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Abstract
This article presents a land–atmosphere case-study for a single day during monsoon

onset, incorporating data from a research aircraft, satellite products and model out-

puts. The unique aircraft observations reveal temperature and humidity contrasts of

up to 5 K and 4 g/kg in the planetary boundary layer induced by spatial variations

in soil moisture. Both antecedent rain and irrigation were found to be drivers of this

atmospheric variability. There is also evidence of soil moisture-induced mesoscale

circulations above some surfaces. This is the first time such responses have been

observed in situ over India. Soil moisture-driven temperature anomalies are larger

than those found in previous observational studies in the African Sahel. Moreover,

irrigation in the region is extensive, unlike in the Sahel, and has a similar atmospheric

effect to antecedent rainfall. This implies that historical changes in irrigation prac-

tices are likely to have had an important influence on mesoscale processes within

the Indian monsoon. We also examine evidence linking soil moisture and cloud

formation. Above wetter soils we observed a suppression of shallow cloud, whilst

the initiation of deep convection occurred mostly in areas affected by wet–dry soil

moisture boundaries. To investigate the impact of soil moisture heterogeneity on

large-scale wind flow, three model depictions of the day are assessed: the European

Centre for Medium-Range Weather Forecasts ERA-Interim and ERA5 reanalyses,

and a high-resolution (1.5 km) simulation generated using the Indian National Cen-

tre for Medium Range Weather Forecasting regional convection-permitting Unified

Model. We find evidence indicating surface flux uncertainties in the models lead to

∼3.5 hPa anomalies in the monsoon trough. This does affect the simulation of mon-

soon circulation and rainfall. Better representation of mesoscale land–atmosphere

coupling is likely to improve the depiction of convection within weather and climate

models over India.
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aircraft observations, convection, Indian monsoon, irrigation, land–atmosphere coupling, monsoon

trough, planetary boundary layer, soil moisture
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1 INTRODUCTION

The Indian monsoon supplies around 80% of the country’s

annual rainfall between June and September (Jain and Kumar,

2012; Bollasina, 2014). Society is very sensitive to mon-

soon variations on a variety of time-scales, particularly in

the agricultural sector (Turner and Annamalai, 2012; Bol-

lasina, 2014). Despite this, the monsoon is often poorly repre-

sented in general circulation models (GCMs) and forecasting

remains a challenge (Sperber et al., 2013).

Northern India has been considered a region of strong

coupling between the land and atmosphere since the first

results from the Global Land–Atmosphere Coupling Experi-

ment (GLACE) were reported by Koster et al. (2004), based

on an ensemble of land–atmosphere GCMs. Later findings,

based on a combination of models and observations, are

consistent with this assessment (e.g. Zhang et al., 2008; Fer-

guson et al., 2012). Northern India is also one of the most

well-equipped regions in the world for irrigation (FAO, 2014).

As a result, not only is rainfall being recycled back into the

atmosphere but water is being added through pumping of

deep groundwater stores (Douglas et al., 2009). The influ-

ence of land–atmosphere interactions on monsoon circulation

specific to India is therefore an important consideration for

understanding and forecasting the Indian summer monsoon.

Feedbacks between soil moisture and precipitation have

been shown from observations in several regions of the world

(e.g. Findell et al., 2011; Taylor et al., 2011; 2012; Tuttle

and Salvucci, 2016). In the context of a monsoon regime

both observational (e.g. Taylor et al., 2010; 2011) and mod-

elling (e.g. Gaertner et al., 2010; Gantner and Kalthoff, 2010;

Rochetin et al., 2017) studies have shown how antecedent

rainfall patterns affect new storms in the Sahel. Convective

storms create heterogeneous wet soil features that influence

surface sensible and latent heat fluxes in subsequent days, par-

ticularly when vegetation cover is sparse (Lohou et al., 2014).

These variations in soil moisture can induce temperature and

humidity gradients in the planetary boundary layer (PBL),

and drive daytime mesoscale circulations (Mahrt et al., 1994;

Taylor et al., 2007). These circulations provide a favourable

environment for convective initiation (Garcia-Carreras et al.,
2010; Taylor et al., 2010).

For the Indian monsoon region, modelling studies have

discussed the impact of the land surface on simulations, with

potential implications for the forecasting of monsoon rain

(e.g. Niyogi et al., 2007; Asharaf et al., 2012; Kar et al., 2014;

Osuri et al., 2017). For example, the modelling of deep con-

vection can be improved through better representation of soil

moisture and soil temperature (Osuri et al., 2017) and the

choice of land surface parametrization scheme can strongly

influence monthly mean precipitation (Kar et al., 2014). In

recent decades, irrigated cropland has become an increasingly

important component of the Indian land surface, particularly

in the northern plains. This includes the introduction of addi-

tional water to the surface from groundwater pumping. Agri-

cultural intensification can influence mesoscale convection

and rainfall patterns (Douglas et al., 2009) and has been linked

to the weakening of monsoon rainfall since the 1950s (Paul

et al., 2016).

Observational studies in India (e.g. Goel and Srivastava,

1990; Joseph and Sijikumar, 2004; Monhan and Rao, 2012;

Sandeep et al., 2014) have looked at PBL characteristics dur-

ing the monsoon season, in particular the differences between

active (wet) and break (dry) spells. Soil moisture–atmosphere

interaction could explain the observed contrasts (Sandeep

et al., 2014). However a comprehensive description of the

land–atmosphere feedbacks that shape the Indian summer

monsoon, and their relative impacts, is still lacking (Xue and

Dirmeyer, 2015; Parker et al., 2016).

