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Abstract

Under the INCOMPASS project, state of the art eddy-covariance based surface
flux measurement systems were installed at eight locations across India. These
sites cover different climatic conditions, land use and land cover, and water man-
agement practices. Here we present the initial analysis of the measurements
taken at seven sites mainly focusing on the year 2017, quantifying for the first
time the remarkable contrasts in evaporative fraction across the seasons, cli-
mate zones and land management practices of the Indian subcontinent. With
the exception of Jaisalmer which is the driest of the places studied, all the sites
maintain values of evaporative fraction above 0.5 after the monsoon through to
November. By contrast, for those sites with natural vegetation or rain-fed agri-
culture, evaporative fraction remains below 0.3 for the dry January-May period.
In the middle Gangetic Plain area, irrigation and pre-monsoon showers together
maintain evaporative fraction above 0.5 between January and June. It is also
observed that different variables exhibit different intraseasonal variation charac-
teristics even at one site. Except for Samastipur which is situated in the middle
Indo-Gangetic Plains, wind speed shows spectral peak at a smaller time-scale

compared to sensible and latent heat fluxes.
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1 | INTRODUCTION |

Land surface temperature (LST) increases across India
between March and May (the dry season, Figure 1)
which is followed by 76% of the annual rainfall in
the next 4 months (wet or summer monsoon Season).
A consequence of this is large changes in vegetation
cover from pre-monsoon to monsoon to post-monsoon
months (Figure 1). Changes in land surface charac-
teristics influence precipitation via energy partition-
ing at the land-atmosphere interface, moisture supply,
boundary-layer properties and local atmospheric circula-
tion (e.g. Yasunari, 2006; Taylor et al., 2011; Niyogi, 2019).
This happens on multiple time and space scales; feed-
backs are intimately linked to space-time variability in
antecedent rainfall via changes in fast (surface soil mois-
ture) and slower (root zone moisture and leaf area) dynam-
ics, which in turn influence the land-atmosphere fluxes.
Modelling studies have shown that simulation of active
and weak spells of rainfall over central India are more
realistic when surface soil moisture is determined interac-
tively than prescribing a fixed hydrology (Rajendran et al.,
2002). Variations in soil moisture over certain parts of the
Indian sub-continent have a strong influence on precipita-
tion (e.g. Koster et al., 2004). The dynamics of interaction
between soil moisture and circulation over the northwest-
ern semi-arid areas produces a slow northwestward migra-
tion of the monsoon even if sea-surface temperature and
solar insolation are held at May climatological values (Bol-
lasina and Ming, 2013). Including the irrigation effects in
models gives more realistic spatial distribution of LST and
surface pressure over the northern plains (e.g. Saeed et al.,
2009).

Three monsoon field programmes were conducted
over the subcontinent to understand land-surface pro-
cesses during the monsoon vis-a-vis their representa-
tion in models. The Monsoon Trough Boundary Layer
Experiment (MONTBLEX) was aimed at understanding
the structure of the atmospheric boundary layer (ABL)
across the extent of the monsoon trough, the study of
eddy fluxes and energetics, and the formulation of bet-
ter parametrization schemes for the boundary layer for
use in atmospheric general circulation models (e.g. Sikka
and Narasimha, 1995; Bhat and Narasimha, 2007). The
Land Surface Processes Experiment (LASPEX-97) carried
out over the Sabarmati river basin in northwest India in
1997 aimed to quantify land-atmosphere exchanges dur-
ing different seasons (Sastry et al., 2001). The Continen-
tal Tropical Convergence Zone (CTCZ) programme, car-
ried out over the main monsoon zone during 2009-2012,
had a component on hydrology and land surface pro-
cesses involving observations and modelling (CTCZ, 2008).

These observational studies have provided some detailed
measurements of the monsoonal boundary layer (e.g. Bhat
and Narasimha, 2007) and insights into seasonal changes
in the partitioning of surface fluxes (e.g. Sastry et al.,
2001).

