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Atmospheric rivers fueling
the intensification of fog and haze
over Indo-Gangetic Plains

Shivali Verma™, Muvva V. Ramana & Raj Kumar

Indo-Gangetic Plains (IGP) experiences persistent and widespread rise of fog and haze during the
winter season. This has been attributed to the rise in pollution levels and water vapor, but the

reason for enhancement in latter is not clear yet. We detect moisture incursion from Arabian Sea, a
phenomenon called atmospheric rivers (AR), land-falling intermittently along 12-25° N corridor of the
west-coast of India during winter; using satellite and reanalysis data. The total vertically integrated
horizontal water vapor transport in AR-landfalls ranging from 0.7 x 10® to 2.2 x 10® kg/s; nearly five-
orders of magnitude larger than the average discharge of liquid water from Indus River into Arabian
Sea.These AR events are playing prominent role in enhancing water vapor over IGP region by 19 + 5%);
in turn fueling the intensification of fog and haze through aerosol-water vapor interaction. We found
that AR events enhanced aerosol optical depths over IGP by about 29 +13%. The progression of
moist-laden winds in ARs onto Himalayan Mountains contributes to the precipitation that explains
the observed rise in the extreme flow of western Himalayan Rivers in winter. We conclude that these
ARs likely contribute to the decline of snow albedo as pollution-mixed-ARs encounter Hindukush-
Karakoram-Himalayan mountain region.

A dense haze and fog blankets nearly the whole Indo-Gangetic plains (IGP) during the winter months of Decem-
ber-January each year'2 In general, fog formation over IGP and North-Indian region is a common feature in the
winter season every year with around 60% of days being foggy’. However, sudden increase in spatiotemporal
extent of fog and haze has been reported in recent years*®. A significant decline in visibility” and gradual increase
in number of fog and dense fog days® over IGP was reported using ground-based surface visibility measurements
over three-decades. Satellite and reanalysis datasets also show an increasing trend in the number of hazy days at
arate of ~ 1.7 days/year over IGP using 2003-2017 data®.

IGP is among few regions of the world with a thick layer of anthropogenic aerosols during the winter season’.
In order to understand the wintertime aerosol properties across the IGP, the Indian Space Research Organiza-
tion under the Geosphere Biosphere Programme conducted field campaigns'®'? in the IGP during December
2004. These measurements reveal the enhancement of extinction coeflicient by almost 2-3 times below 0.2 km
altitude on hazy and foggy days compared to non-foggy days'. The concentrations of elemental carbon, organic
carbon, and water-soluble organic carbon have reported nearly 30% increase during fog and haze events; whereas
inorganic constituents are 2-3 times higher than those during clear days over IGP during the winter season'?.
To understand the fog formation and dissipation over IGP for better nowcasting and forecasting, Ministry of
Earth Sciences, India conducted an intensive field campaign, Winter Fog Experiment?, during winter season of
2015-16 at New Delhi. These measurements helped to simulate the life cycle of dense fog events®, which further
improved the prediction of fog!'>'*.

Previous studies have focused on the detection of fog'>~'%, measuring the optical properties of aerosol and
fog'*?, fog forecast®??, implications of the growing extent fog®>** and the persistence of fog?*. However, there
is still a lack of scientific explanation for the reason behind the spatiotemporal intensification of fog and haze
across the IGP region. Increasing atmospheric pollution combined with sufficient moisture (thus the availability
of cloud condensation nuclei) favor the fog and haze formation®*. Enhanced aerosol loading over IGP is well
known, but the water vapor needed for intensification of fog and haze in IGP during winter is not known. This
is further leading to a challenge in simulating the aerosol size, properties and fog prediction over this region?*?’.
In general, cool and dry conditions prevail over IGP during the winter season. The eastward-moving synoptic
weather systems through 25-40° N, 60-80° E region?® during winter, known as western disturbances®, bring
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Figure 1. Atmospheric rivers (AR) over the west coast of India. Integrated horizontal water vapor transport
(IVT, in Kg/m/s) values from reanalysis data over India and surrounding Ocean on (a) Dec 9, 2015 at 09UTC
and (b) Jan 12, 2020 at 17UTC showing ARs at west coast of India. Satellite measured precipitable water vapor
(PWYV, in cm) during the AR events on (c) Dec 9, 2015 at 09UTC and (d) Jan 12, 2020 at 17UTC. White color
in figures (c) and (d) indicate non-availability of data. Figure is generated using MATLAB R2020a software
available at http://in.mathworks.com/products/matlab/. (License no: 1103382).

occasional precipitation over this region. These synoptic weather systems provide moisture and contribute to low
temperatures, which in turn favor the development of cold waves. However, IGP experienced a decline (or no
significant trend) in the frequency of Western Disturbances™®. In this study, for the first time, we present intense
moisture incursion from Arabian Sea onto the west coast of India through 12-25° N corridor during December
to January each year using remote sensing (2013-2020) and reanalysis (2000-2020) data. We link the finding
to fog and haze intensification over IGP region as well as the recent hydro-climate signal observed over western
Himalayas in recent decades.

