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As has been discussed above, large enhancements were
observed on 11/12 April and 17/18 May 2006 for the
moderate earthquakes that occurred on 17 April and 21
May 2006. These enhancements were many times larger
(about 115 and 48 times respectively) than the back-
ground for the respective months. On the basis of polari-
zation ratios and also due to the use of night-time data,
we conclude that these observed enhancements are, per-
haps, seismogenic. Moreover, during these periods the
geomagnetic activity was also low.

In the present case, we could observe large and con-
vincing enhancements in magnetic-field intensities, 3-5
days before the occurrence of moderate, and nearby,
earthquakes. This suggests that these enhancements can be
treated as precursory signatures of the impending earth-
quakes. This may lead to short-term prediction of earth-
quakes.

However, we suggest that before establishing this tech-
nique beyond doubt, similar exercise may be undertaken
on the basis of large database of moderate and strong
earthquakes that might have occurred with nearby and
distant epicentres.
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Extreme rainfall events today pose a serious threat to
many populated and urbanized areas worldwide. An
accurate estimate of frequency and distribution of
these events can significantly aid in policy planning and
observation system design. We report here a high-
resolution (10 km) analysis of heavy rainfall episodes
(defined as 24-h rainfall exceeding 250 mm) over the
Indian region. The dataset, recently developed by NOAA,
USA, provides daily composite rainfalls for the period
2001-06 at locations approximately 10 km apart. We
first assess the reliability of the dataset by comparing
it with daily gridded (1° x 1°) rainfall data from IMD
and three-hourly gridded (0.25° x 0.25°) data from
TRMM for the overlap years (2001-04). A category-
wise analysis of the high-resolution data reveals a
number of hotspots of vulnerability; in particular, the
semiarid region in northwest India emerges as a high-
vulnerability area in terms of extreme rainfall events.
The high-resolution analysis also clearly reveals the
corridor of the monsoon trough, lined by a flower-pot
distribution of extreme rainfall events along the flanks.
This can be a valuable input for precision design of
field experiments on the continental trough or on
localized extreme events like thunderstorms. Other
important implications for areas like vulnerability as-
sessment, planning and mesoscale forecasting are dis-
cussed.
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*For correspondence. (e-mail: goswami@cmmacs.ernet.in)

1037



RESEARCH COMMUNICATIONS

THE last few decades have seen rapid, large-scale and often
unplanned urbanization in many parts of the world, espe-
cially in India. More than 60% of the world population is
projected to be urban by 2020, with India poised to de-
velop a number of mega cities'™. A serious consequence
of such urbanization, and associated land use, is antici-
pated to be enhanced susceptibility and vulnerability of
the urban population to high-impact weather events like
episodes of intense rainfall, especially for high-density
cities like those in South Asia. An example is the heavy
rainfall event of 26-27 July 2005 over Mumbai, India,
which alone caused a loss of more than 1500 lives and
considerable loss of property. Vulnerability and agricul-
tural sustainability are primarily local issues, and depend
critically on the amount and temporal distribution of rain-
fall received over a region. Thus rainfall patterns need to
be examined in a local perspective.

Applications like proactive disaster management and
observation system design, however, require inputs at
resolution, precision and accuracy not provided by iso-
lated and sporadic measurements. Model forecasts can be
valuable, and sometimes the only tool for generating in-
formation that goes into design and (proactive) response.
However, for such forecasts to be effective, the models
need to have proven (statistical) skill at required temporal
and spatial resolutions. Similarly, quantitative estimates
of the geographical distribution of vulnerability as well as
reliable projection of future changes in the frequency, in-
tensity and distribution of extreme rainfall events (hereafter
ERE) require detailed observational inputs and other con-
straints. Such observational features of ERE with high
spatio-temporal resolution were unavailable until re-
cently, especially for the Indian region. While there now
exists a long-period (1951-2004), daily gridded rainfall
dataset over India due to an initiative by the India Mete-
orological Department (IMD), the resolution of this data
(1° x 1°) is too coarse to properly capture the highly
localized ERE; in particular, if the ERE are found to be
localized also in terms of occurrence, an analysis of much
higher resolution is needed. Although there have been
several studies on the occurrence and distribution of rain-
fall events over India®, these have been primarily based
on isolated station data and thus do not provide a large-
scale picture®®.