One major omission in the past monsoon cam-
paigns concerns the quantification of latent-heat flux
(LH). LH was either estimated from the gradient method
(e.g. Padmanabhamurty and Saxena, 2001) or indirectly
(Sinha and Pillai, 2001). Accurately measured data on
the co-evolution of sensible-heat flux (SH) and LH at
the season transitions from pre-monsoon to monsoon
to post-monsoon periods are not yet available. Irrigation
potential in the northern plains of the Indian subcontinent
is among the highest in the world (e.g. Saeed et al., 2009;
www.fao.org) and is extensively practised (Rodell et al.,
2009), but its effects on surface energy partitioning are
not quantified. Therefore, in the INCOMPASS programme
(Interaction of Convective Organisation with Monsoon
Precipitation, Atmosphere, Surface and Sea: Turner et al.,
2019), accurate measurement of LH and SH by deploying
state-of-the-art sensors and instruments was given high
priority. Eddy covariance (EC) flux systems were installed
at eight locations across India (Table 1) between October
2015 and June 2016. This study reports the monthly and
seasonal variation in SH and LH at seven sites (Figure 2),
mainly focusing on the year 2017 since data during dif-
ferent seasons of the year are available. Section 2 gives
site selection, instrument details, data quality control and
method of flux calculations, followed by flux time series
in Section 3. Section 4 contains discussions and Section 5
conclusions.

2 | FIELD SET-UP AND FLUX
ESTIMATION
2.1 | Site selection

Surface types show strong geographical variability over
the Indian subcontinent from the dry Thar Desert of
northwest India to the humid and forested regions of the
northeast, between which lie the fertile alluvial soils of
the northern plains where irrigation is widespread. There
is large north—south and east-west contrast in precipita-
tion (Figure 2) and vegetation characteristics (Figure 1).
Large variations in natural vegetation and crop prac-
tices called for sampling in different land surface and/or
climatic conditions. EC systems have been installed at
eight sites under the INCOMPASS programme that cover a
range of surface and climate conditions (Figure 2, Table 1,
Appendix S1), heralding a step change in land surface
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LST

Vegetation fraction

observations in India (see e.g. Baldocchi et al., 2001; Sun-
dareshwar et al., 2007).

The easternmost site is located in the Indian Institute
of Technology (IIT) Bhubaneswar campus which lies in
the path of monsoon low-pressure systems. The site has
natural vegetation to its west and south, and rain-fed agri-
cultural land to the east and north. The site at Samastipur
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FIGURE 1  Left panels:

Land surface temperature (LST)
from MODIS; right panels:
vegetation cover derived from
OCM-2 satellite data. (a) March;
(b) May; (c) September; (d)
November. Colour bars on right
are common to respective
variables. LST is MODIS LST
collection 6 (product code
MOD11C3: Wan, 2014).
Vegetation fraction is taken from

LST (K)

[ | Cloud & <280
Bl 230-285
Il 285-290
I 291-295
Bl 295300
[1300-305
B 305-310
I 310-315
Il 315320
B 321-325
B 325-330

http://www.bhuvan.nrsc.gov.in

Veg fraction (%)

[ ]Cloud
I 0-10
11020
B 20-30
13040
14050
[ 50-60
- 60-70
I 70-30
I 20-90
' 0-100

is in a vast agricultural field belonging to Dr. Rajendra
Prasad Central Agricultural University, situated in the
middle Indo-Gangetic Plains. Irrigated rice and wheat are
dominant crops grown during summer and winter sea-
sons, respectively. The site at Kanpur is in the IIT Kanpur
campus and surrounded by natural grass that can grow
taller than 2 m. During the monsoon season, standing
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TABLE 1 Details of INCOMPASS EC-flux sites depicted in Figure 2
June-Sep.
average
Place Lat. (°N) Lon. (°E) Alt. (m) rainfall (mm) Land characteristics
Bengaluru 13.02 77.57 910 415 Natural vegetation
Berrambadi 11.76 76.59 870 220 Mixed agriculture
Bhubaneswar 20.15 85.68 60 975 Natural vegetation in upstream wind direc-
tion during monsoon, rain-fed agriculture
downstream
Dharwad 15.50 74.99 693 485 Agriculture farm
Jaisalmer 26.99 71.34 196 120 Natural sewan grass
Kanpur 26.51 80.22 128 600 Natural grassland
Nawagam 22.80 72.57 55 550 Agriculture (rice)
Samastipur 26.00 85.67 39 850 Agriculture (rice and wheat)
EC systems were established at eight sites for INCOMPASS. This article reports observations made at all sites except Berrambadi.
FIGURE 2 INCOMPASS flux sites. TRMM 3B42: June-September 2000-14 mm-day-1
Colour shade is average June-September daily
average rainfall based on TRMM 3B42 product
for the period 2000 to 2014. Precipitation over
ocean has been masked. Contour lines are
orography at 300 m interval. BBS, Bhubaneswar;
BLR, Bengaluru; DWR, Dharwad; JSM,
Jaisalmer; KNP, Kanpur; NWG, Nawagam; SMS,
Samastipur. Irgason EC system and LI-COR EC ~ 20}
system are shown by filled red circles and filled 5
blue squares, respectively §
=
=
- 15}
10F
5
65