Atmosphericrivers. The vertically integrated horizontal water vapor transport (IVT) values on Dec 9, 2015
(at 09UTC) and Jan 12, 2020 (at 17UTC) over India and surrounding oceanic regions are shown in Fig. 1a,b,
using reanalysis data. These figures illustrate southwesterly moisture transport from Arabian Sea onto the west
coast of North India centred at around 24.66° N 67.20° E and 24.21° N 67.13° E. A narrow and elongated struc-
ture of intense IVT features of around 2000 km in length and 500 km in width having IVT magnitude as high as
400 kg/m/s in the core. The description of atmosphere river (AR) characteristics® defined by the shape, extent
and axis of horizontal moisture transport, that make landfall over the long narrow corridors, imply the pres-
ence of ARs over the coastal region of North India during the winter season. This data is also complemented by
satellite measured precipitable water vapor (PWV), shown in Fig. 1¢,d, where PWV values are around 4 cm in
the ARs core. Both IVT and PWV depict intense moisture transport in this region; however, IVT values show a
better depiction of AR than PWV values. This is because of the fact that PWV represents the features associated
with water vapor concentrations in the atmosphere, while the IVT captures the transport of water vapor (i.e.,
water vapor combined with winds) in the atmosphere. The total IVT (TIVT) within the ARs for Dec 9, 2015 and
Jan 12, 2020 (shown in Fig. la,b), are 1.48 x 10® kg/s and 1.77 x 10® kg/s respectively (see Methods section for
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Figure 2. AR-landfall frequency along the west coast of India. (a) Frequency of AR-landfalls along the west
coast of India during 2013-2020 estimated based on IVT and PWYV values. (b) The AR-landfall transects along
the west coast of India correspond to the maximum IVT as close as possible to the midpoint of each transect
on the coast during 2013-2020. The negative and positive values on the horizontal distance scale represents
respectively offshore and inland sides of AR axis with reference to the coast. Black dashed line represents the
mean IVT of all ARs.

TIVT estimation and Supplementary Fig. S1). The duration of these ARs, from its genesis in the Arabian Sea to
its landfall; are about 76 and 63 h respectively.

AR-landfall frequency and characteristics. AR-landfall causes an enhancement of IVT along the
coast depending upon where AR axis intersects the coastline. The frequency of daily mean IVT greater than
250 kg/m/s and PWV greater than 4 cm along the west coast of India from 5 to 30° N for December and Janu-
ary of 2013-2020 are shown in Fig. 2a. The AR landfalls over this region are contributing to the more frequent
occurrence of moisture transport predominantly occurring between 12 and 25° N region. It is observed that
frequency and all possible entry locations of ARs into India decreases abruptly south of 12° N and to the north
of 25° N. The core of AR activity is maximum around 12° to 15° N in December, whereas it uniformly distributed
in January.
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Further, we detected AR events that made landfall at west coast of India during December and January
months of the study period (2013-2020). The AR patterns that persisted for at least 48 consecutive hours and
having at least 1000 km long contiguous structure in their entirety (offshore and inland combined) are presented
here. The location corresponding to the IVT and PWV maximum along the west coast of India is considered
as the central land-falling location of AR. The offshore-inland axis of each AR at coastal coordinates, shown in
Fig. 2b, was obtained based on maximum IVT points within AR and then a line drawn following these points.
These transects are mostly found over the west coast of North India between 12 and 25° N in a location that is
observed to experience high IVT conditions during the winter months. The observed magnitude of transect
values of IVT at the coast are greater than 200 kg/m/s. These moisture structures are typically having width-to-
length ratios of 0.1 to 0.5 with TIVT values ranging from 0.68 x 10® to 2.16 x 10% kg/s (Supplementary Table S1).
The mean TIVT of all AR events shown in Fig. 2b is 1.62 x 108+ 0.23 x 10® kg/s. The average discharge of the
Indus River®>* water into the Arabian Sea is around 3.0 x 10° m?/s; for comparison, the average water vapor
flux in the observed AR events is nearly five-orders of magnitude more than the liquid water discharge into the
Arabian Sea from the Indus River.

