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1 INTRODUCTION

Indian monsoon depressions (IMDs) are synoptic scale distur-
bances that originate near the head of the Bay of Bengal or
in the Indian monsoon trough region. With a typical frequency
of 2-5 per summer, and an average duration of 4-6 days, they
are an important feature of the Indian monsoon, capable of
providing very heavy precipitation across much of northern In-
dia (Godbole, 1977; Stano et al., 2002; Hunt et al., 2016). Itis
therefore crucial to have a clear understanding of the hydrom-
eteor structure and moist thermodynamic processes of these
events. Short and Nakamura (2000) and Fu and Liu (2001)
provided the first analyses of the vertical structure of rainfall
rates in the tropics using satellite data, preceding the case
study of the three 1999 depressions by Stano et al. (2002).
Since then, there have been numerous further studies using
the Tropical Rainfall Measuring Mission (TRMM), but none ex-
ploiting the depth of such satellite data on the nearly forty
IMDs that have occurred since the launch of TRMM. Recently,
Bowman and Fowler (2015) used TRMM to examine the di-
urnal structure of tropical cyclones showing that precipitation
within 500 km of the centre had a diurnal cycle with a maxi-
mum in the early morning.

We remain, therefore, without a verified understanding of
the moist processes that occur in IMDs. Whilst it has been
known for some time that the maximum surface precipitation
is to be found several hundred kilometres southwest of the de-
pression centre (e.g. Ramanathan and Ramakrishnan, 1933),
there is no certainty on the generating mechanism and sev-
eral prevailing theories result: the westward axial tilt of the
core with height, colocation with a lower-troposphere conver-
gence maximum, cyclonic mixing of warm monsoon circula-
tion with cool southwesterlies from the Bay of Bengal, or even
some combination of these. More recently, Yoon and Chen
(2005) suggested that this asymmetry was a consequence of
IMD water vapour flux convergence coupling with longer pe-
riod modes of monsoon variability, but showed only that these
intraseasonal modes could enhance or suppress the IMD rain-
fall, not affect its location.

2 COMPOSITE STRUCTURE

Using the tracking algorithm and data outlined in Hunt et al.
(2016), we outlined 34 depressions concurrent with the Trop-
ical Rainfall Measuring Mission (TRMM Kummerow et al.,
1998), and 12 with the CloudSat mission (Stephens et al.,
2002); these are identified in Fig. 1 as white and red (where
they overlap) respectively. These data were then used in con-
junction with the suite of products available from both Cloud-
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Figure 1: The paths of the 12 IMDs that fell within both the
CloudSat and TRMM periods (red), and the 22 further depres-
sions that were within just the TRMM period (black).

Sat and TRMM to generate composite structures of a number
of fields for IMDs.

The resulting three-dimensional composite may have an in-
sufficient sample size for analysis (this is particularly the case
with the nadir-only CloudSat retrievals). To overcome this, we
boost sample size by collapsing the azimuthal dimension and
treating the composite data as a function only of radius and
height. This introduces a degeneracy that we can exploit to
examine an asymmetry of our choice. The dominant mode of
spatial asymmetry in IMDs is caused by the presence of the
Himalayas (Hunt et al., 2016; Hunt and Parker, 2015), and so
we define the pseudoradial coordinate, with magnitude equal
to the radius and sharing the sign of the normalised latitude
(i.e., negative south of the centre, and positive to the north).

An example result from this process is composite cloud
type (Fig. 2), which shows deep convection present to the
south of the centre (colocated with the surface precipitation
maximum) contrasting dense orographic stratus in the north.
Further away from the centre, in the south, the cloud struc-
ture simply resembles that expected of a typical tropical atmo-
sphere.

Other important results from the composite are: that the
modal raindrop size is mostly uniform throughout the lower
and mid-troposphere indicating the IMD is well mixed with
height in these areas, in contrast it increases with height at
the centre, indicating strong forced ascent; high graupel and
snow densities located across the IMD, with maxima above the
surface precipitation maximum further establishing the pres-
ence of deep convection there; a latent heating maximum of
2 K hr—! |ocated at an altitude of 3 km, also above the precip-
itation maximum, and below the radiative heating maximum of
0.2 K hr—! at an altitude of 15 km.
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Figure 2: Modal cloud scenario in the composite, determined by CloudSat 2B-CLDCLASS. Differing hues represent varying
cloud types, with the transparency in each case proportional to the ratio of the modal value and the number of overpasses up to
a value of 0.5. Parts of the composite not comprising at least ten satellite overpasses are not shown. We remind the reader that
CloudSat height is referenced above the Earth’s surface rather than necessarily the geoid.

3 CASE STUDY
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Figure 3: Daily precipitation (mm day—1!) for eight selected
stations along the path of the depression in early July 2007,
approximately from east to west. Gauge values are given in
green, TRMM 3B42 estimates are given in blue.

The nature of this research prompts a validation of the
satellite products, both with each other and with independent
data. For this purpose, we select a case study where TRMM
and CloudSat overpasses intersect near an IMD centre within
a short timeframe. The best such example was the IMD of
early July 2007: the overpass intersection was separated by
62 minutes at a distance of just 96 km from the depression
centre. This provided us with a snapshot of a typical IMD with
which to compare the composite, as well as allowting us to val-
idate the TRMM 3B42 product against station-based gauge
data (a selection of these data are shown in Fig. 3). The
salient results of this section were that TRMM underestimates
the high intensity rainfall associated with IMDs by as much as
50%, and that individual IMDs look reasonably similar to the
composite, perhaps surprising given the highly variable nature
of hydrometeor-related fields.

4 DIURNAL VARIABILITY

Exploration of composite TRMM 3B42 IMD surface rainfall
data (split by time of day into three-hourly blocks) indicates
that the near-central precipitation maximum varies diurnally
with @ maximum near local dawn. In contrast, whilst the
weaker precipitation in the flanks also seems to vary diurnally
but with a maximum at local dusk. This was quantified by fitting
to the data a sum of two arbitrarily-phased two-dimensional
Gaussian functions with some climatological offset (or resid-
ual), of the form:

P(z,y) = Pesidual (%, y)
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where P is the observed spatial distribution of the precipita-
tion, Pesiqual IS the difference between the observed rainfall
and the fitted function, n is an index for the two Gaussian func-
tions, o, and o, refer to the standard deviation of the Gaus-
sian along the = and y axes respectively, (zo,y,) are the co-
ordinates of the centre of the Gaussian, and 6 is its rotational
phase. The resulting amplitudes of each Gaussian as a func-
tion of time of day is given in Fig. 4. We recover two modes
that are roughly in antiphase, and EOF analysis confirms that
this diurnal contrast is the dominant mode of precipitation vari-
ability in IMDs. Further work is required to determine whether
these two modes are coupled, and if so, how.

Overall, our anaylsis suggests that the reason for the sur-
face rainfall asymmetry is the cyclonic mixing of cool air from
the Arabian Sea and warmer, moist monsoon air from the
peninsula, causing uplift of the latter.
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