

In our ensemble, we must also attempt to represent

uncertainties in the analyses that are used to initialize

the model. In MOGREPS this is typically done by ap-

plying an ensemble transform Kalman filter (ETKF;

Bishop et al. 2001) to a previous ensemble run, assimi-

lating observations to assess where perturbations will

have the largest impact. As operational ensemble ana-

lyses were not readily available for our case study, we

opted to simulate the uncertainty by adding white noise

of amplitude 0.5K to boundary layer potential temper-

ature. Sensitivity tests determined that this gave a re-

alistic spread of MD tracks from a short initialization

without suppressing the development and progression

of the depression. For each subexperiment, which are

differentiated by varying soil moisture in the same

region, a 10-member ensemble was used; for each en-

semble member, a random seed was used such that

across each experiment each ensemble was generated

via the same set of pseudorandom parameters to allow

intercomparability.

d. Soil moisture ancillaries

As discussed in the introduction, two case study ex-

periments are proposed to explore the sensitivity of

duration and heading respectively to underlying soil

moisture. Figure 4 shows the masks used to set up the

soil moisture ancillary files: the red polygon covers much

of South Asia, the green polygon covers the typical

monsoon trough region, and the orange covers the sub-

Himalayan arable land that is becoming increasingly

intensively irrigated and farmed. In each instance, the

soil moisture control (perturbations to which will be

used in the experiments) is the August climatology as

computed from a fully coupled high-resolution cli-

mate simulation in the UM. This was chosen to reduce

spinup/resolution issues that could be introduced by

using a climatology from, for example, either of the

8814 JOURNAL OF CL IMATE VOLUME 30



datasets in Fig. 2. This is the current method used for

soil moisture initialization of the Met Office UM in

operational NWP mode.

For the first experiment (hereinafter trough zone), soil

moisture in the monsoon trough region (the green

polygon in Fig. 4) in which MD tracks are typically en-

tirely embedded was altered to 1%, 80%, 100% (con-

trol), 120%, and 500% of its August climatological

value. The 500% value unsurprisingly gives significant

oversaturation across much of the region; where this was

the case, soil moisture values at these locations were set

to their saturation values. In reality, this scaling is

achievable only over the dry northwest, and the average

saturation value over the trough region is approximately

167%. Conversely, for the second experiment (herein-

after arable zone), soil moisture over South Asia (the

red polygon in Fig. 4) is set to 1% of its August clima-

tological value, except for inside the arable sub-

Himalayan area (orange polygon) where the values

were set to 1%, 50%, 100%, and 500% of the climatol-

ogy. This region was traced to resemble, as much as

possible, the belt of sub-Himalayan arable grassland

where irrigation is becoming rapidly and increasingly

prevalent (Roy et al. 2015)—the area where anthropo-

genic changes to the surface are likely to have the big-

gest impact. Values of soil moisture approaching 1% of

the August climatology could be found in an extremely

dry premonsoon period, but we remind the reader that

the purpose of this experiment is to test the effect of soil

moisture contrast in the region, not necessarily to

replicate a physical event.

e. Tracking

The tracking algorithm used to determine the trajec-

tories of MDs in output data is an updated and extended

version of that described in Hunt et al. (2016a). Data at

individual time steps in the output are filtered subject

to the India Meteorological Department (IMD) criteria

for MDs (minimum 8.5m s21 surface wind speed and

two closed surface isobars at even hectopascal values)

as well as some transient-filtering criteria (lower-

tropospheric vorticity above 3 3 1025 s21; smoothed

MSLP must be local minimum), and single-time-point

candidates are linked together using a simple nearest-

neighbor algorithm.

3. Results

a. Tracks

Tracking results from the trough zone experiment are

shown in Fig. 5a. The average tracks for each sub-

experiment (thick, colored lines) were computed using

normalized track durations for each of the 10 ensemble

members; that is, points were grouped and averaged by

total MD lifetime fraction rather than absolute time

since genesis, with termination points for all ensemble

members across the experiment given by crosses of the

relevant color. The pale green area underneath is a

concave hull of all points of all ensemble tracks from the

control subexperiment (i.e., underlying soil moisture set

at 100% of the August climatology). The official IMD

track for the event is also given in black for illustration.