The daily mean IVT values added over 12° to 25°N for December and January months show a steady rise of
IVT at 1.7%/year and 0.1%/year respectively during 2000-2020 time period (Supplementary Fig. S2). Since IVT
has been widely used to track ARs*, the steady increase in IVT reflects the increase in AR landfall frequency (or
moisture transport) onto the coast. The possible explanation for the observed trends in land-falling ARs across
the west coast of India is due to increase in lower atmospheric moisture content and changes in atmospheric
circulation patterns over this region. Our analysis shows an increasing trend in integrated water vapor IWV)
over most of the Arabian Sea during the past 20 years from 2000 to 2020 for December and January months
(Supplementary Fig. S$3). The rising trends in global specific humidity have been observed in the past decades®* -’
and are projected to continue to increase over the twenty-first century*”*®. Concurrently, meridional wind com-
ponent show an increasing trend over this region for the same time-period than zonal wind component (Sup-
plementary Fig. S4). Recent studies have reported the pole-ward migration of atmospheric flow in the Northern
Hemisphere during fall and winter**. Thus, it is likely that increase in moisture availability in combination with
a meridional intensification of the flow pattern during recent decades support the increase in ARs frequency
along the west coast of India.

Impact of ARs. While AR-landfall has not been investigated previously over IGP region during winter sea-
son, it is hereby shown to be a critical factor in intensification of fog and haze. The fractional contribution of
AR to the water vapor amount over IGP is estimated (Methods section), as AR stretches from the coastal region
(on the days shown in Fig. 1) into the IGP region (on consecutive days). Figure 3a,b shows the fractional con-
tribution of moisture-laden winds in AR to the column integrated water vapor amount over the IGP region on
Dec 10, 2015 and Jan 13, 2020 respectively using reanalysis data (Supplementary Fig. S5). We observe that the
moisture in AR enhanced the water vapor content over the IGP region by a regional-mean value of 19+ 10% and
18+ 13% respectively (Supplementary Fig. S6). Satellite-measured precipitable water vapor also supports the
large enhancement in water vapor over IGP indicating similar increase as shown in Fig. 3c,d for the same days.
The close agreement between reanalysis and satellite data validates the inferred AR contribution to the enhance-
ment in water vapor amount over IGP region. The ARs impact is felt over IGP region owing to its topography
as it is a transitional zone between Himalayas of the north and peninsular India of the south with an average
elevation of about 200 m above mean sea level. Satellite images on these respective days also confirm increase in
fog and haze over IGP region (Supplementary Fig. S7).

In order to quantify the impact of AR on aerosols, satellite retrieved aerosol optical depths (AOD) over
IGP for the AR event on Jan 24-25, 2020 is depicted in Fig. 4. The AR event that made landfall on west coast of
India on Jan 24, 2020 has moved inland with TIVT of 1.52 x 10 kg/s (mean IVT value of 247 + 186 kg/m/s) and
reached IGP on Jan 25, 2020. The water vapour flux from AR enhanced the water vapour content over IGP by
36% and AOD almost by a factor of 2 (Supplementary Table S2). Concurrently, fog enhancement is seen on Jan
25, 2020 relative to Jan 24, 2020 (Supplementary Fig. S8). Thus, the AR-driven enhancement in water vapour
over this highly polluted location caused aerosols to undergo aerosol-water vapor interactions*"*?, leading to
the intensification of fog and haze. In general, the detected AR events are observed to enhance the water vapour
amount and AOD over IGP by 19+ 5% and 29 + 12% respectively (Supplementary Table S3 and S4). Further,
a recent study*® also reported that aerosols in the IGP were observed to have enhanced water uptake ability.
Furthermore, hygroscopic experiments carried out over highly polluted locations of the IGP have also reported
the hygroscopicity of aerosols and their ability to serve as cloud condensation nuclei (CCN) under both freshly
emitted primary and secondary aerosols**-#. A recent observational study*’ has also reported an enhancement
of aerosol size by around 1.34 times at 85% relative humidity and the aerosol hygroscopic growth reported to
contribute up to 40% to the observed increase in the aerosol optical depth over IGP during the winter season®'.
Thus, the AR-induced enhancement in water vapor interacts with the prevailing atmospheric aerosols over the
IGP region and triggers the aerosol hygroscopicity leading to the intensification of fog and haze.