Recently, beginning 1 May 2001, the Climate Prediction
Center (CPC) of the National Oceanographic and Atmos-
pheric Administration (NOAA), USA initiated a project
to produce real-time analyses of daily precipitation on a
0.1° latitude/longitude grid over South Asia (70°E-110°E;
5°N—35°N). The inputs include GTS station data as well
as geostationary infrared cloud-top temperature fields and
polar orbiting satellite precipitation estimates from SSM/I
and AMSU-B microwave sensors. Analysis of daily pre-
cipitation was generated by merging four kinds of obser-
vation-based individual datasets using the algorithm of
Xie and Arkin”®. Since events of high intensity considered
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here are rarely revealed by coarse-resolution datasets like
NCEP Reanalysis (~250 km resolution)” or even the 1° x 1°
gridded daily rainfall recently prepared by IMD, we do
not consider these datasets for analysis of ERE.

While we do not use the coarse-resolution (1° x 1°)
IMD data for analysing ERE, we use it to ensure reliability
of the relatively less tested high-resolution rainfall (HRR)
data. We examine this issue for the overlap years 2001-
04 between the two datasets. Weekly rainfall climatologies,
area-averaged over the region 70°E—85°E, 5°N-35°N,
during June—September from IMD (Figure 1, blue line)
and satellite data (Figure 1, red line) shows good corre-
spondence. In view of the likely bias between the two
datasets, the rainfall has been normalized to the respec-
tive maximum (Figure 1). It can be seen that the two dis-
tributions are similar, with high correlation coefficient.
The corresponding comparison of the distribution of the
number of events in the two datasets (normalized to the
respective maximum) also shows similar distributions in
the two datasets (Figure 2). Finally, an examination of in-
tensity vs occurrence of events in the two datasets reveals
similar characteristics (Figure 3); the initial sharp drop
around the normalized intensity of 0.1 is followed by a
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Figure 1. Weekly rainfall during June-September from IMD (blue
line) and high resolution data (red line) for 2001 (top panel), 2002
(middle panel) and 2003 (bottom panel). The correlation coefficient be-
tween the two normalized series is given in the respective panel. Nor-
malization has been done with respect to the three-year mean for each
series, as given in bottom panel.
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flat distribution (inset, Figure 3) of events at higher inten-
sities. As expected, the maximum in the (coarse-
resolution) IMD data is much lower than that in the satel-
lite data.

We have also considered the three-hourly rainfall
available on the 0.25° grid for the period 2001-06 from
the Tropical Rainfall Measuring Mission (TRMM). A
comparison of spatial distribution of cumulative daily
rainfall (1 May 2001-31 December 2004) from IMD,
TRMM and HRR (Figure 4) shows the three datasets
have essentially comparable climatology. It may be noted
that the IMD climatology is significantly different from the
other two over Northeast India, and Jammu and Kashmir.
Interestingly, however, these are also the locations over
which the IMD observations are most scarce (Figure 4,
bottom right). A similar conclusion holds for distribution
of the number of rainy days (24-h rainfall >0.25 cm; Fig-
ure 5) and heavy-rainfall (24-h rainfall >5 cm; Figure 6)
events. In particular, greater occurrence of heavy-rainfall
events over the eastern coast in IMD (Figure 6), appears
to be an artifact of relatively sparse observations over this
area. These results show that the HRR dataset provides a
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Figure 2. Weekly ERE counts during June to September from IMD
(blue line) and high resolution data (red line) for 2001 (top panel),
2002 (middle panel) and 2003 (bottom panel). The correlation coeffi-
cient between the two normalized series is given in the respective
panel. The ERE have been defined as events with 24-h accumulated
rainfall at a grid exceeding 5 cm. Normalization has been done with re-
spect to the three-year respective mean as given in the bottom panel.
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reliable resource for analysing vulnerability and observa-
tion system design at the required resolution. The ex-
treme rainfall events at a grid point were then categorized
based on the 24-h accumulated rainfall.