A first inspection of the average tracks seems to sug-

gest that an increase in underlying antecedent soil

moisture results in deeper penetration of MDs through

the monsoon trough region; this is visible both in the

average termination points and the individual ones.

Further inspection indicates that the 500% and 120%,

and 100% and 80%, average tracks are closely matched

pairs, both along track and at termination. The former

couple is a result of the August soil climatology already

being fairly close to saturation in this region, so the

difference between 20%extramoisture and saturation is

fairly small. Performing Hotelling’s t2 test (Hotelling

1992)—the multidimensional generalization of the stan-

dard Student’s t test for determining whether data are

significantly different from each other (we have also

applied Welch’s generalization to allow for unequal

variance in the two comparison populations; Welch

1947)—to assess whether the subexperiment ensemble

terminations are distinct from each other, we find that all

pairs apart from the aforementioned two are signifi-

cantly different from each other at the 95% confidence

level. This leads us to conclude that there is a likely

FIG. 4. Map showing the three masks used in the experiments in

this study. The red box covers the entire peninsula and some of the

rest of South Asia, the green box approximates the region where

the monsoon trough is most active, and the orange box covers the

intensely irrigated and farmed area in the Himalayan foothills.
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causal relationship between large-scale antecedent soil

moisture in the monsoon trough region, and the duration/

distance traveled by incident monsoon depressions. So,

is this deeper penetration due to faster inland propagation

or a longer duration? Using the ensembles, we can com-

pute the mean speeds and durations for the 1%, 80%,

100%, 120%, and 500% ensembles; the mean propagation

speeds are 3.7, 3.7, 3.7, 3.9, and 3.9ms21, with corre-

sponding mean durations of 3.7, 4.3, 4.4, 4.2, and 4.3 days.

Applying a significance test, we find that the mean en-

semble speeds for the two wettest cases (500% and 120%)

are significantly different from the drier ones, and that the

mean duration for the driest case (1%) is significantly

different from the four wetter ones.

The arable zone experiment was set up to determine

to what extent moisture changes in relatively distant soil

could affect the steering of a contemporaneous MD.

Recall that for this experiment, the soil moisture over

South Asia was set to 1% of the climatology and to the

value specified (1%, 50%, 100%, or 500%) of the cli-

matology in the sub-Himalayan belt. The results from

this experiment are presented in Fig. 5b in an identical

fashion to those from the trough zone experiment. In the

absence of a control run, the concave hull given is for the

‘‘100%’’ ensemble plume. While it may seem contrived

to have such extremely dry soil over almost the entire

peninsula for the sake of establishing a strong contrast

for our experiment, these desiccated conditions are not

particularly uncommon in the preonset conditions of

late May (Fan and Van den Dool 2004) when extreme

surface temperatures and scarce precipitation are usual,

and depressions can still form in the Bay of Bengal (Rao

and Jayamaran 1958; Mooley 1980).

An initial overview of Fig. 5b suggests two broad

characteristics. First, the spread of ensemble mean ter-

minations is smaller than in the trough zone experiment;

this is almost certainly attributable to the altered soil

area both having a smaller area and being further away,

and thus being less influential. Second, all the average

tracks are shorter than in the previous experiment,

plausibly due to a larger area of desiccation than in the

1% trough zone subexperiment resulting in even less

water being available over the peninsula, bearing in

mind that MDs draw moisture in from distances of up to

1000km (Hunt et al. 2016a). We also note that while

there is a perfect rank correlation between soil moisture

fractional change and mean termination latitude, the

mean track for the 100% subexperiment is longer than

that for the 500% ensemble. Repeating the termination

point significance analysis carried out for the trough

zone experiment, we find that the three wettest sub-

experiments have mean track termination points sig-

nificantly different from the driest (1%), but not from

each other, at a 95% confidence level.

