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Abstract
The successful planning and execution of a major field campaign relies on the

availability and reliability of weather forecasts on a range of time-scales. Here, we

describe the wide range of forecast products generated in support of a field campaign

that took place in India in 2016 as part of the Interaction of Convective Organization

with Monsoon Precipitation, Atmosphere, Surface and Sea (INCOMPASS) project.

We show examples of the suite of plots generated every day from the forecasts and

supplied to the mission scientists, and describe how these were used to plan the

flights. We highlight the benefits of having access to forecasts from a range of model

resolutions and configurations; these allowed judgements to be made about uncer-

tainty, particularly in the amount and location of deep convective rainfall, which

is an important consideration for flight planning. Finally, we discuss the legacy of

the forecasting activity, which has not only advanced our understanding of mon-

soon forecasting but also created a large database of targeted model forecast products

for the whole of the 2016 monsoon season. These can be used by researchers for

comparisons with in situ observations as well as future modelling studies.

K E Y W O R D S
field campaign, forecast, INCOMPASS, India, monsoon

1 INTRODUCTION

A major field campaign took place in India in 2016 as part

of the Interaction of Convective Organization with Monsoon

Precipitation, Atmosphere, Surface and Sea (INCOMPASS)

project, the ultimate goal of which was better understand-

ing and prediction of monsoon rainfall. A comprehensive

set of measurements was taken over a period of one month,

including airborne measurements using the UK Facility for

Airborne Atmospheric Measurement (FAAM) Atmospheric

Research Aircraft (ARA), ground-based observations from a

network of eddy-covariance towers, and upper-air measure-

ment from radiosondes. A comprehensive overview of the

field campaign is given in Turner et al. (2019).

Several successful observational campaigns involving air-

craft and ground-based measurements have been carried

out over India during the past few decades (e.g., Bhat and

Narasimha, 2007; Kulkarni et al., 2012). The successful plan-

ning and execution of a major field campaign relies on the

availability and reliability of weather forecasts on a range

of time-scales. Since flight plans must be filed some days

in advance, researchers require timely access to forecast
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products that will allow them to work out the details of the

routes and manoeuvres needed to sample the atmospheric

conditions adequately.

In support of this field campaign, and particularly to assist

flight planning, a range of forecast tools were employed.

These were largely based on the Met Office Unified Model

(MetUM) as used operationally at the Met Office and

at India’s National Center for Medium Range Weather

Forecasting (NCMRWF). Forecast configurations ranged

from global operational forecasts at 17-km resolution to

convection-permitting configurations at 4.4- and 1.5-km res-

olution (run over a limited area 5◦N–35◦N, 50◦E–100◦E)

nested within the global operational configuration. Forecast

outputs in the form of a set of standard plots covering a range

of key meteorological variables were examined on a daily

basis in the run-up to the campaign, during the flying period,

and subsequently for several weeks thereafter. Prior to the

campaign, seasonal forecasts were examined in order to pro-

vide guidance as to the likely timing of monsoon onset and

the pre- and postonset conditions that might be experienced

during the northern and southern phases of the campaign.

In this article, we describe various aspects of the fore-

casting activity in order to illustrate how the use of multiple

forecast products, and a day-to-day focus on the developing

monsoon conditions, assisted the flight planning and sub-

sequent understanding of the monsoon weather encountered

during the campaign. During May and June of the previous

year (2015), a “dry run” of the flight planning was carried out,

providing the INCOMPASS team with some familiarity with

the forecasting tools and allowing an optimum set of model

outputs to be designed. This activity, and the characteristics of

monsoon onset observed during that period, are described in

Willetts et al. (2017a). However, to our knowledge, real-time

forecasting activity in support of an active field campaign has

not been documented previously in the scientific literature.

The article is arranged as follows: in sections 2 and 3 we

describe the model configurations employed and the method-

ology used; section 4 describes the use of seasonal forecasting

ahead of the campaign to anticipate the conditions that would

be encountered. In section 5 we illustrate how the forecasts

were used in support of flight planning, using three case stud-

ies, while in section 6 we summarize the overall benefits of

the forecasting activity to the campaign. Finally, in section 7

we discuss the legacy of this activity, which includes a dataset

that will be used to provide further insight that will ultimately

contribute to the goal of improving monsoon forecasting on a

range of time-scales.

2 MODEL CONFIGURATIONS

Table 1 shows the range of model configurations used for

flight planning during the INCOMPASS field campaign. The

main forecasting tool for this campaign was the Met Office

Unified Model (MetUM). The operational weather forecast-

ing model version in use in 2016 was the GA6.1/GL6.1

science configuration (Walters et al., 2017), operating at a

horizontal resolution of N768 (17km) with 70 vertical lev-

els and a model lid at 80 km. The Global Atmosphere (GA)

version 6.1 science configuration includes the ENDGame

semi-implicit, semi-Lagrangian dynamical core (Wood et al.,
2014), a prognostic cloud and condensate scheme (PC2: Wil-

son et al., 2008), a subgrid orographic gravity-wave drag rep-

resentation with flow blocking (Vosper, 2015), parametrized

deep convection using a bulk mass-flux scheme developed by

Gregory and Rowntree (1990) with the inclusion of down-

draughts (Gregory and Allen, 1991), convective momentum

transport (Stratton et al., 2009) and a convective available

potential energy closure scheme (Fritsch and Chappell, 1980),

a shallow convection scheme (Grant and Brown, 1999; Grant,

2001), and a non-local boundary-layer scheme (Lock et al.,
2000) with modifications described in Lock (2001) and

Brown et al. (2008). Global Land (GL) version 6.1 defines the

global land science configuration, which uses the Joint UK

Land Environment Simulator (JULES) community land sur-

face model (Best et al., 2011; Clark et al., 2011). Prakash et al.
(2016) showed good skill for five-day forecasts of the 2014

Indian monsoon season with this MetUM configuration.

In order to provide more local detail in the forecasts for the

campaign, a bespoke limited-area model (LAM) was devel-

oped covering a domain of 5◦N–35◦N, 50◦E–100◦E. The

LAM operated at a resolution of 4.4 km in the horizontal

and also used finer vertical resolution through the tropo-

sphere, with 80 vertical levels below the 38.5-km model

lid. The LAM was initialized using the interpolated global

model analysis flow fields and forced at the lateral bound-

aries from large-scale conditions generated every hour by the

global model. The differences in the science configuration of

the 4.4 km LAM relative to the global model are as follows.