water is often present below the grass canopy. There is an
irrigation canal nearby, and the site becomes flooded when
excess water is let out of the canal. The site at Jaisalmer is
in the campus of the Central Arid Zone Research Institute
(CAZRI), on flat terrain and in the midst of natural veg-
etation, mostly consisting of sewan grass, the main grass
variety of this region. Nawagam tower is in a rice field
belonging to the Main Rice Research Station of the Anand
Agricultural University. Here rice is grown during summer
and the fields contain standing water from the transplan-
tation to the grain-filling period. The winter crop could be
irrigated wheat or rice, and in some years nothing is grown,

Longitude (°E)

as in the winter of 2017. The Dharwad site is located
on the campus of the University of Agricultural Sciences
and has rain-fed crops. The site in Bengaluru is sur-
rounded by natural vegetation (shrubs and trees less than
6 m tall).

Type of soil, vegetation cover, land-use/land-cover
(LULC) influence surface energy partitioning. Pho-
tographs taken at flux sites in different seasons along with
information on site characteristics derived from satel-
lite measurements are given in Appendix S1. Some of
the photographs show soil texture and others give some
basic idea about the fetches and vegetation cover. It is
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worth noting here that population pressure is very high
in India, and any flat land, where available, is used for
agriculture/plantation. Land holding is often small, and
trees are planted at the boundary of each plot. Except for
the surface flux community, no-one else likes a vast open
area without trees, and trees are planted where flat land
with an open area existed and was not used for growing
crops. Safety of instruments is another issue. Given these
constraints, getting a site with fetches of more than 25isa
challenge in India, and INCOMPASS flux sites have some
of the best exposures in India.

2.2 | Instruments and data processing
Three-dimensional sonic anemometer-thermometers and
open path CO,-H,O gas analysers are common to
all EC sites. EC150 (Irgason) systems (Campbell Sci-
entific Inc., Logan, UT, USA) are installed at five
sites (Bhubaneswar, Bengaluru, Jaisalmer, Nawagam and
Samastipur). LI7500A gas analyser (LI-COR Biosciences
Inc., Lincoln, NE, USA) and Gill Windmaster sonic
anemometer systems are deployed at three other sites
(Table 1). Measurement heights are ~8 and ~5 m above
ground at the EC150 and LI7500A flux sites, respectively.
Existing 10 m masts set up for Agro-Met Stations (AMS)
under an ISRO-GBP programme (Bhattacharya et al., 2009;
2013; Singh et al., 2014; Shweta et al., 2018) are utilized
at Jaisalmer, Nawagam and Samastipur, and the rest are
set up exclusively under the INCOMPASS programme.
Eddy covariance sensors were newly procured (the major-
ity of them in 2016) and factory calibrated. No further
calibrations of sensors were performed in 2017 except for
periodically cleaning the sensor heads and changing the
gas analyser chemicals after a year. Absence of a temporal
trend in water vapour concentration suggested that there is
no noticeable sensor drift in gas analysers during the data
collection period.

Raw data are archived at 20Hz and all processing
is done post-facto. A common EddyPro” Flux Software
(Fratini and Mauder, 2014; LI-COR Biosciences, 2017)
based processing method with an averaging time interval
of 15min has been adopted for all EC flux calculations.
Fluxes that passed all the statistical tests, were above spec-
ified quality thresholds and were considered to be good for
surface energy balance calculations are retained in subse-
quent analysis. To ascertain the seasonal evolution of SH
and LH, 5-day running averages are constructed (hence-
forth, pentad averages). Further details on the EC flux
calculations are given in Appendix S2.

Kipp & Zonen CNR4 and Hukseflux NRO1 net
radiometers have been installed at the Campbell
and LI-COR EC sensor-based flux sites, respectively.