Further, the close link between AR induced moisture enhancement and fog intensification over IGP region
is depicted in Fig. 5. The time series of daily variation of IVT and PWYV values along the west coast of India dur-
ing 2013-2020, shown in Fig. 5a,b respectively, clearly depicts the presence of AR-landfalls. The corresponding
time series of satellite retrieved spatial and temporal variation of fog, shown in Fig. 5¢ over IGP region, illus-
trate an enhancement of fog in concurrence with AR events. Thus, this suggests that the proper representation
of AR phenomenon and associated processes in models may help to simulate the relative humidity accurately
over this region, which is reported to be the main challenge in simulating aerosol properties and hygroscopic
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Figure 3. Fractional contribution of AR to the water vapor amount over IGP region. Contribution of AR to

the integrated water vapor (IWV) using reanalysis data over IGP on (a) Dec 10, 2015 and (b) Jan 13, 2020.
Contribution of AR to precipitable water vapor (PWV) using satellite data over IGP on (c) Dec 10, 2015 and (d)
Jan 13, 2020. Black dashed line in the figure represents the IGP region. White color in figures (c) and (d) indicate

non-availability of data. Figure is generated using MATLAB R2020a software available at http://in.mathworks.
com/products/matlab/. (License no: 1103382).
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Figure 4. AR-driven changes in aerosol optical depths (AOD) over the Indo-Gangetic Plains for an event on
Jan 24-25, 2020. The distribution of AOD on two consecutive days, (a) AOD on Jan 24, 2020 at 10.30 local
time and (b) AOD on Jan 25, 2020 at 10.30 local time, which corresponds to before and after passage of AR
event over IGP. The mean AOD values over IGP for Jan 24, 2020 and Jan 25, 2020 are 0.36 +0.25 and 0.92 +0.66
respectively. White color in figures represents non-availability of data. Figure is generated using MATLAB
R2020a software available at http://in.mathworks.com/products/matlab/. (License no: 1103382).
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Figure 5. Concomitant of AR-landfall to the intensification of fog over IGP. Temporal variation of (a) IVT (in
Kg/m/s) and (b) PWV (cm) along the west coast of India for December and January months during 2013-2020.
(c) Temporal variation of fog duration (in blue colour) and spatial extent of fog (in orange color) over IGP
region. White color in figure (b) indicates non-availability of data.

growth?*?”. Fog over IGP observed to increase by 1 day/year temporally and approximately by 1 deg spatially
during 2013-2019 time periods (Supplementary Fig. S9).

The meteorology and hydrological changes over Himalayas have not been analysed in the context of ARs and
it is our hypothesis that the observed ARs in this region during the winter season might be contributing a large
fraction of precipitation when moist-laden winds in AR encounters the Himalayan mountain terrain. Recent
observational study*® reported the rise in the occurrence of extreme flow of western Himalayan Rivers during
the winter season, which is attributed to the increased precipitation has doubled. We postulate this ambiguous
origin of precipitation during winter to ARs as cross-barrier moisture contributes to the precipitation®. Overall,
the meteorology and hydrological impacts of AR over Himalayas needs to be explored, especially in the context
of a changing global climate system. Such study may provide insights into the processes and mechanisms behind
extreme weather conditions, such as flash floods and glacial lake outbursts, over this region and thereby support
greater emergency preparedness.

Data and methods

Satellite data. Indian Geostationary Satellite, INSAT-3D, retrieved precipitable water vapor (PWV)>* and
fog mask'” data are used in this study. INSAT-3D provides data at 30min interval, covering — 10° to 45° N; 44.5°
E to 105.5° E region!”™. The PWV data is available at hourly interval and at a spatial resolution of 0.04° x 0.04°
from 2013 to 2020 over the Indian region under cloud-free conditions. The uncertainties® in PWV values are
less than 2mm. The fog mask'” product is available under cloud-free conditions at every 30min temporal inter-
val and at a spatial resolution of 0.04° x 0.04°. The reported accuracy'® of fog detection in terms of percentage
of detection over IGP for December and January months is around 85%. The total duration of fog presence per
day (i.e., hours per day) at pixel level (i.e., 0.04° x 0.04°) is estimated on daily basis from the respective 30 min
fog mask data. Spatial and temporal analysis of fog over IGP for winter months of December and January, for a
period of 7 years from 2013 to 2020 was carried out using this fog mask product. Fog duration in each day was
computed by finding total number of fog hours in a day in each pixel and then added up for IGP region. This was
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then normalised by total number of pixels in IGP times 24 h. Similarly, area was calculated by finding fog pixels
where fog persisted for more than 5 h in a day. Each pixel has a spatial resolution of nearly 4 km x 4 km, so the
total area was normalised by the total area of IGP, which is approximately 6,65,952 sq km. Also, MODIS-Terra
(10.30LST) and MODIS-Aqua (13.30LST) retrieved aerosol optical depth (AOD at 550nm) data are used in this
study. This data is obtained from collection 6.1, quality assured L3 data of daily global aerosol optical depth (at
550nm) from MODIS (MOD08_D3 and MYD08_D3) on-board Terra and Aqua®"*?, during 2013-2020. MODIS
retrieves AOD with an estimated uncertainty®® of + 0.05+0.20x AOD over the land. The data set used is at
spatial resolution of 1°x1°. Mean values of AOD and corresponding standard deviations over IGP is computed.