During June and July 2016, the Interaction of Convective

Organisation and Monsoon Precipitation, Atmosphere, Sur-

face and Sea (INCOMPASS) project (Turner et al., 2019)

directed the first detachment of the UK Facility for Airborne

Atmospheric Measurements (FAAM) BAe-146 research air-

craft to India. The aim of the detachment was to provide an

observational characterization of the atmosphere and its links

to land and ocean conditions during the early stages of the

monsoon. Here we present a case-study from the aircraft cam-

paign, which focuses on a transect over the northern plains

of India. The aim of the flight was to sample the PBL above

areas of contrasting land use and rainfall history, particularly

irrigated and non-irrigated regions. We also perform a model

intercomparison, considering two reanalysis products and a

high-resolution convection-permitting simulation, to exam-

ine large-scale impacts of soil moisture which are difficult to

observe.

In the next section we describe the datasets employed in

our observational and model-based analyses. The synoptic

and land surface conditions on 30 June 2016, the day of the

flight, are also described. In section 3 we present our analysis

of soil moisture impact on the PBL and monsoon circulation

based on observational and model data. Then we detail our

analysis of the impact of soil moisture gradients on convection

based on satellite observations (section 4). This is followed

by a discussion in section 5 and a list of our main conclusions

in section 6.

2 DATA AND CONDITIONS ON 30
JUNE 2016

2.1 Flight B968 and instruments used
This case-study concerns a low-level transect of flight

B968 on 30 June 2016, covering just under 700 km from

the semi-arid region of Rajasthan, eastwards around Jaipur

and into the irrigated state of Uttar Pradesh (Figure 1).
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F I G U R E 1 Low-level transect of INCOMPASS flight B968 on 30 June 2016 (thick solid line). (a) Potential temperature, 𝜃 (K), and wind

vectors (m/s) plotted from ERA-Interim at 925 hPa and 0600 UTC. (b) 24 h accumulated precipitation, precip. (mm), up to 0300 UTC (0830 hr) on

30 June 2016, derived from composite precipitation dataset IMD-NCMRWF (Mitra et al., 2013). The locations of Jaipur (J), Delhi (D), Gwalior (G)

and Lucknow (L) are included for reference

The aircraft took measurements at a height of 190 m above

ground level along the transect. The use of dropsondes was not

permitted on this flight. The transect was performed between

1100 and 1230 hr (0530–0700 UTC; local time is UTC + 5.5

h) in order to sample the PBL prior to the development of deep

convection. Solar noon is 1230 hr at Jaipur, near the centre of

the transect. For full details of flight B968 and other flights in

the INCOMPASS field campaign, see Turner et al. (2019).

Measurements from several instruments mounted on the

aircraft were used in this case-study. Temperature, pres-

sure and three-dimensional wind observations were recorded

at 32 Hz. The horizontal wind vectors, and aircraft head-

ing, are used to calculate along-track wind. A Water Vapor

Sensing System version two (WVSSII) hygrometer provided

water vapour measurement linearly interpolated to 1 Hz,

from which specific humidity is derived. Vertical turbulent

heat flux at the level of the flight is estimated from the

32 Hz temperature and vertical wind. Deviations in temper-

ature and vertical wind velocity are determined with respect

to a 150 s average (calculated using a Savitzky–Golay fil-

ter with third-order polynomials) whilst the flux is computed

about a 300-second running mean of the product of the devi-

ations. Changes in surface brightness temperature at 4 Hz

directly below the aircraft were recorded using a Heimann

radiometer. The readings from this instrument saturated above

328 K (approximately 55 ◦C), and therefore became unusable

beyond that point, but still provide useful quantitative infor-

mation on surface heterogeneity. For comparison, all these

aircraft variables are averaged to the same temporal resolution

of 1 s. Skin temperatures were also retrieved from Airborne

Research Interferometer Evaluation System (ARIES) mea-

surements. These ARIES surface temperatures are retrieved

from low-level flight data using measurements on the down-

welling and upwelling radiances in the 8–12 μm window

region, along with temperature and humidity profile estimates

from ERA-Interim.

2.2 Satellite data
A number of satellite products are used to qualitatively

interpret surface properties at the time of the flight. Bright-

ness temperatures from the 10.7 GHz channel on board

the Global Precipitation Mission (GPM, Level 1C product

gridded at 13 km: GPM, 2014) are used to calculate Polariza-

tion Ratio (PR) in the region of the flight from an overpass

at 0400 UTC. PR is a well-established proxy for surface wet-

ness, and is the difference over the sum of horizontally and

vertically polarized brightness temperatures. This proxy is

used to locate areas of increased soil moisture and vegetation

moisture content. Available data from existing soil moisture

products is not used because these products either did not

provide a suitably timed overpass prior to the flight, or did

not have sufficient spatial coverage of the region of inter-

est. Soil moisture and vegetation status is also inferred from

MODerate-resolution Imaging Spectroradiometer (MODIS)

Collection 6 Level 2 1 km resolution Land Surface Tem-

perature (LST: Wan et al., 2015) from the Terra overpass

at 0500 UTC/1030 hr on 30 June 2016 and MODIS 8-day

1 km resolution Leaf Area Index (LAI, 25 June–2 July 2016:

Myneni et al., 2015). It should be noted that a Level 3 prod-

uct is available for LST, but it contains almost no data for the

time and region of interest. This is due to cloud screening,

which appears to be over-conservative when compared with

in-flight cloud observations, the MODIS true colour image,

and other datasets (e.g. PR). Nonetheless, we note a signif-

icant discrepancy between the satellite LSTs and equivalent

variables derived from on-board instruments. Rainfall history

in the region of the flight is assessed based on a compos-

ite 1◦ gridded precipitation dataset (IMD-NCMRWF: Mitra

et al., 2013), produced from a combination of Integrated

Multi-satellitE Retrievals for GPM (IMERG) and rain-gauge

data. Finally, half-hourly Meteosat-7 (M7) data (∼6 km

resolution at this location, available from https://eoportal.

https://eoportal.eumetsat.int/
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eumetsat.int/) are used to study local convective cloud devel-

opment, in conjunction with MODIS true colour satellite

imagery from the Terra and Aqua overpasses (available from

https://worldview.earthdata.nasa.gov/).

