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Abstract

:

A significant declining trend of post-monsoon season precipitation in South Asia is observed between 2000–2014. Two major anthropogenic climate change drivers, aerosols and irrigation, have been steadily increasing during this period. The impacts of their regional and seasonal forcings on the post-monsoon precipitation reduction is investigated in this study through using idealized global climate simulations. The increased post-monsoon aerosol loadings lead to surface cooling downwind of the source areas by reduced surface shortwave flux. The addition of post-monsoon irrigation induces a stronger temperature decrease mainly around the irrigation hotspots by enhanced evaporation. Precipitation over West and North India is reduced post-monsoon by either aerosol or irrigation, which is mainly contributed by the anomalous subsidence. With concurrent forcings, the surface cooling and precipitation decrease are stronger and more extended spatially than the response to the separate forcing, with nonlinear amplification in surface cooling, but nonlinear damping in precipitation reduction. The anomalous vertical motion accelerates the transition of the regional meridional circulation, and hence the earlier withdrawal of the summer monsoon, which is consistent with the observed signals. The current results highlight the importance of including anthropogenic aerosol and irrigation effects in present and future climate simulations over South Asia.
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1. Introduction


The characteristics of precipitation in South Asia exhibit strong seasonality (Figure 1a), and in general can be separated into three distinct periods. As shown in Figure 1a, from the observations of the Global Precipitation Climatology Project (GPCP) archives V2.2 [1,2] and the rain gauge station data at New Delhi, the precipitation peaks in the summer monsoon season (June–September), gradually declines in the post-monsoon season (October–December, OND hereafter), then reaches the minimum in the dry season (January–May). The local economy and food security in South Asia heavily rely on agricultural activities, which is closely tied to the seasonality of precipitation.



Between 2000–2014, a significant declining trend in post-monsoon season precipitation has been observed over of the Indian subcontinent, as shown by the ground data at several Indian Meteorological Department weather stations and multiple gridded data sets (Figure 1b–d). The declination is particularly severe in the northwestern part of the Indian subcontinent (Figure 1d), where the OND precipitation has decreased by 88% during 2000–2014 relative to the 1979–2000 climatology. The drying of the post-monsoon season corresponds to an earlier transition from the rain season to the dry season, indicating a change in the local circulation over South Asia. The previous studies have shown that the winter droughts in North India are linked to the Arctic Oscillation (AO) interannual variation and its decadal trend toward negative phases, which producing a local mass flux circulation with the descending branch [3,4]. On the other hand, sea surface temperature (SST) warming in the southern Indian Ocean also enhances subsidence over North India [3,4,5,6]. However, the decade-long trend of OND precipitation reduction can also be related to anthropogenic climate forcing such as land-use change and aerosols, which have not been investigated in detail in previous studies.



As temperature in the post-monsoon season is generally still favorable for crop growth, cultivation practice continues with a heavy dependence on irrigation (Figure 1e). With a significant post-monsoon desiccation trend in western Nepal between the decades of 2001–2010 and 1991–2000, a marked reduction in groundwater storage over the past decade has also been reported [3]. Such a loss of ground water can be attributed to water consumption for irrigation over North India [7], and Irrigation in OND increased by 210 mm∙mon−1 in 2000–2014 according to the estimation by Wisser et al. [8] (Figure 1f). Irrigation is a potential anthropogenic climate forcing. As soil moisture controls both surface energy balance and water balance [9], it has been identified that irrigation has a direct effect on the near-surface climate by local surface energy partitioning [10]. Observation have shown that the atmosphere temperature is typically lower over heavily irrigated regions because of the evaporative cooling effect [11,12]. Model simulations have also demonstrated that irrigation leads to surface cooling and potentially enhanced subsidence [6,13,14,15]. Shukla et al. [16] demonstrated with a global climate model that the India summer monsoon weakened through a decreased land–sea temperature gradient. In addition, model simulations have also revealed that irrigation influences local circulation in other monsoonal regions, including North America [17] and West Africa [18].



The post-monsoon season is also the period with high anthropogenic aerosol emissions in northern India. Aerosol optical depths (AOD) retrieved from Aerosol Robotic Network (AERONET [19]) ground sun photometers shows high AOD between June and December in the annual cycle climatology (Figure 1g). Part of the AOD is contributed by the dust particles transported from the Middle East, which is concentrated mainly in June–August [20]. The aerosols in OND are more likely dominated by anthropogenic components such as sulfate and carbonaceous particles, as indicated by the higher fine mode fraction retrieved by the National Aeronautics and Space Administration (NASA) Moderate Resolution Imaging Spectroradiometer (MODIS) satellite sensors (not shown here) and in the aerosol emission inventory [21].