First and foremost, this LAM represented convection explic-

itly, that is, the convection parametrization was completely

switched off. Second, this LAM employs a diagnostic (rather

than a prognostic) subgrid cloud scheme (Smith, 1990), which

diagnoses the liquid cloud fraction and condensed water when

the grid-box mean relative humidity exceeds a critical value

(RHcrit) that is 96% in the lowest model level, decreases grad-

ually over 15 model levels to 80% by 1 km above the surface,

and is constant throughout the profile thereafter. Third, sub-

grid turbulence is represented by a “blended” boundary-layer

parametrization (Boutle et al., 2014) in which, depending on

the diagnosed boundary-layer depth, the subgrid mixing is a

proportion of that predicted by the 1D global scheme com-

bined with a proportion of that predicted by the Smagorinsky

3D turbulence scheme (Smagorinsky, 1963). Finally, one rela-

tively new feature included in this LAM configuration was the

use of a moisture conservation scheme (Aranami et al., 2015),

with the moisture within the LAM domain being conserved
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appropriately by ensuring that the mass flux through the lat-

eral boundaries was accounted for in the budget calculation.

The impact of this scheme was most evident for localized con-

vection, with a reduction in excessive rainfall amounts when

the scheme was included. A more comprehensive description

of the 4.4-km LAM configuration used here, and its benefits

to the simulation of tropical rainfall, can be found in Stratton

et al. (2018) and Woodhams et al. (2018).

In addition, two further models were run for research pur-

poses. The first of these, termed “GA6+memory”, used the

same resolution as the global model and was nested in the

global operational configuration. The physics configuration

was the same as in the operational global model, except for

the use of an experimental convection parametrization that

included a representation of convective “memory” through

the use of a prognostic-based entrainment rate (Willett and

Whitall, 2017). This is intended to improve the spatial and

temporal organization of convection by allowing locations

that have experienced high levels of recent convective activ-

ity to be populated by relatively large convective clouds with

low entrainment rates, and locations that have experienced

low levels of recent activity to be populated by relatively

small convective clouds (if any) with high entrainment rates.

Willett and Whitall (2017) showed that the scheme is able to

improve some aspects of tropical variability, particularly the

diurnal cycle and precipitation intensity, whilst maintaining,

or in some cases improving, the mean climate and forecast

performance.

The second research model was an exact copy of the

operational global forecast model, but with the addition of

a simplified version of the Coupled Large-scale Aerosol

Scheme for Simulations in Climate Models (CLASSIC)

aerosol scheme. CLASSIC is the “bulk” (mass-based) aerosol

scheme used in Hadley Centre Global Environment Model

version 2 (HadGEM2), including Hadley Centre contribu-

tions to the fifth Coupled Model Intercomparison Project

(CMIP5: Bellouin et al., 2011). CLASSIC includes a range

of aerosol species (sulphate, soot, organic carbon from fossil

fuel and biofuel, biomass-burning aerosol, sea salt, and min-

eral dust) as separate externally mixed species with specified

physical and optical properties. The soot species takes emis-

sions from fossil-fuel and biofuel emissions of black carbon

(BC). A full description of the scheme is available in the

appendix of Bellouin et al. (2011), and more detail on the

simplified version is given in Appendix.

The campaign also made use of global and regional

model forecasts from NCMRWF. The NCMRWF global

model uses the GA6.1/GL6.1 configuration, following the

MetUM operational model. Further details of the implemen-

tation and data assimilation of the NCMRWF global Unified

Model (NCUM) are given in Rakhi et al. (2016) and George

et al. (2016b), respectively. Regional model configurations

of NCUM are based on the tropical version of the MetUM

with 4.0- and 1.5-km horizontal grid length resolution over

the Indian domain. Lateral boundaries are supplied from

the operational NCMRWF global model at 3-hr intervals

and are initialized from the same driver model. The models

use 80 vertical levels with a top at 38.5 km and 14 model

levels below 1 km, where the planetary boundary layer is

resolved efficiently. The model time step is 60 s and forecasts

are run for a lead time of 75 hr. In a similar manner to the

Met Office 4.4-km LAM, the convection in the NCMRWF

regional models is explicit, that is, the subgrid-scale deep and

midlevel convection is not parametrized. The subgrid turbu-

lence scheme used here is the blended scheme using a mixing

factor of 0.5. The model employs 30-m resolution Indian

Space Research Organisation (ISRO) land-use land cover

(LuLc) over the Indian region, along with NASA Shuttle

Radar Topographic Mission (SRTM) 90-m digital elevation

map orography. ISRO LuLc gives recent and updated infor-

mation about the vegetative and nonvegetative model tiles for

the India region. Further details of NCMRWF 1.5-km and

NCMRWF 4-km configurations, and the benefits they pro-

vide for rainfall prediction over India, are given in Jayakumar

et al. (2017) and Mamgain et al. (2018), respectively.

The skill of the global and regional forecasts made using

the MetUM models during the 2016 monsoon season will be

documented in a future paper (Ashis Mitra, personal commu-

nication 30th April 2019). In the medium range, the model

has a tendency to establish a ridge pattern over northwest

India and a deeper trough in the northern portion of the mon-

soon trough, seen in the 850-hPa winds. The ridge pattern at

850 hPa is associated with an anticyclonic systematic error

over northwest India that has been documented in previous

studies using the MetUM (e.g., Johnson et al., 2016; Levine

and Martin, 2018; Keane et al., 2019) and is also found in

other models (e.g., George et al., 2016a; Srivastava et al.,
2017). Although there is enough moisture available over the

Indian region, the ridge pattern does not favour convection

and, as a result, a dry bias is seen over northwest India and Bay

of Bengal regions. Conversely, the stronger monsoon trough

creates a positive rainfall bias around the monsoon trough

regions of the northern plains.