2.3 Model data
To investigate the large-scale impact of the surface on the

PBL, three model depictions of 30 June 2016 are analysed.

A regional model configuration of the Indian National Cen-

tre for Medium Range Weather Forecasting Unified Model

(NCUM: Jayakumar et al., 2017) was used to set up the

high-resolution simulation over a domain covering the region

of the flight (20.5–34.5◦N, 69.6–83.5◦E) at a horizontal grid

length of 1.5 km. The model uses 80 vertical levels with a

top at 38.5 km and 14 model levels below 1 km. The model

time step is 60 s and the simulation was run for 72 h from an

initial condition at 0000 UTC 29 June 2016. The initial and

lateral boundary conditions are supplied by the current oper-

ational 17 km NCUM global model (Rakhi et al., 2016). The

cloud scheme is a regional version of the prognostic cloud

fraction and condensate scheme based on Wilson et al. (2008).

Convection in the regional model is considered resolvable

and the subgrid-scale deep convection is not parametrized.

The subgrid turbulence scheme used is the blended scheme

(Boutle et al., 2014) using a mixing factor of 0.5. Indian

Space Research Organisation land-use land cover at 30 m res-

olution provides recent information about the vegetative and

non-vegetative model tiles over the Indian region. Orography

is derived from the NASA Shuttle Radar Topographic Mis-

sion 90 m digital elevation map. Further details of the 1.5 km

NCUM model are given in Jayakumar et al. (2017).

For comparison with the high-resolution simulation,

temperature and wind data from the European Centre

for Medium-range Weather Forecasts (ECMWF) reanalyses

ERA-Interim (Dee et al., 2011) and new product ERA5

(Hersbach and Dee, 2016) at 925 hPa and 0600 UTC are

employed. These data are available at 0.75◦ and 0.25◦ res-

olution respectively. Quantitative comparisons between the

models are made at the ERA-Interim resolution of 0.75◦. We

also examine surface soil moisture and latent and sensible

heat fluxes from the ERA-Interim 0600 forecast initialised

at 0000 UTC (ERA-Interim/Land: Balsamo et al., 2015) and

the ERA5 0600 UTC reanalysis (ERA5L: Hersbach and Dee,

2016). The forecast product is used for ERA-Interim because

the reanalysis product does not include surface fluxes. Tem-

perature, sensible-heat flux and zonal wind component from

the three models are also interpolated onto the flight track for

comparison with in situ aircraft observations.

Soil moisture in the three models is initialised in a sim-

ilar way. The model computes a “first guess” soil moisture

and near-surface atmospheric state based on a short-term fore-

cast. This model state is then analysed against observations.

Differences between the observations and model state are

reduced by uniformly adding or removing soil moisture from

the near-surface soil layers. The ERA-Interim analysis uses

observations of screen-level variables (2 m temperature and

humidity: ECMWF, 2007). Soil moisture is added (removed)

to increase (decrease) evapotranspiration and hence cool

(warm) the model, to bring the near-surface atmospheric state

closer to the observations. ERA5 and NCUM additionally

assimilate Advanced SCATerometer (ASCAT) observations

of soil moisture (de Rosnay et al., 2011; George et al., 2016)

to constrain the soil moisture. The resulting soil moisture

analysis is used as the initial soil moisture state.

2.4 Synoptic and land surface conditions
Just prior to 30 June 2016, the synoptic conditions were dom-

inated by active monsoon flow, with moist air from the Bay

of Bengal (BoB) reaching parts of northwestern India. This

resulted in rainfall on 28 June and to a lesser extent on 29 June.

The easterly winds from the BoB persisted on the day of the

flight (Figure 1a), but rainfall activity was restricted to central

India, as a ridge started to develop at 500 hPa over northwest

India. In the region of the flight, ERA-Interim 925 hPa winds

depict a shear zone around 29◦N, 73.7◦E to 25◦N, 77.2◦E

between easterly and westerly flows (Figure 2a) on the south-

westerly edge of a warm air mass. Cooler air temperatures are

evident towards the southwest and northeast and there is evi-

dence of confluence on the shear zone, with easterlies to the

east and westerlies to the west. During the flight, there were

shallow cumulus clouds between 74.8◦E and 76.8◦E with

the remainder of the track being predominately cloud free.

According to the only high-resolution radiosonde data avail-

able in the region, by the end of the day (1730 hr/1200 UTC)

the PBL had reached a height of approximately 2 km at

Gwalior (26.2◦N, 78.2◦E).

The flight sampled the PBL above regions of contrast-

ing land cover (Figure 2b) and rainfall history (Figure 2e).

West of 76.4◦E the vegetation was generally very sparse with

some evidence of cropping and isolated trees covering a small

percentage of the surface. Along the remainder of the flight

path, a significant proportion of the land was made up of

green fields. This is consistent with extensive irrigation in

the relatively flat region east of 77◦E, the Ganges valley.

The terrain west of the irrigated region was characterized by

gradual inclines with a couple of forested ridges (Figure 2b).