A significant increasing trend in the post-monsoon season AOD over 2000–2014 in northern India can be found in both the ground-based and satellite-based aerosol optical depth retrievals (Figure 1h). Ramanathan et al. [22] show that black carbon (BC) aerosols can affect the Asia monsoon by making up a significant part of what has been called the atmospheric brown cloud (ABC) over Asia. These absorbing aerosols both absorb and reflect incoming solar radiation, thus heating the low-level troposphere and cooling the surface [23,24,25]. The change of temperature can alter tropospheric stability and land–sea temperature contrast, leading to changes in regional circulation and convection intensity. Increased anthropogenic aerosols have been reported to lead to summer monsoon rainfall that is suppressed over central India, but enhanced in northern India and the slope of the Tibetan Plateau [24,25,26,27,28]. Previous studies have also found that the precipitation pattern of the East Asia summer monsoon is shifted when local anthropogenic aerosol emissions of either sulfate and BC aerosols are increased [29,30]. However, the climate effect of increasing aerosols on post-monsoon rainfall is less explored.



These two major anthropogenic climate drivers, namely, irrigation and aerosols, both peak during the post-monsoon season in the Indian subcontinent, and both have been exhibiting a significant, steady increasing trend between 2000–2014. They can potentially induce the recent decadal declination of the post-monsoon season precipitation over this region, or they can amplify the response to natural climate variability. Their combined climate impact when both factors coexist is also worth exploring, as previous study has found a nonlinear response in the East Asia summer monsoon to coexisting forcings of aerosol and urban land cover with global model simulation [35].



In the present study, we focus only on the regional forcings over South Asia during the post-monsoon season. With a unique experimental design of idealized global climate simulations, the regional precipitation responses to the post-monsoon season aerosols and irrigation forcing separately and combined can be identified and analyzed. The rest of this manuscript is organized as follows. A brief description of the model and experimental design is given in Section 2. The results are discussed in Section 3, including the effect of anthropogenic aerosol and irrigation on the India surface temperature and precipitation. The mechanisms of anthropogenic aerosol and irrigation effect in India precipitation during the post-monsoon season and the nonlinear responses to the concurrent aerosol and irrigation effects are discussed in Section 4. A summary and the conclusion are given in Section 5.




2. Model Description and Experimental Design


The idealized equilibrium climate simulations were carried out using the National Center for Atmospheric Research Community Earth System Model (CESM) v1.0.3. The atmospheric component is Community Atmosphere Model (CAM) version 5.1 [36] with the three-mode modal aerosol scheme (MAM3) [37]. The land component is the Community Land Model (CLM) version 4.0, with explicit representation of land hydrological processes and land–atmosphere interactions [38]. The physics parameterizations in this model are described in the Supplementary Text S1. Figure 1a,f show that CESM can realistically simulate the observed annual cycle of precipitation and AOD over South Asia when driven with present-day sea surface temperature and emission (25-year climatology with F2000 configuration).



The objective of the present study is to identify the potential effects by the regional aerosol and irrigation forcing during the post-monsoon season (OND). Table 1 for the list of all of the simulations conducted for this study. The control simulation is conducted with an emissions database representing the year 1850 and without irrigation. In the three forced experiments, the changes in aerosol and precursor emissions and/or irrigation effects were applied in OND only, and over the South Asia region only (the red box in Figure 2a). The configuration in the rest of the months, and outside the South Asia region is identical as in the control simulation. The amount of the emission increase and irrigation water is realistic according to their pre-industrial to present-day changes, yet the application timing and region are highly restricted. With such an idealized setting, perturbation occurs mostly in the season of our interest. The global climate and annual cycle climatology of the other seasons remain close to the control simulation, allowing us to cleanly identify the regional climate response to the regional forcing.



In the aerosol (AERO) and concurrent (BOTH) simulations, the year 1850 anthropogenic aerosol and precursor emissions are changed to a database from the year 2000 during the post-monsoon season (OND) only within 20–35° N, 70–95° E (the red box in Figure 2a). Details about the aerosol emission data are described in the Supplementary Text S1. The year 1850 and the year 2000 data sets represent the emissions before and after industrial development, respectively. The anthropogenic emissions were greatly enhanced over the Ganges valley in the year 2000, especially in the eastern part.