Seasonal forecasts were made by the operational global

seasonal forecasting system GloSea5 (MacLachlan et al.,
2015). In the operational system that was in place during

2016, two seasonal forecast ensemble members were initial-

ized every day and integrated for 210 days. Three weeks of

ensemble members (a total of 42 members) are combined to

create the seasonal forecast. These are bias corrected using

a 14-year (1996–2009), three-member hindcast set initialized

on the 1, 9, 17, and 25 of each month. A total of 12 ensem-

ble members from the four nearest weeks of hindcasts are

weighted, combined, and then used to bias-correct the fore-

casts. Johnson et al. (2017) demonstrated that GloSea5 has

similar skill in predicting the Indian summer monsoon to
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other state-of-the-art seasonal forecast systems, with higher

skill for the large-scale monsoon circulation than for Indian

monsoon rainfall.

3 METHODOLOGY

At the Met Office, forecasts were run using the standard oper-

ational global analysis-forecast cycle, in which analyses are

produced (using a Hybrid Ensemble 4D-Var data assimilation

(DA) system described in Rawlins et al., 2007; Clayton et al.,
2013) at 0000, 0600, 1200 and 1800 UTC. Seven-day (168-hr)

forecasts are run twice a day from the 0000 and 1200 UTC

analyses, while three-day (72-hr) forecasts are run from the

0600 UTC and 1800 UTC analyses. Regional configurations

at the Met Office were initialized four times a day and run out

to T+60. At NCMRWF, global model forecasts are initialized

once per day at 0000 UTC and run for 10 days, while the 4-

and 1.5-km regional models were initialized once per day at

0000 UTC and run for three days.

The aerosol model was run from the operational global

model’s initial conditions, with the non-dust aerosol concen-

trations initialized from zero for the first run, and then from

the previous 6-hr forecast, making the non-dust aerosols a

free-running/unconstrained component within the data assim-

ilation cycle. Although the new non-dust aerosols were avail-

able, the calculation of their radiative impact used the same

aerosol climatology as the operational model, firstly because

the radiative impact of an experimental aerosol forecast could

have been severely detrimental to the quality of the forecast,

and secondly to maintain consistency between the aerosol

fields and the atmospheric circulation, which was updated

using the operational forecast start conditions. The aerosol

global model was operated, in research mode, from March

2016 until September 2017. It should be noted that, as a

research model without access to operational-level comput-

ing resources, the aerosol forecasts would complete and be

available for use 6–12 hr later than the operational forecasts.

Forecast imagery was produced from each of the Met

Office forecasts, in the form of regional maps from a wide

range of meteorological fields, for example, winds, temper-

ature, humidity, cloud properties, precipitation, and aerosol

concentrations, as well as cross-sections through a set of

prespecified transects (Figure 1). The forecast imagery was

produced using the Iris library (MetOffice, 2013), and the

ImageMetaTag library (Brooks, 2015) was used to organize

and present the images into a user-friendly web display sys-

tem for the mission scientists, who examined them prior to

holding a daily briefing with the air crew and the instru-

ment operators and (by teleconference) with forecasters and

researchers from the wider INCOMPASS team (see Turner

et al., 2019). Overall, the forecasts were found to be quite con-

sistent between the different model configurations, and the

F I G U R E 1 Map of India showing the locations of cross-sections

plotted regularly from forecasts for use in the flight campaign

range of outcomes provided a subjective measure of the uncer-

tainty that was useful for flight planning. The kilometre-scale

models provided additional local detail that was particularly

useful in planning for the monsoon depression flight. These

models are also known to represent the timing of the diurnal

cycle of rainfall better than lower resolution models (e.g.,

Willetts et al., 2017b; Mamgain et al., 2018; Stratton et al.,
2018) and were therefore particularly useful for planning

the southern phase flights to sample different phases of the

diurnal cycle.

Seasonal forecasts for June made by GloSea5 were exam-

ined during the two months prior to the campaign, in order

to assist planning for the first northern phase. During the

pre-campaign period, reference was also made to the experi-

mental real-time forecasts made by the Extended Range Pre-

diction group of the Indian Institute of Tropical Meteorology

(IITM) using their Ensemble Prediction system (ERPAS)1

based on the Climate Forecast System Model Version 2

(CFSv2). In addition, the monsoon observations, forecasts,

and press releases issued by the India Meteorological Depart-

ment2 were monitored.

Since a major aim was to sample both preonset and pos-

tonset conditions over northern India, forecasts of monsoon

onset (as indicated by thermodynamic and dynamic precur-

sors) from the NCUM 10-day forecasts were also examined.

Daily variations of the 850-hPa kinetic energy (KE: Pearce

and Mohanthy, 1984; Ramesh et al., 1996), total precipitable

water content (TPWC: Ramesh Kumar et al., 2009), and

tropospheric (1,000 hPa–100 hPa) temperature gradient (TT)

1https://www.tropmet.res.in/erpas/
2http://www.imd.gov.in/pages/monsoon_main.php

https://www.tropmet.res.in/erpas/
http://www.imd.gov.in/pages/monsoon_main.php
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F I G U R E 2 Forecast rainfall anomalies (mm/day) from GloSea5 seasonal forecasts initialized on (a) April 4, 11, and 18, and (b) April 25, and

May 1 and 9

index described by Xavier et al. (2007) are monitored rou-

tinely at NCMRWF from the first week of May. Onset is

determined when daily values of 850-hPa KE over the Ara-

bian Sea region 0◦N–19.5◦N, 55.5◦E–75◦E robustly exceed

60 m2/s2. The KE over the Arabian Sea helps transport the

moisture required for precipitation over peninsular India dur-

ing onset. Thus, total moisture content over peninsular India

(0◦N–15◦N, 70◦E–95◦E) prior to the onset over Kerala is also

a good parameter to monitor the progress of the monsoon over

India. Ramesh Kumar et al. (2009) showed that the TPWC

builds up gradually over the two months prior to monsoon

onset, exceeding values of around 52 mm after the begin-

ning of May. This is considered as a necessary condition for

monsoon onset in the subjective assessment made by NCM-

RWF. The TT index measures the difference in vertical mean

temperature between 700 and 300 hPa averaged between a

northern box (10◦N–35◦N, 30◦E–110◦E) and a southern box

(15◦N–10◦N, 30◦E–110◦E). With the commencement of the

Indian summer monsoon, the centre of heat release associ-

ated with deep convection moves from the tropical Indian

Ocean to the subtropics. The day when the TT index changes

from negative to positive is generally close to the onset day of

the monsoon. NCMRWF also monitors the dynamical mon-

soon onset using the criteria defined by Wang et al. (2009).