Royal Meteorological Society

From measured incoming short-wave (SWj,), reflected
short-wave (SWoy), incoming long-wave (R;,) and
outgoing long-wave (Rqy¢) components of radiation, net
radiation (Rye¢) is obtained from

Rpet = SWin + Rip — (Swout + Rout)~ (1)

Reliable radiation data are available at Jaisalmer,
Nawagam and Samastipur from July 2017 after the instal-
lation of new radiation instruments, and from the begin-
ning of 2017 at other sites. Because SH and LH are caused
by turbulence in the ABL, their sum is called turbulent
heat flux (THF). Ry drives other surface fluxes, and the
surface energy balance over land takes the form (Garratt,
1992):

Rnet = THF + GHF + Qs + Qagvs (2)

where GHF is ground heat flux, Qs is canopy storage (heat
and chemical energy) and Q,qy is horizontal advection of
heat. Ry toward the surface, and SH, LH and GHF away
from the surface, are taken as positive. GHF is positive
during the daytime and negative during the night-time;
daily average GHF is small compared to the correspond-
ing THF (e.g. the former and the latter are less than 5
and ~150W-m~2 on a clear-sky day during summer at
Kanpur). Note that over an irrigated land surface with
standing water, e.g. an irrigated rice field, water may not
be stagnant but slowly moving and may advect sensible
heat which is normally not included in Equation 2. We
will also study evaporative fraction (EF) and residual flux
(RESF) to characterize land surface processes. These are
defined by

EF = LH/THF, 3)

RESF = Ryt — (THF + GHF). @

2.3 | Horizontal variations and seasonal
changes

In making surface flux measurements, fetch and expo-
sure are important considerations (Horst and Weil, 1994;
Lemone et al.,2007; Fall et al., 2011). The EddyPro software
derived footprints (Kljun et al., 2004; Li-COR Biosciences,
2016) at different sites are given in Table 2. The foot-
prints shown correspond to the upwind distance within
which 90% of the turbulent fluxes measured with the EC
flux sensors originate. The EddyPro” software derived foot-
print depends on the sensor height, surface layer stability,
and surface roughness (Kljun et al., 2004). Footprints are
shorter and longer under unstable and stable conditions,
respectively. Normally the surface layer over land in the
Tropics is unstable during daytime and stable during the
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TABLE 2  Average daytime (0900-1700 IST) and night-time (1900-0600 IST) flux footprints and their
respective standard deviations in the year 2017
Daytime Daytime Night-time Night-time

Flux site footprint(m) footprint std(m) footprint(m) footprint std (m)

Bengaluru 230 60 360 440

Bhubaneswar 320 370 1,275 1,410

Dharwad 280 170 1,000 890

Jaisalmer 250 90 1,010 1,350

Kanpur 310 345 1,250 1,100

Nawagam 230 165 930 1,150

Samastipur 340 410 1,250 1,400

Flux footprints of more than 5,000 m have been removed while averaging. Here, flux footprint represents the cumulative
upwind distance from the tower that contributed 90% of the observed flux for each 15 min flux averaging interval.

night. The major fraction of THF over land is generated
during the daytime. In view of this, day and night-time
footprints are shown separately. The average daytime foot-
print varies between 230 and 340 m (i.e. 30 to 40 times the
measurement height) while night-time values are around
1 km except at Bengaluru. In order to provide a better
idea about the horizontal variations in surface conditions
around flux sites, Landsat-derived LST on a clear-sky day
during March, October and November, photographs taken
during different times of the year and a Google map indi-
cating the flux tower position are given in Appendix S1.
LSTs shown have been retrieved from Landsat 8 data
(https://earthexplorer.usgs.gov) on clear-sky days in the
months of March, October and November of 2016 and
2017 using split thermal infrared channels centred at
10.5 pm (band 10) and 11.5 pm (band 11) wavelengths.
A split-window technique that involves corrections for
water vapour absorption from differential response in split
window channels (Ren et al., 2015) and surface emissiv-
ity correction based on vegetation index derived from red
(band 4) and near-infrared (band 5) bands of Landsat 8 is
used (Rajeshwari and Mani, 2014).