Figure 2c,d show the two-dimensional structure of our proxies

for surface wetness on or near the flight track. For clarity, we

define three sections based on large-scale surface hydrologi-

cal features. In the central section (74.5–77◦E) the surface is

predominately warm and dry while to the west (73.2–74.5◦E)

and east (77–79◦E) the surface is cooler and wetter. Values of

PR and LST are low in the western section due to antecedent

rain (Figure 2e,f). There is no indication of rainfall in the 24 h

https://eoportal.eumetsat.int/
https://worldview.earthdata.nasa.gov/
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F I G U R E 2 Low-level transect of INCOMPASS flight B968 on 30 June 2016 (solid line). (a) Potential temperature, 𝜃 (K), and wind vectors

(m/s) along the flight track and plotted from ERA-Interim at 925 hPa and 0600 UTC (shading). The location of the shear zone is indicated by the

straight dashed line. (b) Composite 8-day Leaf Area Index (LAI) in the region of the flight produced from combined Terra and Aqua MODIS data by

NASA (Knyazikhin et al., 1999) and selected surface elevation contours: 400 (m) (brown) and 500 (m) (red). (c) Polarization Ratio (PR) in the

region of the flight derived from GPM polarized brightness temperatures at 10.7 GHz. (d) MODIS Land Surface Temperature, LST (K) (shading),

from the Terra overpass on 30 June 2016 in the region of the flight and selected PR contours: 0.93 (blue solid line, outlining wetter surfaces) and

0.96 (dark red solid line, outlining drier surfaces). (e) 24 h accumulated precipitation (IMD-NCMRWF), precip. (mm), up to 0300 UTC (0830 hr) on

30 June 2016. (f) Minimum cloud-top brightness temperatures (TB <−30 ◦C) measured by Meteosat-7 during the 24 h prior to the flight (up to

0500 UTC/1030 hr on 30 June 2016). In (e,f) the transect is separated by colour into the western (black), central (pink) and eastern (grey) sections

defined in the text and the location of Jaipur (J) is included for reference. White areas in (b,c,d) denote missing data

prior to the flight in the central and eastern sections. In the

eastern section, low values of PR and LST are due to active

irrigation; surface and vegetation water content reduce PR,

whilst high evapotranspiration suppresses LST. Climatologi-

cally the region of Rajasthan (west) is warmer than the state

of Uttar Pradesh (east), and LSTs are 4 K cooler on average in

the irrigated region (not shown) (Gallego-Elvira et al., 2016).

3 IMPACT OF SOIL MOISTURE
ON THE PLANETARY BOUNDARY
LAYER

3.1 Observations
We now examine measurements of PBL and surface proper-

ties along the aircraft track. Figure 3a illustrates large-scale

variation in potential temperature, 𝜃. This is negatively cor-

related with specific humidity, q (Figure 3b). In the central

section there is a 400 km warm and dry feature with cooler

and moister sections to the east and west; in the west (east),

the PBL is up to 5 (2.5) K cooler, and 4 (2) g/kg moister.

The along-track wind component is positive (with the air-

craft) in the west and predominately negative (against the

aircraft) in the east, with a transition in the central section

(Figure 3c). Turbulent heat flux, <w′
𝜃
′
>, fluctuates greatly

along the flight path, though in general the values are low in

the eastern and western sections and high in the central section

(Figure 3d). Cooler PBL temperatures, higher PBL humidity

and smaller magnitudes of <w′
𝜃
′
> in the western and east-

ern sections coincide with generally lower values of PR and

surface temperatures (Figure 3d,e). As discussed above, in

the west these values are consistent with soil moisture from

antecedent rain, whilst in the east, they are associated with

irrigation. Overall, differences in surface wetness are clearly

affecting the thermodynamic properties of the PBL in these

three sections.

Within the wetter eastern and western sections there is

also a clear correlation between surface properties and atmo-

spheric variables at smaller scales. Zones of lower surface

temperature of 20–60 km in extent around 73.8, 74.3, 77.2,

78 and 78.67◦E (Figure 3e) coincide with locally lower val-

ues of PR, 𝜃 and<w′
𝜃
′
>, and locally higher values of q

(Figure 3a,b,d). There is minimal vegetation in the western

section, as indicated by LAI (Figure 3f) and confirmed by

the flight logs made by on-board observers (not shown). This

implies that local variations in PBL temperature and humidity

are induced by soil moisture availability at the surface. The
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F I G U R E 3 Aircraft data from the low-level transect and satellite data interpolated onto the flight track. (a) Potential temperature, 𝜃 (K). (b)

Specific humidity, q (g/kg). (c) Along-track component of the wind, vA (m/s) (shading) and along-track gradient in potential temperature for a

length-scale of 60 km, d𝜃/dx (K degree−1) (solid line). Values of d𝜃/dx and vA are not shown when the aircraft is turning. (d) Vertical turbulent heat

flux, <w′
𝜃
′
> (solid line) and Polarization Ratio, PR, derived from GPM polarized brightness temperatures at 10.7 GHz (dash-dot). (e) Surface

brightness temperature (K) measured by the Heimann radiometer (solid grey line), ARIES skin temperature (K) (circles) and MODIS Land Surface

Temperature (K) (solid black line). ARIES data have been removed for regions affected by cloud. (f) Eight-day Leaf Area Index, LAI (shading) and

surface elevation, h(m) (solid line)

driver of this variability in the eastern section may be a com-

bination of soil moisture introduced by human activity and

the resulting vegetation. Considering local wind anomalies, in

the eastern section (and to a lesser extent, the central section),

fluctuations in the along-track component are rather coherent

with the along-track temperature gradient (Figure 3c). In the

eastern section, the winds are broadly divergent above cool

wet areas and convergent over the distinctly drier, warmer

land surface features (Figure 3c,d). A relationship between

small-scale wind anomalies and land surface features is

not evident in the western section. However, the strongest

along-track winds were recorded around 74.5◦E, coinciding

with the boundary between the rain-affected western section

and dry central section.