Onset is determined to occur when the daily mean zonal wind

at 850 hPa averaged over the region 5◦N–15◦N, 40◦E–80◦E

exceeds 6.2 m∕s, with the proviso that westerly wind averaged

over this region in the ensuing 6 days also exceeds 6.2 m∕s.

Although the thresholds chosen for these onset indicators are

largely based around their values on June 1 (which is the cli-

matological onset date for monsoon rainfall at Kerala), the

thermodynamic and dynamical indicators of onset monitored

by NCMRWF measure slightly different aspects of the onset,

on a range of spatial scales. Therefore, they would not all be

expected to indicate exactly the same onset date. Instead, they

are considered together in a subjective assessment before a

forecast of early or late onset is issued.

4 SEASONAL OUTLOOK AND
ONSET

The Met Office Global Seasonal Forecasting System version

5 (GloSea5) is a coupled initialized global operational sea-

sonal forecasting system (MacLachlan et al., 2015). Previous

studies have shown that GloSea5 provides skilful predictions

of the large-scale monsoon circulation and modest skill for

predicting monsoon rainfall (Johnson et al., 2017; Jain et al.,
2018). A recent study (Chevuturi et al., 2018) demonstrated

further that, while predictions of the exact date of monsoon

onset over India remain elusive, GloSea5 has skill in predict-

ing category-wise monsoon onset, using early, normal, or late

tercile categories.

Forecasts from GloSea5 initialized on three start dates in

early April indicated that June rainfall totals over India were

likely to be slightly above normal (Figure 2a). This was in

response to cooling sea-surface temperatures in the eastern

Pacific during the spring as the previous winter’s El Niño

decayed (see Rao et al., 2017). However, the development of

a convectively active phase of the Madden–Julian Oscillation

(MJO) over the Indian Ocean during May was associated with

the development of a monsoon depression over the southwest

Bay of Bengal that resulted in the advance of the monsoon

into parts of the southern Bay of Bengal, Nicobar Islands,

and adjoining Andaman Sea two days ahead of its normal

date (Rao et al., 2017). While this deep depression, which

developed into a cyclonic storm, provided heavy rainfall over

the east coast of the Indian peninsula from mid-May, the

cross-equatorial flow remained weak and largely zonal, pre-

venting moisture transport into the Arabian Sea. Forecasts

from GloSea5 initialized on three start dates in late April/early

May (Figure 2b) were influenced by the developing MJO con-

ditions and predicted a delayed onset and a rather drier than

normal June. These contrasting forecasts illustrate that such

subseasonal variability is often unpredictable on seasonal
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F I G U R E 3 Monsoon onset indicators as forecast by the NCUM between May 27 and June 10. Five-day (purple) and 10-day (red) forecasts,

valid on the days indicated, are shown, along with the equivalents from the model analyses (blue line with dots). (a) Dynamical index defined by

Wang et al. (2009); (b) KE indicator defined by Pearce and Mohanthy (1984); (c) TPWC indicator defined by Ramesh Kumar et al. (2009); (d) TT

index defined by Xavier et al. (2007)

time-scales, so that the developing MJO, and its influence on

the monsoon onset, was not represented in the forecasts ini-

tialized at the start of April. Rao et al. (2017) showed that,

during June 2016, rainfall activity over India as a whole was

below normal, with only a few areas of the southern peninsula

receiving excess rainfall.

On May 15, 2016, the India Meteorological Department

issued a Press Release stating their statistical model predic-

tion that the onset at Kerala would be delayed until June 7,3

around one week later than its usual date of June 1. The

ERPAS forecast issued by IITM on May 16, 2016 suggested

that, while a synoptic-scale vortex was likely to form over the

Arabian Sea and travel northwards along the west coast during

the last week of May, generating rainfall along the west coast,

rainfall over the southern parts of peninsular India was likely

to be below normal during the first week of June. Although

there was some variation between the forecast onset dates

from the various monsoon onset indicators by the NCUM

(Figure 3), overall the forecasts with 5-day lead time (and

3https://www.tropmet.res.in/~kolli/MOL/Monsoon/year2016/for_MOK.pdf

even those with 10-day lead time) also suggested that onset

at Kerala would be delayed by around one week. The fore-

casts were accurate; onset at Kerala occurred on June 7 (one

week later than climatology). This was favourable for the field

campaign, which, although due to begin in late May, was

delayed through bureaucracy until June 11. Subsequently, a

slow northward progression meant that monsoon rains did not

arrive in the northern campaign base at Lucknow until after

June 20, by which time the campaign base had moved to its

southern location.

The second northern phase of the campaign started on June

28. By this time, according to reports from the India Meteoro-

logical Department, the monsoon had progressed northwards

into the southeastern part of the region of interest, thereby

offering the opportunity to sample the Indo-Gangetic Plain

(IGP) in postonset conditions. Forecasts of the rainfall for

the second northern phase were examined daily from June 24

onwards. The timing of onset in northern India was influenced

by the passage of a monsoon depression northwards through

the Bay of Bengal during the last two weeks of June and its

subsequent landfall into central India in early July (Rao et al.,

https://www.tropmet.res.in/~kolli/MOL/Monsoon/year2016/for_MOK.pdf
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F I G U R E 4 Accumulated rainfall (mm) between June 28 and July 3, 2016 in (a) the 10-day forecast from the global NCUM initialized on

June 24, (b) observations from the merged Global Precipitation Measurement (GPM) satellite and gauge product (Mitra et al., 2009), and (c) forecast

minus observation difference

F I G U R E 5 (a)–(e) Forecast and (f) observed accumulated rainfall (mm) on June 11, 2016, from different model configurations (all regridded

to the 17-km global model grid) initialized at 1200 UTC on June 9. RMS errors compared with the observations over the red box are provided in the

panel titles

2017). This synoptic event was well forecast (see section 5.3),

and the predicted rainfall accumulation between June 28 and

July 3 from the 10-day forecast initialized on June 24 verified

well with observations (see Figure 4), with the exception of

a lack of rainfall in the head of the Bay of Bengal and over

central India. Such consistency permitted useful planning for

the transit flight between the southern and northern bases (see

Turner et al., 2019), and for the first flights of the second

northern phase to be carried out while the team was still based

in Bengaluru.