3 | RESULTS

The major focus in this study is on getting quantitative
numbers for the LH and SH fluxes in different seasons,
and similarities and contrasts across the sites. Therefore,
pentad time series and monthly variations at all sites will
be discussed together. Figures 3-9 show observed tempo-
ral variations of THF, Ry, SH, LH, 7 and CO, fluxes along
with rain-gauge measured and satellite-data derived daily
rainfall at Bhubaneswar, Bengaluru, Dharwad, Jaisalmer,
Kanpur, Nawagam and Samastipur, respectively. Monthly
average daytime (0900 to 1600 h local time) fluxes and

their standard deviations are shown in Figures 10 and
11, respectively. Rain-gauge measured June to Septem-
ber (January to May) rainfalls at these sites in the year
2017 are 1236 (74), 573 (290), 343 (120), 139 (20), 493
(38), 842 (22) and 938 (193) mm, respectively. Figures 3-11
bring out spatial differences, seasonal changes and the
role of irrigation on surface turbulent fluxes. THF fol-
lows Rpet (panels a) in Figures 3-9 at all locations, with
the former being higher except on a few occasions. Thus,
seasonal evolution of THF and its sub-seasonal varia-
tions are closely tied to those of Ryt (e.g. Figures 3a and
7a), whereas partitioning of Ry, between LH and SH
(panels b) in Figures 3-9 is sensitive to LULC. At sites
with natural vegetation (e.g. Bengaluru and Jaisalmer)
and rain-fed agriculture (e.g. Dharwad), SH dominates the
THF during January to May, which is also reflected in
the low values of EF (panels c) in Figures 3-9 and 10d.
This pattern is interrupted by rainfall, following which
EF increases rapidly and then returns to pre-rainfall val-
ues over a period that depends on the amount of daily
rainfall and land surface characteristics. For example, at
the semi-arid Jaisalmer, the entire pre-monsoon season
precipitation is 20 mm with the maximum daily rainfall
of 9mm and EF decreases to values below 0.2 within
10days of rainfall (Figure 6c), while at Bhubaneswar
(Figure 3c) and Bengaluru (Figure 4c) where the max-
imum daily rainfall is ~40mm, the rain effect lasted
for about a month. Kanpur has natural grass but out-
flow from a nearby canal increases soil moisture. This is
evident during March-April (Days 70 to 120; for conve-
nience of reference, Day of the Year is called Day) where
LH dominates THF (Figure 7a,b) and EF increased from
~0.5 to 0.8 (Figures 7c and 10d) in the absence of any
detectable rainfall. Negative CO, flux during this period
(Figure 7d) is owing to the vegetation growth as adequate
soil moisture was available. SH and LH are comparable
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FIGURE 3 Five-day running averages at Bhubaneswar. (a)
Turbulent heat flux (THF) and net radiation (R,). (b) SH and LH.
(c) Shear stress (7) and EF. (d) CO, flux and Normalized Difference
Vegetation Index (NDVI). For THF, LH, SH, EF and CO, flux, green
colour symbols mean data passed through all quality criteria and
sample size in pentad averaging is more than 67% of the maximum
number possible. When data are interpolated and/or pentad
averaging sample size has less than 67% of maximum possible, then
it is shown by black colour symbols. In panels (c) and (d), colours of
the vertical axes correspond to those of respective variables. Bars in
panel (a) show daily precipitation (refers to the axis on right); black
and light blue colour bars are rain-gauge measured and
satellite-data derived precipitation, respectively

at Nawagam until Day 120 (January to April,) and then
LH started increasing while SH decreased and the change
was not related to rainfall (Figure 8b). The entire field
at Nawagam was irrigated for about 15-20days in the
month of May for growing short-duration green manure,
leguminous to maintain soil fertility. At Samastipur, LH
dominates SH throughout the year and EF exceeded 0.8
between Days 40 and 90 (Figures 9b,c and 10d) which is
due to irrigated wheat cultivation which is also reflected
in the large negative values of CO; flux during the cor-
responding period (Figures 9d and 10e). EF remained
above 0.5 after harvesting also and it rose to 0.8 once
pre-monsoon showers started (on Day 110). Thus, the
combined effect of irrigation and pre-monsoon rainfall

Royal Meteorological Society
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FIGURE 4 Same as Figure 3 but for Bengaluru except that

Ryt is missing

maintained high EF at Samastipur during January to May
(Figure 10).