In summary, the observed thermodynamic properties of

the PBL are responding to surface heterogeneity on different

spatial scales along the whole transect. The PBL is cooler and

moister above wetter and/or more vegetated surfaces and there

is evidence of divergent winds above some wet patches.

3.2 Model comparison
3.2.1 Low-level transect
We now compare observed variables along the flight track

with the NCUM 30-hour forecast and the two reanal-

ysis products. Figure 4 shows the comparison of PBL

temperature (Figure 4a), sensible-heat flux (Figure 4b) and

zonal component of the wind (Figure 4c). NCUM is too

hot over the eastern section, consistent with excessive

sensible-heat flux east of 77◦E. In ERA-Interim sensible-heat

flux falls off in the irrigated region, and contributes to

cooler temperatures east of 77◦E. Compared to ERA-Interim,

ERA5 has slightly warmer temperatures in this section, cor-

responding to higher sensible-heat flux. Both ERA-Interim

and NCUM underestimate the temperature gradient around

74.5◦E, where rain had fallen the previous day to the west.

ERA5 captures this transition better, though this is not con-

sistent with variability in the along-track sensible-heat flux.

The lower sensible-heat flux in ERA5 in the central section

(relative to the western and eastern sections) presumably

contributes to the model being too cold between 74.5 and

77◦E. NCUM provides the most realistic description of PBL

temperatures in the central section.

Both reanalyses and the forecast model capture the tran-

sition from westerlies in the west to easterlies in the east,

though the location and strength of the shear zone differs

(Figure 4c). This is linked to different temperature gradients.

In the eastern section and in the far west, ERA5 gives the

most realistic along-track description of the magnitudes of the

winds. Both NCUM and ERA-Interim predict much stronger

flow in the west.
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F I G U R E 4 Aircraft data from the low-level transect (solid black line) and model data interpolated onto the flight track (NCUM – solid grey

line, ERA5 – dashed line, ERA-Interim – dots). (a) Potential temperature, 𝜃 (K). (b) Sensible-heat flux, H (W m−2) (models) and vertical turbulent

heat flux, <w′
𝜃
′
> (aircraft). (c) Zonal wind component, u (m/s)

In summary, when comparing with observations along the

aircraft track, we see significant local errors in the model

representation of thermodynamic changes over different sur-

faces, and no model is appreciably better than the others when

considering the entire transect. This could be due to a num-

ber of reasons, for example, errors in the representation of

vegetation and/or soil moisture, or inaccuracies in simulated

precipitation driving erroneous spatial heterogeneity.

3.2.2 Whole domain
We now assess the NCUM, ERA5 and ERA-Interim model

outputs over a large domain during the flight (0600 UTC).

At the surface, all models exhibit strong spatial variability

in evaporative fraction (EF, Figure 5a,d,g). These patterns are

largely controlled by soil moisture (not shown) and, in the

absence of strong gradients in cloud cover, are associated with

similar structures in sensible-heat flux during the morning.

In the region of the flight track, spatial structures of wet/dry

areas in the three models are broadly similar to observed

PR and LST, our proxies for surface wetness (Figure 2c,d).

Around the central section the surface is predominately dry,

while wetter areas are indicated to the north and south of

the western section. The very moist irrigated area around the

eastern section is represented differently in the three models.

ERA-Interim depicts wetter surfaces (EF> 0.8) around the

whole of the eastern section, while ERA5 and NCUM place

the wet area further to the east.

There is evidence of spatial correlations between the drier

surfaces over the central section and higher PBL tempera-

tures (Figure 5b,e,h). All three models depict a warm corridor

of air orientated southeastward from the Indo-Pakistani bor-

der across the flight track. This feature extends from a hot air

mass over Pakistan and separates cooler air masses in the east,

from the BoB, and in the southwest, from the Arabian Sea. In

NCUM, at 0600 UTC, the PBL temperatures associated with

the warm air corridor are 2–3 K higher than in both ECMWF

reanalyses, consistent with comparatively lower EF (and thus

higher sensible-heat flux) at the surface (Figure 5a,b). In

ERA5 PBL temperatures greater than 312 K are restricted to

the northwest, where the EF at the surface is lower (EF< 0.4,

Figure 5d,e). In ERA-Interim, southeast of the Indo-Pakistani

border, PBL temperatures greater than 313 K are found over

the drier surfaces (EF< 0.4, Figure 5g,h). In all three mod-

els the warm air corridor appears to be growing along drier

zones to the southeast of the track. Overall it could be inferred

that the surface fluxes are influencing the structure of the

warm air corridor, since the PBL cannot heat up as quickly

above areas of low sensible-heat flux (high EF). The warm

air corridor is associated with an extension of the heat-low

from the arid regions of the northwest southeastwards into

the Indo-Gangetic plain, forming the main axis of the mon-

soon trough. Therefore these inter-model differences in PBL

temperature are large enough to influence the structure of the

monsoon trough (Figure 5c,f,i).
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F I G U R E 5 Low-level transect of INCOMPASS flight B968 on 30 June 2016 (solid line) and variables plotted from (a–c) the high-resolution

NCUM simulation, (d–f) ERA5 and (g–i) ERA-Interim (shading). (a,d,g) Evaporative fraction, EF, of 6 h accumulated fluxes (0000–0600 UTC),

(b,e,h) potential temperature, 𝜃 (K), and wind vectors (m/s) at 925 hPa and 0600 UTC, (c,f,i) mean-sea-level pressure, mslp (hPa). The transect is

divided by shade into the western (black), central (white) and eastern (grey) sections defined in the text. The red box in (c) indicates the area used to

generate the time series in Figure 7

To illustrate more clearly the impact of surface fluxes

on the PBL, Figure 6 shows the differences between

ERA-Interim and the higher-resolution models NCUM

(Figure 6a,c,e,g) and ERA5 (Figure 6b,d,f,h). Here NCUM

and ERA5 variables are presented at the ERA-Interim resolu-

tion of 0.75◦. NCUM is around 2 K hotter than ERA-Interim

across most of the domain (Figure 6a). These positive tem-

perature biases are broadly coherent with reductions in EF

exceeding 0.2 (Figure 6c). The domain average differences

in temperature and EF are 1.1 K and− 0.12 respectively.