5 CASE STUDIES

5.1 Aerosols in the IGP region
The first flight of the campaign took place on June 11, 2016,

with the intention of sampling preonset conditions across the



MARTIN ET AL. 9

F I G U R E 6 Aerosol optical depth forecasts from the research aerosol model of (a) mineral dust, (b) sulphate, (c) carbonaceous, and (d) total

aerosol, for 0600 UTC on June 11, 2016, by the global model initialized at 1800 UTC on June 8

IGP. Rainfall forecasts for June 11 (Figure 5), initialized on

June 9, indicated consistently that conditions over the region

on June 11 would be mostly dry, while the aerosol forecasts

initialized on June 8 from the global configuration with the

simplified CLASSIC aerosol scheme included (the aerosol

model output was available later than that from the opera-

tional model) suggested that significant aerosol optical depths

(AOD > 0.5) would be found over a large area of the IGP

(Figure 6). The aerosol forecasts suggested this would be pri-

marily mineral dust, from a dust event occurring in Pakistan,

but it would include AOD > 0.1 for both industrial sulphate

and carbonaceous aerosols.

In addition to the maps, forecast cross-sections of total

dust concentration and wet-bulb potential temperature (𝜃w)

passing through Jodhpur, Jaipur, and Lucknow, shown in

Figure 7a,c, indicated that a layer of dust and other aerosol

was trapped beneath a layer of dry air between 3 and 8 km

altitude. Such elevated aerosol layers are common in the IGP

region during the premonsoon and have been shown to origi-

nate over the desert regions to the northwest (Das et al., 2013;

Brooks et al., 2019). Aerosol concentrations were forecast to

be greatest to the west of Lucknow, with their maxima over

the Great Indian Desert. On the basis of these forecasts, a

flight was planned northwestwards from Lucknow across the

IGP towards New Delhi and turning southwestwards towards

Jaipur in semi-arid northwest India. Stacked straight and level

runs were planned through a deep aerosol layer to examine

the impacts of aerosol on downwelling shortwave fluxes for

comparison with models, and to sample the aerosol particles

in situ. Therefore, accurate forecasting of the location, height,

and depth of the aerosol layer across the region was essential

for flight planning.

Figure 7b,d shows the model analysis cross-sections of

dust concentration and 𝜃w at 0600 UTC (11:30 local time)

on June 11. These confirm the accuracy of the forecasts on

which the flight plans were based. The observations made

during this flight, combined with those from the other flights

over northern India sampling premonsoon and postonset con-

ditions, are described in detail in Brooks et al. (2019). Their

analysis of the aerosols observed in this flight shows that the

aerosols were detected broadly as had been forecast, although

the forecast aerosol layer was overly smoothed out in the ver-

tical in the model compared with the observations. Brooks

et al. (2019) concluded that the data collected during these

flights will fill significant gaps in previous understanding of

aerosols in the IGP region, due to their temporal and spatial
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F I G U R E 7 Forecast cross-sections, between 72.5◦E and 84.5◦E, at 26.8◦N, of (a) dust concentration (g/m3) and (c) wet-bulb potential

temperature (𝜃w, ◦C) for 0600 UTC on June 11, 2016 by the global model initialized at 1200 UTC on June 9. Panels (b) and (d) show global model

analyses of dust concentration and 𝜃w at 0600 UTC on June 11

coverage, to which the availability of accurate forecasting for

flight planning clearly contributed.

5.2 Regime change over southern India
The southern phase of the field campaign took place between

June 21 and 28, 2016. The FAAM aircraft was based in

Bengaluru and flew missions to the east and to the west, sam-

pling the spatial and temporal variations over ocean and land,

including land/sea contrasts, orographic enhancement, rain

shadow, diurnal cycle, and the effects of the Boreal Summer

Intraseasonal Oscillation (BSISO). The dynamic and thermo-

dynamic structure of the monsoon during this phase of the

campaign is documented in detail by Fletcher et al. (2019)

who showed that, during this period, the rainfall regime to

the west of Bengaluru underwent a transition from offshore

to coastal rainfall between June 21–24 and June 25–28, which

was related to the passage of an active phase of the BSISO.

The diurnal cycle of both regimes was sampled by repeating

flights over the same path at different times of day.

Figure 8a shows the seven-day forecast time evolution of

rainfall across the Indian peninsula from 12◦N–14◦N during

the southern phase of the campaign, initialized at 1200 UTC

on June 20, 2016. This can be compared directly with the

observed time evolution of rainfall shown in Fletcher et al.
(2019), their fig. 5 (also included as Figure S1). The initial
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F I G U R E 8 Hovmöller of diagram 3-hr rainfall (mm/hr) averaged over 12◦N–14◦N, from (a) a seven-day forecast by the global model

initialized at 1200 UTC on June 20, 2016, and (b–d) day 1 forecasts initialized daily at 0000 UTC in the (b) global GA6, (c) GA6+memory, and (d)

4.4-km configurations. Flight paths are overlaid in red. Note the nonlinear colour bar. Solid black lines indicate the coasts; a dashed line indicates the

peak of the Western Ghats. Dotted lines indicate the initialization time of each 1-day forecast

seven-day forecast was reasonably successful in capturing the

offshore and coastal phases of the rainfall regime, although

the transition between the two occurred a little earlier in

this forecast than in reality. The passage of a monsoon

low-pressure system through the Bay of Bengal (see next

section) was also forecast successfully at three days lead time.

This evolution in the spatial rainfall pattern was associated

with the northward movement of a southeast-to-northwest

oriented band of rainfall over the Arabian Sea and Bay of Ben-

gal; this band itself was associated with the active phase of

the BSISO.