In the irrigation (IRRI) and BOTH simulations, the irrigation water amount estimated by Wisser et al. [8] over the last decade of the 20th century is imposed to the CLM (Figure 2b). The water is applied to the top layer of soil as effective precipitation, with a quarter of the irrigation water being supplied by an unconfined aquifer. Details about the methodology of irrigation in the simulation are given in the Supplementary Text S1.



All of the simulations were driven by sea surface temperature (SST) and greenhouse gas concentrations representing the year 1850 climatology, with a horizontal resolution of 1.9° × 2.5° and 30 vertical atmospheric levels with the top at 3.26 hPa. The last 25 years of the 30-year simulations were used for analysis. The climate responses owing to aerosol only (ΔA), irrigation only (ΔI), and concurrent effects (ΔAI) are differences in the 25-year average between the forced experiments and the control. By imposing limited forcing repeatedly using prescribed SST climatology, our results here can be interpreted as 25 “ensemble members” of the annual cycle, and the significance test represents the robustness of the responses.




3. Post-Monsoon Season Climate Responses


3.1. Surface Temperature Responses


Table 2 summarizes the simulated OND responses in AOD, surface energy fluxes, and surface temperature, which are averaged over the region where the aerosol emission change and/or irrigation was applied in the forced experiments (i.e., the red box in Figure 2, 20–35° N, 70–95° E). The spatial distribution of OND mean surface temperature changes are shown in Figure 3. In ΔA, the increase of AOD is spread out downwind of the maximum over the Indo-Ganges valley by the prevailing northeasterly winds, with an areal average increase of 0.21. Aerosol can influence the radiation budget by absorbing and reflecting solar radiation, and both effects can reduce the shortwave energy received by the surface. The surface energy budget in ΔA is dominated by the surface shortwave flux, which is decreased by 5.98 W∙m−2. As the colder surface emits less longwave radiation, the change in longwave flux is positive. Note that in Table 2, the positive value of flux change represents the surface receiving more (or emitting less) energy. Latent heat and sensible heat fluxes are changed only slightly in ΔA. The net effect is an average surface temperature cooling by 0.31 K, and the cooling is widely distributed over the Indian subcontinent (Figure 3a).



Irrigation change can change the partitioning between surface latent heat and sensible heat fluxes by providing additional soil water for evaporation. The surface energy budget (Table 2) in ΔI is dominated by the enhanced cooling of the latent heat flux (−8.97 W∙m−2), and balanced by an increase in the atmosphere-to-surface sensible heat flux (4.21 W∙m−2), as near-surface air provides more sensible heat to the colder surface. A stronger decrease in average surface temperature by 0.61 K can be found in ΔI as compared to ΔA, but the cooling is mostly concentrated over the irrigation hotspots within the Ganges valley (Figure 2b). The stronger surface longwave and sensible heat flux change is consistent with the stronger surface cooling by the irrigation effects.



In ΔAI, the surface energy budget shows the cooling effect by both the shortwave flux reduction from the aerosols (−8.52 W∙m−2) and the enhanced evaporative cooling of irrigation (−10.1 W∙m−2). The result is a significant surface cooling by 1.12 K on average, which is distributed over the north to central India. The cooling by the concurrent aerosol and irrigation effects is the highest among the three forced experiments, and is also balanced by the strongest response in surface longwave and sensible heat flux changes. We note that the increase in AOD in ΔAI is higher than that in ΔA, indicating a nonlinear response in the concurrent experiment, which will be discussed in Section 4.