For ERA5 versus ERA-Interim, west of 77◦E, areas of cool-

er/warmer PBL temperatures in ERA5 are correlated with

areas of higher/lower EF (Figure 6b,d). The domain aver-

age differences in temperature and EF are −0.5 K and 0.04

respectively.

The inter-model differences in surface fluxes, and hence

PBL temperature, influence the low-level winds. To illustrate

this, divergence calculated using the difference wind fields

is shown in Figure 6e,f. For clarity a few significant features

are labelled A–I. In the NCUM/ERA-Interim difference wind

field, on the whole there is more convergence in regions where

EF is lower in NCUM. For example, there is convergent flow

around A, to the northwest (B) and southwest (C) of this patch

and further south (D). There is also divergent flow around E

where NCUM is cooler and wetter. In the ERA5/ERA-Interim

difference wind field, divergent flow is present around F and

G where ERA5 is cooler and wetter, while the difference

wind field converges around H and I where ERA5 is warmer

and drier. Overall, in regions where there is clear correlation

between differences in EF and PBL temperature, the low-level

winds are also affected.

As mentioned above, the inter-model difference in surface

fluxes also influences the monsoon trough. Figure 6g reveals

that mean-sea-level pressure (mslp) in NCUM is ∼2 hPa

lower than ERA-Interim when averaged across the whole

domain. To investigate the origins of this bias, we examine a

2-day time series of mslp from the start of the NCUM simu-

lation over the northwestern quadrant (shown in Figure 5c),

where the lowest pressures are found in all three models.

Figure 7a shows that, after 1 h, NCUM has a low-pressure

bias of 0.7 hPa which increases to 1.7 hPa by sunset on

29 June. This bias decreases slightly overnight, then grows

rapidly after sunrise on 30 June, reaching 3.4 hPa at sunset.

The timing of these changes is consistent with the evolu-

tion of inter-model differences in simulated temperature (not

shown) and sensible-heat flux (shown for NCUM and ERA5
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F I G U R E 6 Model comparison between: (a,c,e,g) NCUM and ERA-Interim; (b,d,f,h) ERA5 and ERA-Interim. (a,b) Difference in potential

temperature, Δ𝜃 (K). (c,d) Difference in evaporative fraction, ΔEF. (e,f) Difference in divergence (s−1). (g,h) Difference in mean-sea-level pressure,

Δmslp (hPa). In (a–f), differences in the wind field are shown by the arrows (m/s). Labels A–I identify features discussed in the text

in Figure 7b). Peak sensible-heat flux in NCUM has increased

by 34 W m−2 from 29 June to 30 June, whilst it is simi-

lar in ERA5 between the two days. Overall, this implies that

higher sensible-heat fluxes in NCUM are inducing a signif-

icant (∼3.5 hPa) inter-model difference in surface pressure

after just 38 h.

In summary, for this case-study we show that

model-dependent soil moisture initialisation affects simu-

lated PBL temperature, mslp and wind fields through soil

moisture–atmosphere coupling. We find evidence indicating

that inter-model surface flux differences are large enough to

impact the monsoon trough structure and intensity. At finer

spatial scales, we find that wet/dry patches generate local

divergent/convergent flows in some locations.

4 IMPACT OF SOIL MOISTURE
GRADIENTS ON CONVECTION

Having analysed soil moisture impacts on PBL

thermodynamics, we now consider the evolution of con-

vective cloud in the region of the flight from satellite

observations. Figure 8 displays MODIS true colour satellite
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F I G U R E 7 Two-day time series of modelled variables averaged

over 27–33◦N, 70–76◦E. (a) Mean-sea-level pressure, mslp (hPa). (b)

Sensible-heat flux, H (W m−2). Solid (dashed) lines denote NCUM

(ERA5). Circles in (a) represent ERA-Interim

imagery from the Terra and Aqua overpasses on 30 June

2016. These provide snapshots of cloud cover approximately

half an hour before (Terra) and 1 h after (Aqua) the flight.

At the time of the Terra overpass (0500 UTC/1030 hr)

there is extensive shallow cumulus cloud cover over drier

areas and there are predominately cloud-free skies over wet-

ter areas (Figure 8a). Cloudy areas along the flight track,

as detected by radiometers on the aircraft, are also corre-

lated with higher surface and PBL temperatures (not shown).

The shallow clouds are not exclusive to higher elevations

(Figure 8b), suggesting that topography is not the dominant

forcing of the cloud field. Suppression of shallow cloud for-

mation appears to persist for the wettest patches, at least until

the time of the Aqua overpass (0800 UTC/1330 hr, Figure 8c).

By the early afternoon, deep clouds have formed in several

locations in the region of the flight (Figure 9a). Half-hourly

M7 data were used to monitor the development of convec-

tive storms that initiated close to the flight path. The locations

where cloud-top temperatures first dropped below −30 ◦C for

17 cold cloud areas are marked with symbols in Figure 9b,c.