Planning for these flights involved consideration of the

location of the main areas of rainfall during daytime and

night-time. The seven-day forecast represented the diurnal

pattern in rainfall well over the Arabian Sea during the off-

shore phase (compare Figure 8a with Figure S1), with the

heaviest rainfall occurring in the morning (0000 UTC is 5:30

a.m local time) and the least rain falling in the evening. Dur-

ing the coastal phase, the forecast rainfall was maximum

at around 0900 UTC (14:30 local), somewhat earlier than

observed (and characteristic of the diurnal cycle of convection

over land in models: Stirling and Stratton, 2012).

In addition, the coastal phase was accompanied by an

intrusion of dry air from the northeast at midlevels, which

suppressed deep convection and rainfall over the Arabian Sea

and allowed moisture to accumulate at lower levels. Fore-

casting the time and height at which this dry intrusion would

be found was essential in order to ensure that this verti-

cal contrast and its development would be captured during

the flights. Figure 9a,c shows the forecast cross-sections of

wet-bulb potential temperature, initialized on June 21, 2016

at 1200 UTC and valid on June 22 (T+24) and 26 (T+120),

which were used for flight planning at the start of the south-

ern phase. These indicated the presence of a dry-air intru-

sion between 2 and 6 km altitude (800–500 hPa) encroaching

the peninsula over the period of the forecast and trapping

increasingly moist air in the boundary layer. Global model

analyses from these two days (Figure 9b,d) verified that this

regime change was forecast sufficiently well for the planned

flights to sample the thermodynamics structure with little

alteration.

On the basis of the seven-day forecast examined on June

20, six flights heading westwards from Bengaluru to sam-

ple the contrasts in rainfall across the Western Ghats were

planned, along with two flights eastward into the Bay of Ben-

gal. Flights B962 and B965 were evening flights (take-off at

11:30 UTC, 17:00 local), while B963 was at night (take-off

at 1600 UTC, 21:30 local). The other panels in Figure 8 show
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F I G U R E 9 (a,c) Global model forecasts initialized on June 21, 2016, and (b,d) analyses of wet-bulb potential temperature (𝜃w, ◦C):

cross-sections at 13◦N between 67◦E and 85◦E. Valid for (a,c) June 22 at 1200 UTC and (b,d) June 26 at 1200 UTC, as used during the field

campaign to plan the southern phase flights

day-1 forecasts initialized daily at 0000 UTC from the global

operational model and from the other model configurations.

These illustrate how the forecasts were updated through the

period, allowing more detailed planning to be carried out on

a daily basis. At shorter lead times, the forecasts captured

more of the offshore rainfall and the contrast between the two

phases, particularly in the 4.4-km configuration. This is illus-

trated in Figure 10, which shows the mean rainfall between

12◦N and 14◦N during the two phases from the various

forecasts. The timing of the diurnal cycle of the rainfall, par-

ticularly the occurrence of evening rainfall, was captured in

the daily forecasts with the 4.4-km model and in the research

configuration with convective memory (Figure 8c,d). These

configurations were therefore particularly useful for planning

the evening and night-time flights.

As discussed in Fletcher et al. (2019), these forecasts

allowed plans to be made to sample the differing conditions in

six flights to the west of Bengaluru, over more or less the same

flight path, between June 21 and 26, 2016. Since INCOM-

PASS was not permitted to drop sondes during flights, the

flight plans needed to include multiple flight-track profiles

and level runs at different heights based on the forecasts

in order to sample the atmospheric conditions adequately.

Although continual monitoring of the forecasts on a daily

basis allowed flight plans to be refined over this period, the

quality of the initial seven-day forecast was sufficient for

much of this planning to be carried out in advance. As a

result, Fletcher et al. (2019) were able to characterize the

regime change between the offshore and coastal phases dur-

ing this period using aircraft, radiosonde, and ground-based
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F I G U R E 10 Longitudinal cross-sections of 3-hr rainfall

(mm/hr) averaged over 12◦N–14◦N, from a seven-day forecast by the

global model initialized at 1200 UTC on June 20, 2016 (solid lines),

and day 1 forecasts initialized daily at 0000 UTC in the global GA6

(dashed), GA6+memory (dotted), and 4.4-km (dot–dashed)

configurations. Colours indicate the time periods of the offshore (blue:

0300 UTC on June 21 to 0300 UTC on June 24) and coastal (red:

0300 UTC on June 25 to 0300 UTC on June 28) phases as identified by

Fletcher et al. (2019). Observations from the merged GPM satellite and

gauge product (Mitra et al., 2009) for the two phases are shown in

purple (offshore) and orange (coastal)

data. They concluded that the observations would provide a

useful framework for detailed climatological studies and mod-

elling experiments, which could be used to test hypotheses

with greater rigour.

5.3 Monsoon depression
During the southern phase, it was noted that a low-pressure

system was forming in the southern Bay of Bengal. Its poten-

tial to develop into a monsoon depression was hinted at in

forecasts initialized on June 18, and Figure 11 shows that

some characteristics of the observed track were captured in

global model forecasts even at 18 days before the flight to

sample the depression took place on July 7. Several previous

studies have assessed the ability of the MetUM to simulate

monsoon depressions (MDs): Hunt and Turner (2017) showed

that, in the global operational forecast configuration, fore-

casts initialized on the same day as the MD had developed

a mean track error of 300 km seven days later, and tended to

overestimate the system intensity slightly. Levine and Mar-

tin (2018), building on work by Karmacharya et al. (2016),

showed that a regional climate model configuration produced

satisfactory monsoon low-pressure system statistics, though

their penetration into the peninsula was underestimated, and

the results were sensitive to the boundary conditions. Mam-

gain et al. (2018) inspected a depression case study with both

global and regional configurations of the NCMRWF version

of the MetUM, finding that associated forecast precipitation

had a positive, northward bias.

The forecast location of the depression and associated con-

vective activity on the planned flight day was crucial in order

to plan a flight path that would sample its main features. Initial

flight planning began a few days before the flight. Forecasts

initialized on July 5 from the different configurations (see

Figure 12) provided a reasonably consistent location for the

low mean sea-level pressure minimum of the depression at

around 83◦E, 24◦N on July 7, with the associated daily accu-

mulated rainfall maximum slightly to the west around 80◦E,

24◦N in the region of Jabalpur. This was reasonably consis-

tent with the actual analysis from July 7 (Figure 12f), although

the forecasts tended to overdeepen the depression and move

it further inland than actually occurred. However, the fore-

cast location of the system was sufficiently accurate that the

initial estimates for the flight track were not altered much

subsequently.