3.2. Precipitation Change and Moisture Budget


Figure 4 shows the spatial distribution of the simulated OND precipitation responses relative to the control. All three forced experiments exhibit precipitation reduction over west and North India. The precipitation reduction is the strongest and most extended with the concurrent forcing, followed by aerosol-only forcing. We note that the spatial pattern of the precipitation response in ΔAI resembles most of the observed OND precipitation changes (Figure 1c), including the concentrated decrease over west and North India, as well the north–south dipole of enhancement over Bangladesh and reduction over the Bay of Bengal. However, the simulated dipole pattern over Bangladesh and the Bay of Bengal is not statistically significant, and therefore will not be discussed in the present study. The areal average of precipitation change is computed over the blue box in Figure 4, where the land precipitation reduction maximizes in all three climate responses, and the results are reported in Table 3. The average precipitation is decreased by 16.32 (52%) mm∙mon−1, 7.66 (24%) mm∙mon−1, and 22.10 (70%) mm∙mon−1 in ΔA, ΔI, and ΔAI, respectively, relative to the control. A moisture budget analysis [39,40,41,42] was carried out to diagnose the simulated precipitation change (see Supplementary Text S2 for details of the methodology, and Figure S1 for the spatial distribution of each term). The averaged changes of each term in the moisture budget equation over west and North India are listed in Table 3. In all three responses, the column-integrated vertical moisture convergence is the dominating term, which can be further separated into the contributions by the altered vertical motion profile (  − 〈 Δ ω     ∂ q  ¯    ∂ p   〉  ) and the altered moisture profile (  − 〈  ω ¯  Δ   ∂ q   ∂ p   〉  ), respectively, and the former is the highest contributor to the OND precipitation reduction (−10.94 mm∙mon−1, −5.93 mm∙mon−1, and −19.11 mm∙mon−1 in ΔA, ΔI, and ΔAI, respectively). As moisture generally decrease with altitude, it indicates that the precipitation response is mainly modulated by the anomalous subsidence, which will be discussed in Section 4.2. We also note that applying irrigation does provide moisture to the lower atmosphere through evaporation (1.04 mm∙mon−1 and 2.90 mm∙mon−1 in ΔI and ΔAI, respectively), yet the magnitude is much smaller than the reduction by the vertical convergence term, especially the contribution by the vertical motion change.



The precipitation reduction associated with the anomalous subsidence in ΔA is highest among the three responses. Although both aerosol and irrigation induce surface cooling, their impacts on atmospheric temperature are different. The shortwave absorption of aerosols slightly warms up the low-level atmosphere, while irrigation leads to an overall atmospheric cooling. The increase in low level stability is therefore higher in ΔA (not shown here), which is consistent with its higher precipitation reduction associated with the altered vertical motions.





4. Discussion


4.1. Nonlinear Responses to the Concurrent Aerosol and irrigation Effects


The nonlinear effects of concurrent aerosol and irrigation forcings are discussed here on a regional mean basis, by comparing the response of ΔAI to the linear addition of ΔA and ΔI. The results are shown in the last columns of Table 2 and Table 3. If the value of ΔAI − (ΔA + ΔI) of a variable has the same (opposite) sign as ΔAI, there is a nonlinear amplification (damping) by the concurrent forcing. For example, both ΔA and ΔI exhibit average surface cooling over South Asia, and the cooling in ΔAI is stronger than their linear addition by 0.20 K, corresponding to a nonlinear amplification. This is due to the nonlinear amplification of the AOD increase in ΔAI by 0.11. With the irrigation effect, precipitation reduction is stronger in ΔAI than in ΔA, leading to a less wet removal of aerosols. The additional aerosol loading leads to the nonlinearly stronger reduction of surface shortwave flux and surface cooling. For the precipitation reduction over west and North India, the nonlinear damping effect of 1.88 mm mon−1 (6%) is found with a concurrent aerosol and irrigation effect by 6%. Based on the moisture budget analysis, the damping is contributed by surface evaporation (1.87 mm mon−1) and the column-integrated vertical convergence by the altered moisture profile (3.05 mm mon−1). The reduction by altered vertical motion is nonlinear amplified, but the magnitude is smaller than the sum of the former two terms. The enhanced evaporation by the concurrent forcing is contributed by the stronger surface wind speed (not shown), which provides additional water vapor to the atmosphere, mainly in the lower atmosphere; thus, the vertical moisture gradient is also increased.




4.2. The Local Meridional Circulation Change and the Earlier Withdrawal of the South Asia Summer Monsoon


When examining the precipitation response month by month (Figure 5), it is found that the simulated precipitation reduction primarily occurs in October in all three forced experiments. Further examination of the monthly changes in vertical motion (not shown here) reveals that the most significant alternation in omega profiles also occurs in October. Figure 6 shows the north–south distribution of the omega profile change and the precipitation change over South Asia, zonally averaged over 70–80° E. In general, the increased aerosol and irrigation and their combined effects all lead to an anomalous descending motion over the Indian subcontinent and an anomalous updraft motion over the Indian Ocean over 5–10° N. In ΔA, anomalous updraft that is associated with the heat pump effect can be found over 25–35° N along the southern slope of the Tibetan Plateau. However, the anomalous upward motion is mostly confined between surface and the 700 hPa level, which is not as deep as in the summer monsoon season, as has been shown in previous studies [24,25]. This may be related to the differences in the prevailing local circulation between the summer monsoon and post-monsoon seasons, and the higher atmospheric stability in the post-monsoon season that traps the aerosols in lower levels. The more widespread anomalous subsidence over land is consistent with the spatially more extended cooling in ΔA, as shown in Section 3.1. In ΔI, the anomalous subsidence at mid-level and low-level atmosphere is stronger to the north of 20° N, which is also consistent with the surface cooling concentrated at the major irrigation area. The upward motion change in ΔAI is the combination of the two responses, with more robust and deeper development in the anomalous subsidence over land and updraft over the tropical Indian Ocean. This anomalous meridional circulation pattern is in phase with the wintertime local Hadley circulation over South Asia, with a descending motion over the cold continent, ascending motion over the warm ocean, and horizontally over the prevailing low-level northeasterly winds.