The seven locations marked by a triangle either follow a

steep ridge or coincide with the cool air flow from the Ara-

bian Sea intersecting topography (Figure 9a). This suggests a

strong influence of orography on triggering deep convection

in these cases. The link between topographical features and

the remaining initiations is less obvious (Figure 9a,b). The

eight locations marked by a star form a band of convective ini-

tiations broadly parallel to, and on the dry side of, a wet–dry

boundary (Figure 9c). This band is in the region of the conflu-

ence captured by the aircraft wind observations and depicted

in the models in the surrounding area (Figure 9a and 5b,e,h).

The remaining locations, marked by a circle, lie broadly in the

shear zone where, we assume, the cool flow from the Arabian

Sea meets the hot air mass over Pakistan. There are no aircraft

F I G U R E 8 MODIS true colour satellite imagery from the (a,b)

Terra (0500 UTC/1030 hr) and (c) Aqua (0800 UTC/1330 hr)

overpasses in the region of the flight. (a) Polarization Ratio contour

0.96 (red solid line with hatching) outlines drier surfaces. (b) Surface

elevation contours, h (m). (c) Polarization Ratio contour 0.93 (blue

solid line with hatching) outlines wetter surfaces. The low-level

transect of INCOMPASS flight B968 on 30 June 2016 and the location

of Jaipur (J) are included in (c) for reference. “W” and “D” labels

indicate wetter and drier areas respectively

observations in this area to confirm exactly where the two

air masses meet; however, these storms initiated over locally

drier soils (Figure 9c).

In summary, on this day we observe mid-morning shal-

low cloud suppression over wetter soils. Deep convective

storms developed in the early afternoon along a steep ridge,

in locations where background air flow intersects topogra-

phy and on the dry side of wet–dry boundaries in areas of

large-scale confluence. The latter cases suggest a role for

mesoscale soil moisture structures in organizing the initiation

of deep convection, although strong conclusions cannot be

drawn from a single case-study.

5 DISCUSSION

This work presents a case-study of land–atmosphere interac-

tions in northern India. Flight B968 on 30 June 2016 from

the INCOMPASS field campaign sampled PBL variability

on a range of spatial scales that we attribute to soil moisture

availability at the surface. Aircraft observations and satellite

data presented here clearly demonstrate the changes in ther-

modynamic properties of the PBL induced by recently wetted

surfaces and irrigation. The PBL was observed to be up

to 5 and 2.5 K warmer, 4 and 2 g/kg drier in the central
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F I G U R E 9 Convective cloud in the region of the flight. (a)

Surface elevation, h (m) (background shading), cloud-top brightness

temperatures (TB <−30 ◦C) measured by Meteosat-7 at 0930 UTC

(1500 hr) highlighting deep clouds (outlined in white) and wind vectors

(m/s) plotted from ERA-Interim indicating large-scale flow. (b)

Standard deviation in topography over a 5×5 pixel box, 𝜎h (m)

(background shading). (c) Polarization ratio (PR) in the region of the

flight derived from GPM polarized brightness temperatures at 10.7 GHz

(background shading). The low-level transect of INCOMPASS flight

B968 on 30 June 2016 (solid black line) is included in (c) for reference.

Star, triangle and circle markers (discussed in the text) in (b,c) denote

the locations where the cloud-top brightness temperatures first drop

below −30 ◦C for 17 cold cloud areas that initiated near the flight path

section, compared to the rain-fed western and irrigated east-

ern sections respectively. These are the first such in situ
observations of PBL responses to irrigation and antecedent

rain over India. The response to antecedent rain is larger than

observed in previous studies in the West African monsoon

region (Taylor et al., 2007; Dixon et al., 2013). Specifically,

the amplitude of temperature variation observed here was up

to 2 K stronger than reported in Taylor et al. (2007). The

response to irrigation is comparable to a 2–3 K difference in

PBL temperature reported by Mahrt et al. (1994) over irri-

gation in California. The West African and American studies

also report evidence of mesoscale circulations driven by soil

moisture heterogeneity. Consistent with this, we find obser-

vational evidence of divergent (convergent) wind flow above

wetter (drier) surfaces. For India there is likely to be addi-

tional complexity which has not been captured by the aircraft

observations analysed in the current work. Analysis of other

flights in the INCOMPASS campaign may provide additional

information on these interactions.

We observe an apparent impact of irrigation on the atmo-

sphere which is comparable to antecedent rain. This is an

important result as irrigation across northern India is exten-

sive (FAO, 2014). We would expect irrigation-induced day-

time gradients in the PBL to persist from day to day, and

indeed there is evidence for this from preliminary analysis

of other INCOMPASS flights (not shown). By contrast, soil

moisture patterns created by antecedent rainfall are transient.

The impact of irrigation on temperature and wind patterns

implies that historical changes in irrigation are likely to have

influenced mesoscale processes within the Indian summer

monsoon and, perhaps more importantly, future changes are

likely to do the same. Indeed, the size of irrigated area is set

to increase, at least in the short term (Dhawan, 2017). The

impact of irrigation needs to be taken into account when mod-

elling and forecasting the Indian summer monsoon. Similar

conclusions have been drawn from modelling studies (e.g.

Douglas et al., 2009). Without detailed information on the

spatial distribution and type of irrigation, weather forecast

models may not be able to predict key PBL processes, includ-

ing the development of convective cloud (e.g. Lawston et al.,
2015). Climate models will additionally require information

on the temporal variation of irrigation usage in order to repro-

duce historical trends and predict future changes in the Indian

summer monsoon.

It is interesting to compare our spatial observations of

PBL temperature and humidity over wet and dry regions

in northern India to an analysis of temporal variations in

atmospheric conditions during active and break spells of the

monsoon in southeast India by Monhan and Rao (2012).