Once monsoon rains commenced (between Days 150
and 180 depending on the site's geographic location),
SH decreased below 20 W-m~2 at Bhubaneswar, Kanpur,
Nawagam and Samastipur, and EF often remained above
0.7 (Figure 10d). These high values continue until Novem-
ber, and at some sites, beyond. Bengaluru is in the
rain-shadow region of the Western Ghats and here rainfall
during Days 150 to 210 (i.e. in June and July) is less
compared to even May, and SH becomes comparable to
LH or exceeds it. From August onwards, Bengaluru started
getting frequent rainfall in 2017, SH reduced and EF fluc-
tuated around 0.8 during the next 4 months (Figure 4c). At
Jaisalmer, SH dominates THF, LH increases for brief peri-
ods following rainfall but the effect does not last for more
than a couple of weeks (Figure 6b). SH and LH are out
of phase and as a consequence, intraseasonal variations in
SH, LH and EF are strong here. During July to Septem-
ber (Days 181-273), EF is more than 0.85 at Samastipur
(Figures 9c and 10d). The standard deviation of daytime
SH somewhat mimics the variation of mean SH, especially
during the monsoon season (Figure 11a). Such a clear sep-
aration is not seen in the standard deviation of daytime LH
(Figure 11b).
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Itisalso seen that EF exceeded unity on a few occasions
at Kanpur, Nawagam and Samastipur, which we verified
is not owing to measurement error. On these occasions,
pentad average SH becomes negative, evaporation rates
are high, wind speed happens to be above average but
with or without any major shift in wind direction. This
could be a result of horizontal advection of warm (and dry)
air, or instability of a stratified shear layer above the ABL
(Bhat and Fernando, 2016). A detailed analysis is required
to understand the actual mechanism, which we hope to
carry out.

Shear stress (7) shows a kind of east-west divide in
the northern plains of India with Kanpur (Figure 7c),
Samastipur (Figure 9¢) and Bhubaneswar (Figure 3c) hav-
ing lower values compared to Jaisalmer (Figure 6¢) and
Nawagam (Figure 8c) during the monsoon season. The
intraseasonal time-scales of r seem to be smaller than
those of SH and LH (e.g. Jaisalmer, Figure 6). To confirm
this, we show in Figure 12 spectra of measured fluxes at
four stations (Jaisalmer, Kanpur, Nawagam and Samas-
tipur) having best continuity in pentad time series among
the seven sites. Across the sites, the primary mode in 7 is
at less than 30 day time-scale (Samastipur is an exception),
whereas primary modes of SH/LH are above 30 days. At
Jaisalmer and Samastipur, peaks in SH and LH coincide,
whereas the two are well separated at Kanpur (Figure 12b)
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FIGURE 6 Same as Figure 3 but for Jaisalmer

and Nawagam (Figure 12c). CO, flux peaks at 84 days
at Nawagam and Samastipur, while it is at 43days at
Jaisalmer and between 40 and 60 days at Kanpur, suggest-
ing a shorter period for natural grass compared to that
for rice (and wheat). If these are climatological features
of respective sites or only for the year 2017 needs to be
understood by studying data of other years.

Solar insolation at the top of the atmosphere is the
same at Samastipur, Kanpur and Jaisalmer since they are
nearly at the same latitude. Given that THF follows Ryt
closely, differences in the former point to differences in
the latter. Daytime THF in April 2017 are 272, 477 and
385W-m~2 at Jaisalmer, Kanpur and Samastipur, respec-
tively (the corresponding THF in May are 269, 447 and
349 W-m~2). THF at Jaisalmer is ~57% of that at Kanpur,
clearly indicating that far less Ry is available at Jaisalmer
compared to that at Kanpur. In situ radiation measure-
ments give an albedo of 24% at Jaisalmer compared to
~15 and 10%, respectively, at Kanpur and Samastipur in
the year 2017. Net long-wave cooling is larger at Jaisalmer
compared to the other two sites due to less columnar
atmospheric water vapour. Thus, small R at Jaisalmer
is the combined effect of higher surface albedo and net
long-wave cooling.

In understanding land surface processes, soil temper-
ature, soil moisture (SM) and GHF are important. Among
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FIGURE 7 Same as Figure 3 but for Kanpur

the seven INCOMPASS flux sites, these variables were
measured at Dharwad and Kanpur. Figure 13 shows the
5-day running average of GHF, soil temperature and SM,
all measured at 5 cm depth (GHF into the soil is posi-
tive). Between January and the last week of April, positive
and gradually increasing GHF reaching up to 18 W-m~2
is seen at Dharwad; thereafter it fluctuates on intrasea-
sonal time-scales about a mean value of zero and the
maximum amplitude is less than 10 W-m~2 (Figure 13a).
At Kanpur, positive GHF starts in March and continues
until mid-June, i.e. until the monsoon arrives. Soil con-
tinuously loses heat at Kanpur from September onwards.
Compared to THF (Figure 5a), GHF (Figure 13a) is less
than 10% at Dharwad; however, it became ~15% in March
and April. GHF is ~10% or less compared to THF at Kan-
pur (Figure 7a, Figure 13a). Therefore, neglecting GHF
can introduce an error of up to 15% in the surface energy
balance in the 5-day running average. Soil temperatures
at Dharwad and Kanpur peak in April and June, respec-
tively, which are consistent with respective GHF variations
(Figure 13b). SM at Dharwad was low and varied between
6 and 8% during January to April (confirming the absence
of irrigation) and then increased following pre-monsoon
showers in May (Figure 13c). High soil moisture at Kan-
pur in January and February is due to seepage of water
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from a nearby irrigation canal and its effect lasted until
April.