b. Structure and evolution

Having established that soil moisture changes, both

local and distant, are capable of significantly altering the

FIG. 5. Track results from varying soil moisture in (a) the monsoon trough and (b) the sub-Himalayan arable

zone. For each subexperiment, the average track is given by the thick line with its termination given by the filled

circles, and the individual ensemble 10-member track terminations are given by crosses of the same color. Also

shown, in pale green, is a concave hull of the ‘‘100%’’ [for (a), this is simply the control] ensemble plume for each

experiment. In (a), the official MD track from the IndiaMeteorology Department is given by the solid black line; in

(b), the border of the arable zone is denoted by the dashed black line.
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track of a passingMD, wewill now examine the differing

synoptic structure that these changes cause and attempt

to bring the discussion to its conclusion. The largest

contrast was seen in the trough zone experiment, so we

shall start the discussion there. Figure 6 shows

longitude–height cross sections through 500%-minus-

1% composite variables from the trough zone experi-

ment. We will briefly note here that structural changes

of similar shape are found by comparing composites

arising from smaller changes in soil moisture, but with

varying losses in magnitude and hence significance.

The center of the MD (assuming one existed) at each

time point across all ensemble members for the rele-

vant subexperiment is centered at the origin; however,

unlike Fig. 1, we do not rotate these composites since

the soil moisture changes introduced were anisotropic.

We note that these differences are consistent across

the other, nonextreme, experiments (not shown), al-

beit with reduced areas of significance (typically more

confined to the upper troposphere) and smaller

magnitudes.

We see that the composite MD for the wettest soil

moisture case (in contrast to the driest) is more intense,

as the midtropospheric thermal high (Godbole 1977;

Hurley and Boos 2015; Hunt et al. 2016a) is markedly

stronger, with accompanied strengthening of both the

700- and 500-hPa PV maxima; secondarily there is evi-

dence of an anomalous west–east circulation with

enhanced ascent ahead of the MD center (i.e., to the

west) with enhanced relative humidity there, and de-

creased humidity and PV in the upper troposphere be-

hind the center; and, further, there is evidence of

increased westward axial tilt with height. We would

expect these effects to be associated with increased

precipitationwest of the center, andwe see in Fig. 7a that

this is indeed the case. Figure 7 gives the 500%-minus-

1% horizontal composite surface precipitation and

850-hPa wind for both experiments. In the case of the

trough zone experiment, we see, as expected from the

previous discussion, a substantial increase (beyond

40mmday21) in precipitation downshear (i.e., to the

west) of the MD, with some slight reduction toward

the east of the center; however, it is not clear whether

the increase in soil moisture enhances precipitation

via the Eltahir mechanism, or simply whether it allows

more moisture to be inserted into the MD that then

grows by othermeans. The 850-hPa composite difference

winds are also given in this figure; they indicate the in-

creased soil moisture sets up a large-scale, weak anom-

alous anticyclone that is split roughly in half, noticeably

intensifying the zonal components of theMD circulation

near the center, thusmaking the coremore cyclonic. This

localized feature enhancement of the MD is very similar

to the behavior over ocean (Hunt et al. 2016a) where

features (particularly wind) tend to have greater mag-

nitude but smaller radial extent.

FIG. 6. Differences in selected fields of the composite mean ensembles for the 500% and 1% (the former minus

the latter) trough zone experiment. The composite is normalized such that its center lies at the origin, but no

rotation is carried out; these are then presented as a height–longitude cross section (at zero latitude). Greyed areas

indicate the difference between the subexperiment composites was not met at the 95% significance level according

to a 10 000 member bootstrap test. The selected fields are (left) potential vorticity (1027 Km2 kg21 s21), (center)

relative humidity (%), and (right) temperature (K). White lines on each subfigure indicate the zero contour.