Reanalysis data. The hourly atmospheric reanalysis data from the European Centre for Medium-Range
Weather Forecasts (ECMWF), called ERA5 (5th generation ECMWF Re-Analysis)* are used in this study for
computing vertically integrated horizontal water vapor transport (IVT) and Integrated water vapor (IWV)
over India and surrounding oceanic regions. ERA5 provides atmospheric, land and oceanic variables data on a
0.25° x 0.25° spatial resolution at 37 pressure levels, from the surface up to 80 km altitude**. The IVT and IWV
in an atmosphere column are computed as:

1 Pt 2 1Pt 2 1Pt
IVT = <ffqudp) + (ffqup> s IWV = — [qdp.
& Ps & Ps & Ps

where g is the acceleration due to gravity (m/sec?), q is the specific humidity (kg/kg), u and v denote respectively
zonal and meridional components of wind (m/sec), Ps surface pressure (bottom most layer of the model, 1000
mb), Pt an upper- atmospheric reference pressure (500 mb), and dp is the pressure difference (mb) between the
two adjacent levels. IVT is given in kg/m/s and IWV in Kg/m? The Total IVT (TIVT) within the atmospheric
river (AR) is calculated as the horizontal integral of IVT across the AR transect perpendicular to the direction
of mean vapor transport>>>¢,

TIVT = / IVTtransectdw

where IVT e IS the component of IVT normal to the AR transect, and the integration is over all pixels that
form the AR transect. The lateral edges of ARs is identified by checking if the IVT value surpassed a given
threshold defined locally as the 85th percentile value®. To understand the spatiotemporal change in IVT, IWV,
zonal and meridional winds, linear trend analysis was conducted over 20-year time period.

AR contribution to water vapor over IGP.  The fractional contribution (f,,) from moisture-laden trans-
port in AR to the water vapor amount over IGP is computed®® as the ratio of the uptake amount of water vapor
(Aq,,) to the water vapor in the air (q,), i.e., fn = A Here, Aq,, represents the diurnal-change in IWV and
PWYV values over IGP; which is computed by taking ?f‘)e difference between the current day value (i.e., after AR
advances to IGP region) and the previous day value, and q,, is the diurnal mean IWV or PWV value on the cur-
rent day. In this study, fractional contribution (f,) is computed at pixel level and expressed in percentage (i.e.,
f., x 100 to express in percent contribution).

Data availability

The satellite data (2013-2020) and reanalysis data (2000-2020) used in the present analysis are freely available
online from MOSDAC (https://www.mosdac.gov.in/), MODIS-Terra/Aqua data (2013-2020) from (https://earth
data.nasa.gov/) and ERA5 (https://cds.climate.copernicus.eu/cdsapp#!/home) websites respectively.

Received: 17 September 2021; Accepted: 15 March 2022
Published online: 24 March 2022