Due to the unprecedented nature of this flight for the

FAAM, the flight plan was developed over the course of two

days, with close attention to the forecasts. Figure 13c,d shows

the complexity of the thermodynamic structure in the 24-hr

forecast charts from the 4.4-km regional configuration that

were used during flight planning. One aim of the flight was to

capture the strong northwesterly inflow to the region of deep

organized convection (Figure 13a,b) and to measure the con-

trasting thermodynamic states of the system. The inflow was

characterized by a plume or filament of air with high wet-bulb

potential temperature advecting into the core of the depression

at 500 hPa in the forecast (Figure 13c). Forecast cross-sections

of 𝜃w and relative humidity between the central Arabian Sea

and Lucknow (Figure 14) indicated a dry layer between 4 and

6 km altitude, extending from the southwest to the edge of the

depression. Therefore, one aim was to transit out of the moist

depression core into this dry air at the southwest limit of the

upper, outward leg (see planned flight track in Figure 13c).

Another aim was to capture something of the surface fluxes

(or at least, validate the boundary-layer structure) in the high

wind zone to the southwest of the depression.

Particularly crucial to flight planning was the need to avoid

deep convection by flying just upwind of it, to the north-

west, for safety reasons and in order to sample the moist flow

feeding into the rainfall region. The convection-permitting

forecasts shown in Figure 12c–e very clearly influenced the

flight planning here, although, in the event, the convection

was quite different and the aircraft had to fly through the

main area of rainfall, making several minor changes in track to

thread a path through the most intense convective cores. How-

ever, the flight did not deviate more than a few miles from the

original planned track.

Figure 14 shows that the forecast thermodynamic struc-

ture agreed well with the analyses on July 7, with the analysed

position (and moisture content) of the moist air associated
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F I G U R E 11 Analysed (dots) and forecast (lines) locations of the monsoon depression, identified using the method of Hunt et al. (2016) and

Hunt et al. (2018), in seven-day global model forecasts initialized at 0000 UTC and 1200 UTC. The thick grey line denotes the path of flight B974

on July 7

F I G U R E 12 (a)–(e) Forecasts (initialized on July 5) and (f) analysis of daily accumulated rainfall (shaded) and pressure at mean sea level

(PMSL) at 0000 UTC (contours) on July 7, 2016, used to plan monsoon depression flight B974. Note that PMSL was not output from the 1.5-km

regional configuration. For quantitative comparison, the fields from the 4.4-, 4-, and 1.5-km regional configurations, and from the observations, have

been regridded to the global model resolution. RMS errors in rainfall against the observed daily accumulation calculated over the red box are shown

in the panel titles
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(a) (b)

(c) (d)

F I G U R E 13 24-hr forecasts of weather conditions on July 7 from the 4.4-km regional configuration, initialized on July 6 at 0600 UTC, as

used in the flight planning for the monsoon depression flight. The planned flight track is superimposed on each panel

with the depression being only slightly to the northeast of

(and less than) that in the forecast. Figure 15 shows the

flight path superimposed on the analysed fields at 0600 UTC

(11:30 local) on July 7. The flight path passed close to the

region of lowest pressure and maximum rainfall, as well as

the region of maximum 850-hPa winds. Significant cumu-

lonimbus was observed to the north and west of the route,

but beyond Bhopal (23◦N, 77◦E) the convection diminished,

and finally, just beyond Indore (22.5◦N, 75.5◦E), the flight

crossed into the dry intrusion from the northwest. This was

a significant air-mass change, occurring over only a few km,

also associated with changes in atmospheric composition.

Returning at lower levels between Indore and Bhopal,

strong northwesterly winds (around 15 m/s) were observed,

representing the strong jet-like flow on the southwestern flank

of the depression. Significant increases in equivalent poten-

tial temperature were observed as the flight returned into the

heart of the monsoon depression, with associated veering of

the winds to northerly. Around Bhopal, the maximum rain

zone of the system was encountered. The land surface was

clearly saturated, with many fields waterlogged and the rivers
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F I G U R E 14 (a,c) Global model forecasts initialized on July 6, 2016 at 0600 UTC, and (b,d) analyses, both valid at 0600 UTC on July 7,

2016: cross-sections of (a,b) wet-bulb potential temperature (𝜃w, ◦C) and (c,d) relative humidity (%), between the central Arabian Sea (15◦N, 65◦E)

and Lucknow (26.76◦N, 80.88◦E) (light blue line in Figure 1), as used in the flight planning for the monsoon depression flight

very high. On emerging from the main area of rainfall to the

northeast of Khajuraho (24.5◦N, 80◦E), the skies cleared to

developing congestus and cumulonimbus clouds.

This flight was highly successful and provided a wealth of

observations that will be analysed and described in detail in

a future article. Mission Scientist, Doug Parker, commented

that “these forecasts were critical in defining the flight plan:

we wanted to capture the structure of these strong thermody-

namic gradients and the shear zone (somewhat reminiscent of

a midlatitude warm front?)”.

6 SUMMARY

We have demonstrated how access to multiple forecast prod-

ucts from a variety of configurations at a range of res-

olutions contributed to successful flight planning for the

INCOMPASS field campaign in India in 2016. Accurate fore-

casting of the monsoon circulation and thermodynamic struc-

ture on a particular flying day was crucial for planning flight

patterns. In addition, the requirement to file flight plans at

least two days in advance, with little scope for major alteration
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F I G U R E 15 Analysis at 0600 UTC (11:30 local) on July 7, 2016 of (a) winds at 850 hPa, (c,d) 𝜃w at 500 and 850 hPa, respectively, and (b)

PMSL and observed accumulated rainfall (as in Figure 12f), with the planned flight track overlaid in solid black lines

thereafter, made the necessity for accurate weather forecasts

even greater.