1 NOVEMBER 2017 HUNT AND TURNER 8817



For comparison, the equivalent figure to Fig. 7a for

the arable zone experiment is Fig. 7b. Here, the conse-

quence of increased soil moisture is largely confined to

the north of the MD as expected, where a very weak

anticyclone is established over the cold high associated

with the wetter ground; although the effect is weaker

than in the trough zone experiment, there is still an ap-

preciable increase in the strength of the zonal circulation

in the north quadrant of the MD. There is little change

to the precipitation, except for a slight increase in the

north over the increased soil moisture and a reduction in

the west. On reflection, we should expect little differ-

ence to the large-scale structure of the MD, but the

strongest contrast is likely to be meridional given the

nature of our perturbation; therefore, we now consider

some latitude–height cross sections for the 500%-minus-

1% difference composites. These are given for potential

vorticity, relative humidity, and temperature in Fig. 8. It

is clear (and unsurprising) that the effect of changing

arable zone soil moisture is felt substantially less by the

MD than changing trough zone soil moisture, since the

arable zone soil moisture perturbation is some distance

from theMD core. Themost prominent effect of wetting

the soil there is to set up a wet, cool boundary layer; this,

in turn, acts to vertically extend the warm core of the

MD while slightly reducing moisture in the upper tro-

posphere. Computation of mean CAPE (not shown) for

each subexperiment suggests a slight increase around

the center with increasing soil moisture. There is no real

evidence of this apparent strengthening, however, in the

precipitation or lower-tropospheric wind fields; the only

appreciable increase in magnitude is of the 700-hPa PV

maximum.

It is also important to consider how varying soil

moisture affects MDs as a function of their lifetime. For

example, one would suppose the impact to be quite

minimal while most of the MD is over the ocean. To test

this, we can explore how selected fields from the trough

experiment ensemble sets vary as a function of de-

pression lifetime (simply a normalized time axis: 0% is

the time of MD genesis, and 100% is the time of MD

lysis)—this is given for four fields in Fig. 9, in which the

colors red, yellow, green, and blue represent fractional

changes to trough soil moisture of 1%, 80%, 120%, and

500%, respectively. Each field is computed over a box of

side length 250 km centered on the MD center. The

topmost field in the figure is maximum CAPE found in

the quadrant of the aforementioned box that contains

the next track point of theMD. There is amarked region

(roughly 40%–70% through theMD lifetime) where the

average maximum CAPE in all subexperiments is sig-

nificantly higher than during the rest of the lifetime, and

it is in this region that a change in soil moisture has the

strongest effect, with the extreme subexperiments’ en-

semble members almost having zero overlap. We also

note that here, as well as in the other fields, pre-

dictability is rapidly lost (i.e., the ensemble spread sig-

nificantly widens) once the MD starts to dissipate, and

FIG. 7. Longitude–latitude cross sections of composite precipitation (mmday21) and 850-hPa winds, taken as the

difference of the ensemble means for the 500% and 1% subexperiments (i.e., 500% mean minus 1% mean) of

(a) the trough zone experiment and (b) the arable zone experiment. Construction and representation of significance

are identical to that of Fig. 6. Note that while these composites are centered on the MD, they are not rotated.
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further that in this regime the effect of varying soil

moisture becomes negligible. In this particular instance,

it is also true that during the spinup phase of the MD

there is no obvious correlation between increased soil

moisture and enhanced CAPE. The reader’s eye may be

drawn to this phase in particular both for its low CAPE

and the fact that it continues to drop in all cases before it

hits land. Inspection of contemporaneous reanalyses

suggests that this system existed as a tropical low for a

few days in the head of the Bay of Bengal (eroding

CAPE), and, as can be seen from Fig. 5, remained there

for a little longer thereafter (eroding it further, as seen in

Fig. 9).

Related to CAPE, but not shown, is convective in-

hibition (CIN). Changes in soil moisture have been

shown to affect CIN (e.g., Clark and Arritt 1995),

which typically reaches minimum magnitude just

ahead of the depression center (Hunt et al. 2016a).