References
1. Hameed, S. et al. On the widespread winter fog in Northeastern Pakistan and India. Geophys. Res. Lett. 27(13), 1891-1894 (2000).
2. Ramanathan, V. & Ramana, M. V. Persistent, widespread, and strongly absorbing haze over the Himalayan foothills and the Indo-
Gangetic Plains. Pure Appl. Geophys. 162, 1609-1626 (2005).
3. Ghude, S. D. et al. Winter fog experiment over the Indo-Gangetic plains of India. Curr. Sci. 112, 767-784 (2017).
4. Jenamani, R. K. Alarming rise in fog and pollution causing a fall in maximum temperature over Delhi. Curr. Sci. 93, 314-322
(2007).
5. Gautam, R., Hsu, N. C,, Kafatos, M. & Tsay, S. Influences of winter haze on fog/low cloud over the Indo-Gangetic plains. J. Geophys.
Res. Atmos. 112, 1-11 (2007).
6. Singh, A. & Sagnik, D. Influence of aerosol composition on visibility in megacity Delhi. Atmos. Environ. 62, 367-373 (2012).
7. Jaswal, A. K., Kumar, N., Prasad, A. K. & Kafatos, M. Decline in horizontal surface visibility over India (1961-2008) and its asso-
ciation with meteorological variables. Nat. Hazards. 68, 929-954 (2013).
8. Thomas, A., Sarangi, C. & Kanawade, V. P. Recent increase in winter hazy days over central India and the Arabian Sea. Sci. Rep. 9,
1-10 (2019).
9. Ramana, M. V,, Ramanathan, V., Podgorny, I. A., Pradhan, B. B. & Shrestha, B. The direct observations of large aerosol radiative
forcing in the Himalayan region. Geophys. Res. Lett. 31, 5 (2004).
10. Ganguly, D., Jayaraman, A. & Gadhavi, H. Physical and optical properties of aerosols over an urban location in western India:
Seasonal variabilities. J. Geophys. Res. Atmos. 111, 1-21 (2006).
11. Aloysius, M., Mohan, M., Parameswaran, K., George, S. K. & Nair, P. R. Aerosol transport over the Gangetic basin during ISRO-
GBP land campaign-II. Ann. Geophys. 26, 431-440 (2008).

Scientific Reports |

(2022) 12:5139 | https://doi.org/10.1038/s41598-022-09206-9 nature portfolio


https://www.mosdac.gov.in/
https://earthdata.nasa.gov/
https://earthdata.nasa.gov/
https://cds.climate.copernicus.eu/cdsapp#!/home

www.nature.com/scientificreports/

12. Ram, K,, Sarin, M. M., Sudheer, A. K. & Rengarajan, R. Carbonaceous and secondary Inorganic aerosols during winter fog and
haze over urban sites in the Indo-Gangetic plain. Aerosol Air Qual. Res. 12, 355-366 (2012).

13. Pithani, P. et al. WRF model prediction of a dense fog event occurred during the winter fog experiment (WIFEX). Pure Appl.
Geophys. 176, 1827-1846 (2019).

14. Pithani, P. et al. Real-time forecast of dense fog events over Delhi: The performance of the wrf model during the wifex field cam-
paign. Weather Forecast. 35, 739-756 (2020).

15. Chaurasia, S. & Jenamani, R. K. Detection of fog using temporally consistent algorithm with INSAT-3D imager data over India.
IEEE J. Select. Top. Appl. Earth Observ. Remote Sens. 176, 5307-5313 (2017).

16. Chaurasia, S. & Gohil, B. S. Detection of day time fog over india using INSAT-3D data. IEEE ]. Select. Top. Appl. Earth Observ.
Remote Sens. 8, 4524-4530 (2015).

17. Arun, S. H., Sharma, S. K., Chaurasia, S., Rajesh, V. & Kumar, R. Fog/low clouds detection over the Delhi Earth Station using the
Ceilometer and the INSAT-3D/3DR satellite data. Int. J. Remote Sens. 39(12), 4130-4144 (2018).

18. Arun, S. H,, Chaurasia, S., Misra, A. & Kumar, R. Fog stability index: A novel technique for fog/low clouds detection using multi-
satellites data over the Indo-Gangetic plains during winter season. Int. J. Remote Sens. 39(22), 8200-8218 (2018).

19. Ali, K. et al. Characterization and source identification of PM 2.5 and its chemical and carbonaceous constituents during Winter
Fog Experiment 2015-16 at Indira Gandhi International Airport, Delhi. Sci. Total Environ. 662, 687-696 (2019).

20. Kumar, M., Tiwari, S., Murari, V,, Singh, A. K. & Banerjee, T. Wintertime characteristics of aerosols at middle Indo-Gangetic Plain:
Impacts of regional meteorology and long range transport. Atmos. Environ. 104, 162-175 (2015).

21. Goswami, P. & Sarkar, S. An analogue dynamical model for forecasting fog-induced visibility: Validation over Delhi. Meteorol
Appl. 24, 360-375 (2017).

22. Sagnik, D. On the theoretical aspects of improved fog detection and prediction in India. Atmos. Res. 202, 77-80 (2018).