Despite inherent difficulties in forecasting the precise

location of deep convective rainfall one or more days in

advance, the availability of forecasts from model configura-

tions at various resolutions, with different representations of

convection, provided a range of portrayals of the rainfall pat-

tern to the mission scientists. Regional convection-permitting

models have known issues (e.g., Lean et al., 2008; Baldauf

et al., 2011), but have been shown to provide benefits to fore-

casting of small-scale structures, at least in the extratropics

(e.g., Weusthoff et al., 2010; Fosser et al., 2015), and also pro-

vide better timing of the maximum rainfall in the diurnal cycle

over land (Willetts et al., 2017b). The examples provided in

section 5 confirm the view reached among the INCOMPASS

science team that, between them, the various forecast prod-

ucts captured the main characteristics of the rainfall events

sufficiently well that the actual flight tracks did not need to

deviate far from their initial planned locations.

Finally, an important outcome of this activity came

through regular discussions with Indian forecasters before,

during, and after the campaign, which have strengthened

links between UK and Indian researchers and forecasters and

improved our understanding of the Indian monsoon. We now

have a large database of targeted model forecast products for

the whole of the 2016 monsoon season. These can be used by
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researchers for comparisons with in situ observations as well

as for future modelling studies.

7 LEGACY OF FORECASTING
ACTIVITY

The forecast data from this campaign are archived and curated

at the Met Office and can be made available to researchers.

Since the INCOMPASS flight campaign, the ability to pro-

vide near-real-time forecasts for observing campaigns has

been developed further, and the facility is routinely made

available to researchers in the UK and the global commu-

nity. Since 2016, developments at the Met Office include

the creation of a coupled NWP forecasting system, which is

currently under trial. In addition, new configurations have

been released (Global Atmosphere 7.01/7.1: Walters et al.,
2019), which include significant changes to the representation

of warm-rain microphysics, the radiative effects of convec-

tive cores, heating due to gravity-wave dissipation, and major

changes to the convection parametrization, including its clo-

sure assumptions. Furthermore, new diagnostics have been

included, which allow tracking through the forecast of contri-

butions to changes in potential vorticity (PV) from different

parts of the model physics. Such a PV-tracer scheme has been

employed by several studies of midlatitude model error (e.g.,

Chagnon et al., 2013; Gray, 2006). Future work will include

making hindcasts of various cases from the field campaign in

order to provide more insight into monsoon processes.
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APPENDIX: DETAILS OF SIMPLIFIED
CLASSIC AEROSOL SCHEME

The simplified version of CLASSIC used here includes all

species listed in section 2 except for sea salt. A further

simplification is that all primary emissions of carbonaceous

aerosol (fossil fuel, biofuel, biomass burning) are lumped into

one carbonaceous aerosol species. The physical and optical

properties of the lumped carbonaceous aerosol species fol-

low those used in CLASSIC for biomass-burning aerosols.

This simplification will lead to an underestimation of solar

absorption by the aerosol (overestimation of single-scattering

albedo), as the ratio of black carbon (BC) to organic carbon

(OC) assumed in the biomass-burning aerosol (BBA) species

is much lower than the typical ratio of BC:OC simulated by

CLASSIC when comparing the aerosol mass from soot and

OC species. By using the BBA species for the lumped car-

bonaceous aerosol, there are also some increases in AOD

relative to treating them separately. This is because BBA are

assumed to grow during ageing (mass increases by a factor of

1.62), whereas this is not assumed for the soot and OC species.

The specific extinction coefficient and hygroscopic growth

are very similar for organic carbon and BBA species in CLAS-

SIC with dry values of around 5 m2/g. In summary, although

the optical properties (particularly absorption) will not be well

approximated in the lumped carbonaceous aerosol scheme,

the spatial distribution of AOD and aerosol mass, particularly

in BB-dominated regions, will be well approximated.

In addition to the lumped carbonaceous aerosol species,

the full sulphur cycle and sulphate aerosol representation

from CLASSIC were included. The two-bin dust scheme was

also included, with data assimilation from MODIS Aqua Col-

lection 5.1 deep blue and dark target algorithms (Malcolm

Brooks, personal communication, November 2018). Because

the data assimilation was shown to lead to an overestima-

tion of dust AOD over some land areas, a regional and

time-varying dust tuning factor was applied. The tuning fac-

tor for Southern Asia was 0.47 at T+0, rising linearly to 0.98

at T+144, based on calibrating the modelled total AOD to

MODIS observations.

Stratospheric aerosol was represented via the climatology

from Cusack et al. (1998). Secondary organic aerosol (SOA)

is not modelled explicitly by CLASSIC, but the contribu-

tion to AOD and radiative effects is included using an offline

climatology. The SOA climatology is provided by the UK

Met Office Chemistry Transport Model (STOCHEM: Der-

went et al., 2003) based on the emission of isoprene from

biogenic sources.

BBA emissions were taken from the Global Fire Assim-

ilation System (GFAS: Kaiser et al., 2012). The “total car-

bon” emission factor was used to provide the total aerosol

mass emission for CLASSIC. This neglects the conversion

of organic carbon (carbon mass only) into the full mass of

primary organic matter. Typically, POM:OC ratios of freshly

emitted carbonaceous aerosol (both smoke and urban emis-

sions) are in the range 1.4–1.7 (Turpin et al., 2000; Aiken

et al., 2008). However, CLASSIC scales up BBA mass by

a factor of 1.62 during ageing (fresh aerosol is converted to

aged aerosol on a 6-hr 𝑒-folding time-scale). The inclusion of

this ageing process more or less compensates for omitting the

conversion of OC emissions to POM.

Anthropogenic emissions of SO2 and carbona-

ceous aerosol (from fossil fuel and biofuel) for both

aerosol schemes were based on the year 2014 monthly

mean emissions MACC/CityZEN (via ECCAD-Ether at

http://eccad.sedoo.fr). The MACC/CityZen emissions are

based on an interpolation from the historical emissions for

2000 from ACCMIP (Lamarque et al., 2013), with some

regional updates to these emissions in 2005 and 2010 from

the RCP8.5 scenario (Granier et al., 2011; Diehl et al., 2012).

As with GFAS, no scaling from OC to POM was used for the

fossil-fuel or biofuel emissions. Volcanic degassing emis-

sions of SO2 were taken from Andres and Kasgnoc (1998).

Emissions of dimethyl sulphide (DMS) were calculated from

the Kettle et al. (1999) ocean DMS climatology with the Liss

and Merlivat (1986) surface-exchange parametrization.