Applying the same analysis that we did for CAPE,

we find that in the 1% case CIN is significantly much

more negative (less conducive to convection) and

that this extreme is much longer lasting in the vicin-

ity of the center when compared to the other cases.

The remaining cases did not differ significantly from

each other.

Second from top in Fig. 9 is the mean total pre-

cipitable water in the area surrounding the MD center.

This field is less variable than CAPE but still displays a

clear maximum across all subexperiments at approxi-

mately 60% of the MD lifetime before rapidly falling

away. As with maximum CAPE, there is significant

correlation between trough soil moisture andmean total

precipitable water as well as a significant difference

between the values of the extreme subexperiments

during the middle period where the MD is at its stron-

gest, followed by a complete loss of correlation, signifi-

cance, and predictability after this point; however,

unlike CAPE, the correlation and significance are re-

tained during spinup. Second from bottom is the mean

lower/midtropospheric temperature anomaly (averaged

for 850–400 hPa); here the picture is much the same as

for total precipitable water, although the correlation is

no longer significant at the 95% confidence level, and

the ensemble spread does not widen as much during

lysis. Finally, at the bottom is maximum relative vor-

ticity in the lower troposphere (900–800 hPa); while this

is an inherently variable field, and consequently al-

though there is arguably some correlation between it

and soil moisture during the period of maximum in-

tensity, it is not significant, nor is the difference between

the two extreme subexperiments significant more than

occasionally. That having been said, any semblance of

correlation vanishes, as with the other fields, during the

dissipation phase.

FIG. 8. Differences in selected fields of the composite mean ensembles for the 500% and 1% arable zone experiment. Construction

identical to Fig. 6, except that these are latitude–height cross sections. The selected fields are (left) potential vorticity (1027 Km2 kg21 s21),

(center) relative humidity (%), and (right) temperature (K). White lines on each subfigure indicate the zero contour.
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4. Discussion and conclusions

Monsoon depressions are responsible for the majority

of the precipitation incident throughout the summer

across northern peninsular India and the monsoon

trough region. Previous work has established the possi-

bility of at least a correlative connection between

antecedent soil moisture and the behavior of incident

MDs, but this is the first study to investigate the nature

of that relationship. Soil moisture, in two key areas

where it has previously been identified as variable and of

meteorological importance, was varied through multi-

ples of the climatology in a selected NWP case study run

in the global Met Office Unified Model.

We have presented the results of a set of idealized

sensitivity tests, each with multiple ensemble members,

initialized from the analysis of a typical depression

chosen in August 2014. While we have framed these

tests in the context of a single MD, significant differ-

ences have emerged between the ensembles due to the

imposition of soil moisture anomalies; we hope that this

will motivate further study of other events to explore the

climatological relationship between MDs and soil

moisture.

We found that both the structure and propagation of

the MD was significantly sensitive to changes in soil

moisture in the monsoon trough region: wetter condi-

tions there caused a strengthening of the MD with in-

creased central PV and a warmer thermal core, as well

as a more pronounced westward axial tilt. Such cases

were also found to travel farther inland before dissi-

pating. Further, we found that these changes were

greatest (among variables associated with MD strength:

CAPE, total precipitable water, midtropospheric tem-

perature, and lower-tropospheric vorticity) during the

period when the MD is most intense, and that varying

soil moisture has no noticeable effect on the MD during

its spindown.

In the other experiment, soil across South Asia was

kept desiccated while moisture in the sub-Himalayan

arable zone was varied. This had a lesser effect on both

the structure and track of the case study, although some

significant differences persisted: tracks in the wetter

cases terminated later, and there was some weak

strengthening of the MD in the middle and upper

troposphere.

We also noted that in the wetter trough zone experi-

ments, the ensemble composite MD became more axi-

ally confined (as well as more intense), mimicking MD

behavior over the ocean (Hunt et al. 2016a). This sug-

gests that added soil moisture in this region provides

more moisture to the lower troposphere and sub-

sequently enhances convective activity related to the

MD. This is further enhanced by increased lower-level

convergence to the west of the center.