23. Kulkarni, R. et al. Loss to aviation economy due to winter fog in New Delhi during the winter of 2011-2016. Atmosphere 10, 198
(2019).

24. Hingmire, D. et al. Widespread fog over the Indo-Gangetic Plains and possible links to boreal winter teleconnections. Clim. Dyn.
52, 5477-5506 (2019).

25. Syed, E S., Kornich, H. & Tjernstrém, M. On the fog variability over south Asia. Clim. Dyn. 39, 2993-3005 (2012).

26. Feng, Y., Cadeddu, M., Kotamarthi, V. R., Renju, R. & Suresh Raju, C. Humidity bias and effect on simulated aerosol optical
properties during the Ganges Valley experiment. Curr. Sci. 111, 93-100 (2016).

27. Chatani, S. & Sharma, S. Uncertainties caused by major meteorological analysis data sets in simulating air quality over India. J.
Geophys. Res. Atmos. 123, 6230-6247 (2018).

28. Midhuna, T. M., Kumar, P. & Dimri, A. P. A new Western Disturbance Index for the Indian winter monsoon. J. Earth Syst. Sci. 129,
59 (2020).

29. Dimri, A. P. et al. Western disturbances : A review. Rev. Geophys. 53(2), 225-246 (2015).

30. Hunt, K. M. R,, Turner, A. G. & Shaffrey, L. C. Falling trend of western disturbances in future climate simulations. J. Clim. 32,
5037-5051 (2019).

31. Ralph, E M., Dettinger, M. C. L. D., Cairns, M. M., Galarneau, T. ]. & Eylander, J. Defining, “Atmospheric river": How the glossary
of meteorology helped resolve a debate. Bull. Am. Meteorol. Soc. 99, 837-839 (2018).

32. Karim, A. & Veizer, J. Water balance of the Indus River Basin and moisture source in the Karakoram and western Himalayas:
Implications from hydrogen and oxygen isotopes in river water. . Geophys. Res. Atmos. 107, 9-12 (2002).

33. Asif, I et al. The geographic, geological and oceanographic setting of the Indus River. In Large Rivers: Geomorphology and Manage-
ment (ed. Gupta, A.) 14 (Wiley, New York, 2007).

34. Boer, G.]. Climate change and the regulation of the surface moisture and energy budgets. Clim. Dyn. 8, 225-239 (1993).

35. Held, I. M. & Soden, B. J. Robust responses of the hydrological cycle to global warming. J. Clim. 19, 5686-5699 (2006).

36. Dessler, A. E. & Sherwood, S. C. A matter of humidity. Science 323, 1020 (2009).

37. Stocker, T. E. et al. Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change (Cambridge University Press, Cambridge, 2013). https://doi.org/10.1017/CBO97
81107415324.005.

38. Lavers, D. A,, Ralph, E M., Waliser, D. E., Gershunov, A. & Dettinger, M. D. Climate change intensification of horizontal water
vapor transport in CMIP5. Geophys. Res. Lett. 42, 5617-5625 (2015).

39. Francis, J. A. & Vavrus, S. J. Evidence for a wavier jet stream in response to rapid Arctic warming. Environ. Res. Lett. 10, 014005
(2015).

40. Cattiaux, J., Peings, Y., Saint-Martin, D., Trou-Kechout, N. & Vavrus, S. J. Sinuosity of midlatitude atmospheric flow in a warming
world. Geophys. Res. Lett. 43, 8259-8268 (2016).

41. Nair, V.S, Giorgi, F. & Keshav Hasyagar, U. Amplification of South Asian haze by water vapour-aerosol interactions. Atmos. Chem.
Phys. 20, 14457-14471 (2020).

42. Wu, Z. et al. Interactions between water vapor and atmospheric aerosols have key roles in air quality and climate change. Natl. Sci.
Rev. 5, 452-454 (2018).

43. Gunthe, S. S. et al. Enhanced aerosol particle growth sustained by high continental chlorine emission in India. Nat. Geosci. 14,
77-84 (2021).

44. Ram, K., Tripathi, S. N., Sarin, M. M. & Bhattu, D. Primary and secondary aerosols from an urban site (Kanpur) in the Indo-
Gangetic Plain: Impact on CCN, CN concentrations and optical properties. Atmos. Environ. 89, 655-663 (2014).

45. Wang, Y. & Chen, Y. Significant climate impact of highly hygroscopic atmospheric aerosols in Delhi, India. Geophys. Res. Lett. 46,
5535-5545 (2019).