Figure 14 shows RESF at Dharwad and Kanpur. RESF
and GHF are of comparable magnitude the majority of the
time; however, the amplitude of variations in RESF can
be much larger, especially around the times when it rains,
due to two reasons. Gas analyser signal strength deteri-
orates during rains or when raindrops cover the sensor
head, and we have removed these samples. This leads to
a larger number of missing data points in the process and
accuracy of the pentad THF is less during such periods.
Downdraughts and cold outflow from moist convection
(Knupp and Cotton, 1985) can produce large temperature
gradients locally, and horizontal advection may become
important around rain events. The extreme values seen in
the scatter plot of Ryt vs. THF+GHF (Figure 14c,d) are
mostly associated with convection.

4 | DISCUSSION

Despite past modelling and field efforts, current numer-
ical weather models are unable to simulate the spatial
and temporal distribution of monsoon rainfall over the
Indian subcontinent (Rajeevan et al., 2012). Direct com-
parison between field experiment time-series data and
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model data from nearby grid points in data assimilation
and forecast systems has proved very useful in identify-
ing systematic errors in the model physical parametriza-
tions and in developing improved parametrizations (Betts
et al., 1998). INCOMPASS observations have provided an
unprecedented time series of surface SH, LH, = and CO,
over the Indian landmass, covering different climates and
LULCs. They quantify, for the first time in India, the
remarkable contrasts in EF across the seasons, climate
zones and land management practices of the subcontinent.
Three of the sites benefit from irrigation, and this raises
EF at the monthly time-scale to above 0.8, and even above
1 over short periods. These high values contrast with the
two natural landscapes sampled, where monthly mean EF
does not exceed 0.7. Given the extent of irrigation practices
across India, coupled with the influence of surface fluxes
on the atmosphere, this suggests an important impact of
large-scale irrigation on the atmosphere outside of the core
monsoon, consistent with various modelling studies (e.g.
Saeed et al., 2009). With the exception of the driest site
(Jaisalmer), all the sites maintain values of EF above 0.5
after the monsoon through to November. For those sites
with natural vegetation or rain-fed agriculture, EF remains
below 0.3 for the January-May period.

Different rainfall conditions and water management
strongly impact sub-monthly flux variations. This is clearly
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demonstrated in Figure 11 during the monsoon months
of July to September. Sites where the vegetation has
access to plentiful soil water (Samastipur, Bhubaneswar,
Kanpur, Nawagam) exhibit fluctuations in SH less than
half the magnitude of the other, more water-stressed
sites (Jaisalmer, Dharwad, Bengaluru). Similarly, low
temporal variations in SH are also observed outside
the monsoon when irrigation is in operation (Samas-
tipur in January-March, Kanpur in April). These fluc-
tuations in SH are likely to have important feedbacks
on the atmosphere. In the drier regions of India, break
periods within the monsoon will be associated with
sharply increased sensible-heat fluxes (and hence temper-
atures), while wetter areas will heat the atmosphere only
weakly. The space-time variations in heating will influ-
ence low-level circulations, and potentially modulate the
characteristics of intraseasonal variability (e.g. Webster
et al., 2002).