This leaves us with several questions for further study.

First, how exactly does a monsoon depression interact

with the boundary layer? It has been indicated both here

and in previous work that MDs are very efficient at

movingwater from the surface through the PBL and into

FIG. 9. Selected fields as a function of normalized depression

lifetime for the trough experiment, with the soil moisture changes

colored thus: 1%–red, 80%–yellow, 120%–green, 500%–blue.

From top to bottom, they are the maximum CAPE (J kg21) found

in the advance quadrant (see note at end of caption) of the MD;

mean total precipitable water (mm); mean temperature anomaly

(K) between 850 and 400 hPa; and maximum relative vorticity

(1025 s21). The thick solid lines represent the ensemble average,

with the thinner dashed lines representing the ensemble minimum

and maximum values. Each is computed over a box of side length

250 km centered on the MD center. (The quadrants are delineated

into northwest, northeast, southeast, and southwest; that is, if the

MD is propagating west-northwest, CAPE is computed in the

northwest quadrant.)
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the troposphere, despite not having particularly high

wind speeds (by definitionMDs lie at between 5 and 7 on

the Beaufort scale). This could be appropriately inves-

tigated by examination of a case study in a mesoscale-

resolution NWP model. Second, how would an incident

MD respond to horizontal gradients in soil moisture,

rather than the block changes performed in this study

[e.g., with increasing (and decreasing) values both along

track and across track]? Third, even though we have

spoken of CISK as the energy source for MDs, the

precise role of CISK, and its magnitude, remains un-

certain. Uncovering the true MD spinup mechanism

would provide invaluable direction for future research

on the topic, and could be investigated using mechanism-

denial experiments in a suitable NWP framework (cf.

Craig and Gray 1996).
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APPENDIX

Overview of the Land Surface Scheme Used in the
Model

Four soil layers are used, for both the thermodynamic

and hydrological subroutines, at depths from the surface

of 10, 25, 65, and 200 cm, respectively; the prognostic

total soil water in each layer is given by

M5 r
w
DzQ

u
, (A1)

where rw is the density of water, Dz is the thickness of

the layer, and Qu is the liquid water concentration (for

the sake of this discussion, we neglect frozen water, al-

though it is included in the scheme). This is subject to the

transport equation:

dM
n

dt
5W

n21
2W

n
2E

n
, (A2)

where subscript n denotes the layer, Wn and Wn21 are

the diffusion terms in the layer and that immediately

below it, and En is the evapotranspiration (including

interaction with roots). The evapotranspiration function

is controlled by land usage and vegetation data em-

bedded in JULES, whereas the diffusion terms are

prescribed by the Darcy equation:

W5K

�
›C

›z
1 1

�
, (A3)

where K is the hydraulic conductivity and C is the soil

water suction function. Within MOSES these are re-

spectively described by the Clapp–Hornberger re-

lationships (Clapp and Hornberger 1978):

C5C
s
S2b
u and (A4)

K5K
s
S2b13
u , (A5)

where Cs, Ks, and b are empirical constants that can be

set on model initialization. For this study, the default

values used operationally by the Met Office were used.

There are then two boundary conditions: at the sur-

face, the flux (aside from evaporation) is computed as

the summation of canopy throughfall, snowmelt, and

surface runoff; underneath the bottom (Nth) layer, the

drainage (WN) is set to equal the hydraulic conductivity.

Finally, the evaporation to the atmosphere from soil

at the surface is given by

E5 rC
H
U

1
[q

sat
(T

+
, p

+
)2 q

1
]

�
f
a
1 (12 f

a
)

g
s

g
s
1C

H
U

1

�
,

(A6)

where fa is the tile saturation fraction (e.g., 1 for ice,

lake, and ocean and 0 for dry rock), r is the density of air,

gs is the surface soil conductivity, U is the wind speed,

CH is the surface flux heat exchange coefficient, q is

specific humidity; and the subscripts +, 1, and sat refer

to the surface, lowest atmospheric model level, and

saturation respectively.
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