A quantity essential for the assessment of vulnerability
is the distribution of occurrence of events at a given loca-
tion. We have quantified this in terms of the accumulated
(2001-06) number of events with intensity greater than
25 cm/day at a given grid point. Although 25 cm is a
somewhat arbitrary threshold, these events can be consid-
ered as high-impact localized events unlikely to be cap-
tured in coarse-resolution analysis. In order to quantify
the degree of vulnerability, we have categorized the ERE
further based on their intensity (Table 1). In addition to
the category-wise analysis of the ERE, we have also ex-
amined their duration (in terms of 24-h accumulated rain-
fall) to assess the duration of their impact.

The spatial distribution of occurrence clearly shows the
existence of certain hotspots (circled) of wvulnerability
(Figure 7). The circles indicate areas with annual average
number of ERE exceeding 5, indicating at least one very
high-impact rainfall event per year. While many of these
hotspots lie over the coastal regions (Gujarat, Mumbai,
Mangalore and Orissa), as expected, a significant number
is also found over land, especially over North India. Over
the ocean, the ERE are not uniformly distributed, but are
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Figure 3. Occurrence of rainfall events of different intensities aver-

aged over the years 2001-03. The x-axis represents intensity of rainfall
events normalized to the respective maximum: (a) IMD (normalized by
20 cm) and (b) HRR (normalized by 50 cm). The y-axis shows the
number of rain events in a given category during June—September over
the area 70°E—85°E, 5°N-30°N.
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Figure 4. Spatial comparison of cumulative rainfall (mm) derived from daily averaged rainfall data: (a) IMD,
(b) TRMM and (¢) HRR. Both TRMM and HRR rainfall data are regridded to the IMD grid by simple averaging.
The daily TRMM rainfall is derived from three-hourly data. (d) Location of 1803 rain gauge stations used in IMD
gridded data".

Rainy days (greater than 2.5 mmiday) duning 1 May 2001 to 31 Decamber 2004
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Figure 5. Spatial comparison of number of rainy days (>2.5 mm/day) derived from daily averaged rainfall data: (@) IMD, (b) TRMM and (c)
HRR. Both TRMM and HRR rainfall data are regridded to the IMD grid by simple averaging. The daily TRMM rainfall is derived from three-
hourly data.

clustered around island masses and the mean position of Distribution of extreme rainfall events of different in-
the Inter-Tropical Convergence Zone (ITCZ). tensities for different years reveals the strongly localized
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Figure 6.

®

Spatial comparison of number of heavy-rainfall events (> 50 mm/day) derived from daily averaged rainfall data: (@) IMD, (b)) TRMM

and (¢) HRR. Both TRMM and HRR rainfall data are regridded to the IMD grid by simple averaging. The daily TRMM rainfall is derived from

three-hourly data.

Table 1. Interannual variation in the number of extreme rain events (JJA)
Number of extreme rainfall events over 70-90°E; 5-35°N for
Category (cm/day) 2001 2002 2003 2004 2005 2006 Mean Standard deviation
25-35 447 332 547 186 405 220 356 137.94
35-45 86 81 57 75 24 63 22.88
45-55 38 42 16 39 10 29 13.32
>55 39 56 14 78 17 41 24.13
Total 610 511 634 311 597 271 489 159.39
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Figure 7. Number of different categories of EREs accumulated over
five years (May 2001-August 2006) over the Indian region. Two
prominent features are the relatively large number of hotspots over
India and absence of events of higher intensity (more >25 cm/day) over
the ocean.

nature of their occurrence (Figure 8). In fact, most ERE
of intensity greater than 35 cm/day are confined to a narrow
longitudinal band that extends from the west coast of
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India to 35°N, in a more or less continuous fashion. The
south-north extent of this band, from the coastal region to
the continental interior, emphasizes the relatively minor
role of the oceanic environment in the genesis and evolu-
tion of these extreme events (Table 2). Further, while the
oceanic region shows a large number of lower-intensity
events (Table 2), it has few high-intensity events. In fact,
for intensity <25 cm/day, the number of ERE is larger
over the ocean (Table 2), as expected, with a sharp fall
beyond 35 cm/day. Along with Figure 2, these results
once again show that areas of high rainfall or large num-
ber of rainy days are not necessarily those of extreme
rainfall events. It may be noted that (Table 2) while the
number of ERE in the category >35 cm/day is about one-
fourth that in the category >25 cm/day over land, this ratio
is close to zero over the Bay of Bengal (BoB), the high-
intensity ERE are thus rare over the BoB, even in terms
of relative occurrence.