Because partitioning of surface energy fluxes among
different components depends on LULC and water
management practices, a wide variation can exist
even within a single grid of a numerical weather
model (e.g. 20km x20km), say for example when
irrigated agricultural fields, natural vegetation and other
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FIGURE 11 Standard deviation of monthly daytime fluxes.
(a) Sensible-heat flux, (b) latent-heat flux, (c) turbulent-heat flux,
(d) evaporative fraction, (e) CO, flux

human-dominated settlements (e.g. urban areas) co-exist.
Therefore, a question naturally arises about the spa-
tial representativeness and utility of a few surface flux
measurements carried out in a few locations as in the
INCOMPASS programme. The climatology of the area sur-
rounding a flux site is as important, if not more so, as the
local spatial inhomogeneities. Consider the examples of
Samastipur and Jaisalmer. In the Samastipur area, which
lies in the Gangetic Plain where agricultural land use
dominates the landscape, irrigated rice during summer
and wheat during winter are common over vast stretches
of the land. Jaisalmer, on the other hand, is a semi-arid
landscape dominated by natural vegetation. Thus, these
two flux sites have exposures closer to dominant LULC
characteristics of respective areas. The Samastipur and
Jaisalmer areas, respectively, receive about 1,000 and
150 mm precipitation during the summer monsoon sea-
son. Such large differences in precipitation do not occur
over one grid length of any present-day general circulation
model, and differences in precipitation are reflected in
differences in the vertical thermal structure (e.g. strength
of ABL top inversion and dryness of the free troposphere).
Such differences in the mean state of the atmosphere,
both within and above the ABL are important to the
surface fluxes. Drier air that subsides from the free tro-
posphere and enters the ABL affects boundary-layer
humidity and thereby the surface flux partitioning (Bhat
and Fernando, 2016). The horizontal footprints of ther-
mal structure in the free atmosphere above the ABL are
much larger than those of local spatial inhomogeneities
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normalized spectra

period (day)

FIGURE 12  Spectra of pentad time series considering a time
interval of 256 days between Days 30 and 310. (a) Jaisalmer, (b)
Kanpur, (c) Nawagam, and (d) Samastipur. Black - shear stress;

red - SH; blue - LH; green — CO, flux. Symbol is drawn on black
line to indicate Fast Fourier Transform (FFT) spectral periods.
Spectra are normalized by the respective maximum value in 10- to
90-day time period range to highlight relative spectral peaks on
sub-seasonal time-scales

and water management practices. Therefore, the fluxes
measured at Samastipur and Jaisalmer are modulated
by respective regional climatologies, and carry their
signatures. For these reasons, the authors and a large
section of the land surface, hydrological and meteoro-
logical modelling community (e.g. Williams et al., 2009)
are convinced that despite many practical limitations,
flux measurements, even when limited to few places,
do provide detailed information on flux magnitudes and
insight into processes, and will be useful to validate model
outputs.

Among the sites, maximum CO, assimilation occurs
at Kanpur during the months of August and September.
This means that this grassland ecosystem is absorbing
more CO, from the atmosphere compared to rice crops at
Nawagam and Samastipur. The Bengaluru site with shrubs
and small tress and not much fast-growing vegetation (e.g.
grass) has a lower net uptake of CO,, most likely reflecting
lower rates of photosynthesis and/or higher ecosystem
respiration rates of the forested ecosystem.
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5 | CONCLUSIONS

In weather prediction models, simulations of surface
fluxes across India are poorly constrained by observa-
tions. The INCOMPASS programme has made a good
beginning by enabling high-quality surface flux measure-
ments over the Indian subcontinent. The study also brings
out the complexity that exists across India. It is hoped
that provision of high-quality land surface data from
the INCOMPASS project will facilitate interrogating our
models on a range of spatial and temporal scales, from
the formation of convection over land to seasonal and
interseasonal dynamics.

Our important findings are the following.

1. With the exception of Jaisalmer, all the sites main-
tain values of EF above 0.5 after the monsoon through
to November. For those sites with natural vegetation
or rain-fed agriculture, EF remains below 0.3 for the
January-May period. In the middle Gangetic Plain
area, irrigation and pre-monsoon showers together
maintain EF > 0.5 between January and June.

2. The effect of rainfall on latent-heat flux can last up to
a month during the pre-monsoon season except in very
dry areas (e.g. Jaisalmer).

3. Different variables exhibit different intraseasonal varia-
tion characteristics. Except for Samastipur, wind speed
shows a spectral peak at a smaller time-scale compared
to sensible- and latent-heat fluxes.

residual flux at (a) Dharwad, and (b) Kanpur. (c) Scatter plot of Ry
vs. RESF at Dharwad. The dotted line has a slope of 1, and the
continuous line (green) is the least square fit excluding data of days
from 198 to 204; the slope of the line and the R? value are 0.91 and
0.72, respectively. (d) Same as (c) but for Kanpur. Slope of the
best-fit line including all data points is 0.86 and the R? value is 0.75
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