46. Arub, Z. et al. Air mass physiochemical characteristics over New Delhi: Impacts on aerosol hygroscopicity and cloud condensation
nuclei (CCN) formation. Atmos. Chem. Phys. 20, 6953-6971 (2020).

47. Mandariya, A. K., Tripathi, S. N., Gupta, T. & Mishra, G. Wintertime hygroscopic growth factors (HGFs) of accumulation mode
particles and their linkage to chemical composition in a heavily polluted urban atmosphere of Kanpur at the Centre of IGP, India:
Impact of ambient relative humidity. Sci. Total Environ. 704, 135363 (2020).

48. Chug, D. et al. Observed evidence for steep rise in the extreme flow of western Himalayan rivers. Geophys. Res. Lett. 47,
€2020GL087815 (2020).

49. Baudouin, J.-P,, Herzog, M. & Petrie, C. A. Contribution of cross-mountain moisture transport to precipitation in the upper Indus
River Basin Mon. Weather Rev. 148, 2801-2818 (2020).

50. Parihar, S., Mitra, A. K., Mohapatra, M. & Bhatla, R. Potential of insat-3d sounder-derived total precipitable water product for
weather forecast. Atmos. Meas. Tech. 11, 6003-6012 (2018).

51. Wei, J., Li, Z., Peng, Y. & Sun, L. MODIS Collection 6.1 aerosol optical depth products over land and ocean: Validation and com-
parison. Atmos. Environ. 201, 428-440 (2019).

52. Remer, L. et al. The MODIS aerosol algorithm, products and validation. J. Atmos. Sci. 62, 947-973 (2005).

53. Levy, R. C. et al. The Collection 6 MODIS aerosol products over land and ocean. Atmos. Meas. Tech. 6, 2989-3034 (2013).

54. Hersbach, H. et al. The ERA5 global reanalysis. Q. J. R. Meteorol. Soc. 146, 1999-2049 (2020).

55. Ralph, F. M. et al. Dropsonde observations of total integrated water vapor transport within North Pacific atmospheric rivers. J.
Hydrometeorol. 18, 2577-2596 (2017).

Scientific Reports | (2022) 12:5139 | https://doi.org/10.1038/s41598-022-09206-9 nature portfolio


https://doi.org/10.1017/CBO9781107415324.005
https://doi.org/10.1017/CBO9781107415324.005

www.nature.com/scientificreports/

56. Guan, B., Waliser, D. E. & Ralph, F. M. An intercomparison between reanalysis and dropsonde observations of the total water
vapor transport in individual atmospheric rivers. J. Hydrometeorol. 19, 321-337 (2018).

57. Lavers, D. A., Villarini, G., Allan, R. P, Wood, E. F. & Wade, A. ]. The detection of atmospheric rivers in atmospheric reanalyses
and their links to British winter floods and the large-scale climatic circulation. J. Geophys. Res. Atmos. 117, 1-13 (2012).

58. Sodemann, H., Schwierz, C. & Wernli, H. Interannual variability of Greenland winter precipitation sources: Lagrangian moisture
diagnostic and North Atlantic Oscillation influence. J. Geophys. Res. Atmos. 113, 1-17 (2008).

Acknowledgements

The work was carried out under the National Information System for Climate and Environment Studies (NICES)
program of ISRO. The authors sincerely thank NRSC, ISRO for providing the required support. Authors acknowl-
edge ISRO for providing satellite-retrieved products through MOSDAC & NICES web-portals, ECMWF for
providing ERA5 reanalysis data and Earthdata for providing MODIS data.

Author contributions

M.V.R. conceived the idea. M.V.R. and R.K. designed the problem. S.V. performed the analysis with input from
M.VR.and RK. M.VR,, S.V. and R.K. analysed the results. M.V.R. drafted the manuscript with inputs from R.K.
and S.V. S.V. prepared the figures. All authors reviewed the write up and approved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-09206-9.

Correspondence and requests for materials should be addressed to S.V.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:5139 | https://doi.org/10.1038/s41598-022-09206-9 nature portfolio


https://doi.org/10.1038/s41598-022-09206-9
https://doi.org/10.1038/s41598-022-09206-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Atmospheric rivers fueling the intensification of fog and haze over Indo-Gangetic Plains
	Atmospheric rivers. 
	AR-landfall frequency and characteristics. 
	Impact of ARs. 
	Data and methods
	Satellite data. 
	Reanalysis data. 
	AR contribution to water vapor over IGP. 

	References
	Acknowledgements