Seasonal distributions of ERE for the five years per-
taining to two seasons, March—-May and July—August, are
shown in Figure 9. While the general pattern of distribu-
tion (Figure 8) is clearly obvious for each of the years,
there is also significant interannual variability. The inter-
annual variability of ERE, further highlighted in Table 1,
shows their number for the June—August period for each
category for the five years. While the average number of
events per year is 489, the standard deviation is 159, al-
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Table 2. Regional occurrence of number of extreme rainfall events
Number of extreme rainfall events during 2001-06
Category (cm/day) India (74°E-83°E, 12°N-35°N) Bay of Bengal (85°E-95°E, 5°N-17°N)
>0.5 6,282,007 8,940,833
15-25 9,959 23,008
25-35 1,187 898
35-45 383 8
45-55 162 0
>55 330 0
T = Mar-Apr-May JunJul-Aug
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Figure 8. Year-wise distribution of extreme rainfall events of differ-
ent intensities for June—August for five years. The left, middle and the
right panels show respectively, ERE with 24-h accumulated rainfall in
the range 35-45, 45-55 cm/day and more than 55 cm/day rainfall.
Strong interannual variability in the number and distribution of these
events is noticeable.

most 32.5% of the mean. While the minimum number of
ERE (given by the total in Table 1) is 271 (2006), the
maximum is 634 (2003); however, it is the maximum
number that is critical in terms of preparedness to ERE. It
may, however, be emphasized that interpretation of quan-
tities like standard deviation for small sample size has
some inherent limitations.

With respect to their lifetimes most ERE appear to be
short-lived, as expected. Table 3 shows that almost all of
them during the five-year period were from rainfall epi-
sodes that lasted 24 h or less (which cannot be deter-
mined from daily rainfall). Significant seasonality in the
number of ERE, as seen from Figures 2 and 3, strongly
suggests that the large-scale environment exerts signifi-
cant control over the genesis of ERE. It has been shown
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Figure 9. Distribution of (five-year average, 2001-06) ERE for dif-
ferent categories over the South Asian region. The left (right) panels
represent seasonal average for March-May (June—August). Two promi-
nent features are the conspicuous absence of high-intensity events over
the ocean among both seasons, and the narrow south-north band of ex-
treme events during June—August.

that large-scale systems do have significant influence on the
dynamics of small-scale systems™*. There is also wide-
spread concern regarding the weakening of Indian sum-
mer monsoon™ and possible increase in the number and
intensity of heavy-rainfall events in response to global
warming™* ¢, However, strong spatio-temporal variability,
especially the strong interannual variability of ERE,
poses significant challenge to quantifying and ascertain-
ing such a change. Finally, the strongly localized nature
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a, Spatial distribution of ERE of different categories accumulated over five years (2001-05). The

high density of ERE over the west coast and along the flanks of the monsoon trough is prominent. b, ERE with in-
tensity greater than 55 cm/day over the Continental Trough Convergence Zone.

Table 3. Lifetime of number of extreme rainfall events in different
categories during May 2001-August 2006
Number of extreme rainfall events with duration

Category (cm/day) 1 day 2 days 3 days
25-35 4356 19 0

35-45 1080 4 1

45-55 469 1 0

>55 823 5 0

of the ERE hotspots indicates the need for horizontal
resolution far beyond what is employed today, especially
in global and climate simulations.

The highly localized nature of ERE as revealed by our
analysis highlights the importance of sufficiently high
resolution for simulation of these events. A dataset like the
NCEP Reanalysis® with a horizontal resolution of about
250 km, or the daily gridded rainfall at about 110 km re-
cently prepared by IMD'", for example, cannot adequately
represent the distribution and degree of vulnerability to
these high-impact events.