Based on radiosonde data obtained during the 2006–2009

monsoon seasons, they estimate a difference in mean tem-

perature and humidity between wet and dry spells of 1–2 K

and 0.5–2 g/kg in the lower troposphere. Such intraseasonal

land–atmosphere feedbacks are consistent with new observa-

tions from the Indian surface flux network set up as part of

INCOMPASS (Bhat et al., 2019). These confirm the existence

of substantial intraseasonal fluctuations in evaporative frac-

tion at drier sites. In the current work, the difference in mean

PBL temperature and humidity over wet (eastern and western)

and dry (central) sections was found to be 3 K and 1.3 g/kg.

It would be worthwhile to investigate further by analysing

more observations, in particular existing radiosonde data from

northern India, and hence study the role of the land surface in

influencing PBL fluctuations on intraseasonal time-scales.

We have analysed outputs from three models, each provid-

ing a different depiction of 30 June 2016. All models capture

the moist irrigated region to the east of the flight track to some

degree. Irrigation is not explicitly considered in the models,

although the impact of increased soil moisture may be cap-

tured implicitly through assimilation of screen-level variables

(e.g. ECMWF, 2007) to nudge soil moisture at initialisation.

The western extent of the irrigated region differs between the
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models, presumably due to differences in soil moisture initial-

isation, and we find ERA-Interim to be in best agreement with

satellite observations. In fact, the top-level soil moisture in

this model is highest over the irrigated region, consistent with

recent work by Tuinenburg and de Vries (2017) that high-

lighted a relationship between irrigation and soil moisture

increments in the ERA-Interim data assimilation system.

The detailed structure of the monsoon trough in each

model is significantly modified by the land surface, and none

of the models have accurately reproduced the observations.

Evidence presented here indicates that surface flux uncertain-

ties in the 38-hour forecast lead to a significant bias of 3.4 hPa

(relative to the reanalysis) in the monsoon trough. Such biases

will impact large-scale shear and confluence associated with

the monsoon trough in the models and have implications for

the modelling of the larger-scale circulation and rainfall pre-

diction. It would be informative to perform soil moisture

sensitivity tests to see whether different soil moisture ini-

tialisations change the large-scale temperature and pressure

structure for this well-observed day. For NCUM it would also

be important to look at systematic biases in forecasts of the

monsoon trough, to discern whether this particular case is (a)

typical, and (b) associated with too much surface insolation

and/or too dry a surface at initialisation.

The observed organisation of deep convection by soil

moisture in this work is consistent with the findings of pre-

vious work. Modelling studies (e.g. Osuri et al., 2017) have

demonstrated that land surface features can interact with

synoptic-scale circulations and hence play a significant role

in mesoscale convection. Eight of the cold cloud areas tracked

in this work were found to initiate on the dry side of a

wet–dry soil moisture boundary that coincided with an area of

large-scale shear and confluence associated with the monsoon

trough. This apparent preference of convective storms to ini-

tiate over locally drier soils has been reported previously for

the Sahel (Taylor et al., 2011). It is our intention to perform a

similar statistical analysis to Taylor et al. (2011) for northern

India to determine the impact of soil moisture on convective

initiation in the region.

On the topic of shallow clouds, suppression of cloud for-

mation over wetter regions has been observed previously,

for example over irrigation in China (Sato et al., 2007;

Kawase et al., 2008), with contrary findings in Saudi Arabia

(Garcia-Carreras et al., 2017). Modelling studies (e.g. Ek and

Holtslag, 2004; Haiden, 2007; Huang and Margulis, 2011;

Chlond et al., 2014; Bhowmick and Parker, 2018) suggest that

the influence of soil moisture on shallow cloud development

depends heavily on thermal stability conditions and verti-

cally integrated atmospheric moisture content. Unfortunately,

we do not have the necessary vertical information to assess

the atmospheric stability conditions on the day of the flight.

However, our observations are consistent with a negative soil

moisture–cloud cover feedback, whereby cloud formation is

enhanced over dry soils with high sensible-heat flux due to

increased heating and PBL growth (Pielke, 2001; Findell and

Eltahir, 2003; Ek and Holtslag, 2004).

Our results have indicated that soil moisture gradients

may play a significant role in the development of deep

convection during the early phases of the Indian sum-

mer monsoon, by influencing both large-scale shear and

the location of convective initiation along lines of conflu-

ence. Characterizing this feedback could be an important

step towards improving the forecasting of monsoon rain by,

for example, informing development of new parametrization

schemes.

6 CONCLUSIONS

1 The airborne observations show clear evidence of land

surface control on the atmosphere, on scales from 20 to

200 km. The amplitude of PBL temperature fluctuations

in response to the land surface is larger than the observed

responses in the Sahel and is caused both by antecedent

rainfall and irrigation.

2 Patterns of shallow cloud correspond well to regions of

low soil moisture, indicating an important role of land sur-

face state in the development of shallow convection. Deep

convection developed either in association with topogra-

phy or on the dry side of soil moisture gradients.

3 The tested models agree on large-scale patterns of shear

and confluence crossing the flight track and extending

along the monsoon trough. These patterns are consistent

with the larger-scale forcing for the regional circulation.

4 The models all show a strong thermodynamic response

to the land surface which significantly modifies the ther-

mal and pressure structure of the shear zone. The differ-

ing land-surface state between the models accounts for

inter-model differences in the structure of the atmospheric

features.

5 The differences between the thermodynamics and winds

in the models are significant, and all differ from the obser-

vations. This will feed back on subsequent rainfall which

will cause errors to persist and amplify.
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