An important application of such high-resolution analysis
can be in the area of precision observation design. From
Figure 10 a, we note that the distribution of ERE clearly
marks the corridor of the monsoon trough (Continental
Tropical Convergence Zone, CTCZ) over the Indo-
Gangetic Plane, in the same way that the (lower intensity)
ERE mark the mean position of the ITCZ over the ocean.
To bring out the ERE-structure of the CTCZ more clearly,
we show in Figure 10 b, only events in the category of
daily rainfall >55 cm/day over 15°N-35°N and 70°E-90°E.
The CTCZ, as represented by ERE, reveals interesting
fine structures. In particular, ERE of highest intensities are
not found deep inside the corridor, but are distributed in a
flower-pot pattern along the flanks of the CTCZ. This
pattern is dynamically consistent, as the sharpest pressure
gradients (and hence the strongest convergence and sec-
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ondary circulation) are expected to be found along the
line that separates the low-pressure trough from the sur-
rounding area. Our analysis, however, marks this corridor
and the flanks with a precision hitherto unachievable; as
such, these analyses can be important inputs for precision
(10 km-resolution) design of field experiments, for
example, the CTCZ field experiment currently being
planned in terms of location of observation platforms, or
the STORM field experiments over eastern and the north-
eastern India’. A comparison of Figure 4a and b also
hints at two main sources of ERE: the orographic ones
distributed over the Western Ghats and the foothills of
Himalayas, and others due to the CTCZ.

Although the impact of greater occurrence of ERE may
not yet be felt over some of the non-urban locations, they
represent areas of potential disaster if unplanned urbani-
zation or industrialization is allowed. One potential
application of our analysis is, therefore, in urban and in-
dustrial planning; as the ERE-prone areas are identified to
a precision of 0 km, practical planning to avoid high-
vulnerability areas is possible.

Although the NOAA dataset used here allows much
more precise and accurate assessment of spatial and tem-
poral distribution of ERE and thus the associated degree
of vulnerability, a more comprehensive analysis requires
collocated measurements of other dynamical, surface and
sub-surface parameters. Based on the precision distribu-
tion of ERE revealed by our analysis, such measurements
can be made by placing Automated Weather Stations
(meteorological towers) over these locations. Such meas-
urements, supplemented by other observation platforms
like remote sensing and upper-air soundings, can allow
analysis and forecasting of these high-impact events at
precision and resolution that can be effective in applica-
tions like pro-active disaster management.

In terms of vulnerability assessment and disaster man-
agement, however, rainfall amount (or category) is only
one of the (critical) inputs. The forecast of rainfall needs

1043



RESEARCH COMMUNICATIONS

to be integrated, with appropriate weight for reliability of
the forecast, with models of impact and logistics which
require detailed information on infrastructure, population
and other parameters over the location. Such models,
which are necessarily location-specific, are in their in-
fancy, especially in India.
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The sea-ice cover in the polar regions is one of the most
expansive and seasonal geophysical parameters on the
earth’s surface. The presence or absence of sea-ice
affects the atmosphere and the ocean, and therefore
the climate in many ways. In this study we have used
the Multi-frequency Scanning Microwave Radiometer
(MSMR) brightness temperature data over the Ant-
arctic/Southern Ocean region to calculate the weekly
sea-ice extents, during the melting phase from August
1999 to March 2000 to quantitatively estimate the melt-
ing rates of sea-ice on a hemispheric scale. Compared
to the melting rates based on the seasonal cycle of the
solar irradiance, the MSMR-estimated melting rate
remains less until the beginning of October and then
rapidly increases to its peak value by the end of
December. The observed melting rate behaviour indi-
cates that apart from the seasonal cycle of solar irradi-
ance, it is controlled by other mechanisms like the ice-
albedo feedback. The present study estimates the
feedback factor, response time and acceleration in the
melting rate, which are important towards a better
quantitative understanding of the future of Antarctic
sea-ice variability, and the climate trends in the con-
text of global warming.

Keywords: Hemispheric scale, ice-albedo feedback,
melting rate, sea-ice extent.

IN the polar regions, sea water freezes at the surface due
to the seasonal cycle of insolation producing a thin and
discontinuous blanket of ice called sea-ice, having thick-
ness of less than a few metres. The sea-ice acts as an effi-
cient barrier to the free exchange of heat, moisture, and
momentum fluxes between the ocean and the atmosphere,
substantially altering the radiative and turbulent compo-
nents of the surface-heat balance. Since the sea-ice layer
is thin, its areal extent and thickness respond rapidly to
changes in the surface heat balance and modulate the in-
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