Consistent signals of precipitation and local circulation changes can be found in the observation and reanalysis data sets (Figure 7) over years 2000–2014. The most significant precipitation decrease is observed in October at the weather stations in northern India, which suggests the earlier withdrawal of the South Asia monsoon. The omega profile change in October in the European Centre for Medium-Range Weather Forecasts Reanalysis Interim (ERA-Int [43]) data set also exhibits a general anomalous downward motion between 2000–2014 over the Indian subcontinent, although the structure is noisier, as various climate variability signals can also play a role here.



It comes as no surprise that the most prominent feature for precipitation decrease appears in October around northern India (Figure 7). The climatological withdraw of the Asian summer monsoon over India takes place from mid-September to mid-October [44,45]. Once the large-scale circulation starts to lose control over the Indian subcontinent, the local anthropological effect becomes rampant, which is partly due to the agriculture pattern and partly, as our model results suggest, due to interaction between anthropogenically-induced circulation and a transition seasonal cycle. It creates a potential “downward spiral”, since the early withdraw of the rainy season leads to the shortening of the length of rainy season, which in turn reduces seasonal rainfall [46]. The shortage of rain facilitates more irrigation activities, and maybe more biomass burning and thus aerosol emissions. This scenario deserves closer investigation.





5. Summary and Conclusions


Observational evidence has identified a decade-long decline in post-monsoon (OND) rainfall over South Asia between 2000–2014. During the same period, the post-monsoon aerosol loadings and irrigation amount over this region have both exhibited strong increasing trends. The present study investigates the potential contribution of these two anthropogenic climate change drivers to the OND precipitation reduction, focusing on the regional forcing from South Asia during the same season. Idealized equilibrium climate simulations with CESM were carried out. The anthropogenic aerosol emissions and irrigation water representing year 2000 were applied over South Asia only in OND in the forced experiments, in order to study the climate responses to their separate and combined effects relative to the control run of the year 1850 without irrigation effects. The surface energy budget and atmospheric moisture budget were analyzed in order to understand the mechanisms that induce changes in surface temperature and precipitation. Nonlinear responses to the coexistence of the two forcings are also investigated.



The increase of anthropogenic aerosols leads to OND surface cooling through the decrease in surface incoming shortwave fluxes. The surface cooling region extends downwind of the major emission source areas to West and North India, as the aerosols are transported by the prevailing winds. The addition of irrigation water leads to stronger surface cooling through the enhanced surface evaporation, which is spatially more focused around the hotspots in North India. The concurrent effects of aerosol and irrigation lead to the strongest and most extended surface cooling, which is contributed by both surface shortwave flux reduction and evaporation enhancement. The cooling is nonlinearly amplified relative to the linear addition of the separate responses, as additional aerosol loadings, owing to less wet removal, cause a further reduction of the surface shortwave flux.



Strong precipitation reduction in OND over West and North India is simulated in all three forced experiments, and the reduction is mainly contributed by the vertical convergence term that is associated with changed vertical motion. The aerosol effect leads to stronger precipitation reduction than irrigation, as the induced anomalous subsidence is more extended to the lower levels and Central and South India. The anomalous upward motion associated with the aerosol heat pump only appears in the southern slope of the Tibetan Plateau below 700 hPa level. The irrigation effect leads to low-level subsidence mainly over North India. Although irrigation provides additional moisture to the lower atmosphere, our results indicate that the precipitation reduction by the changed vertical motion is more dominating. The OND drying is strongest in the concurrent simulation, and the simulated spatial distribution of precipitation change closely resembles the observed pattern. The precipitation declination is nonlinearly damped by 6%, because of additional surface evaporation and moisture profile change.



Previous study have investigated the variability of Indian summer monsoon rainfall [47,48], which is critical for the agricultural activity in the major growing season. Our results indicate that during the post-monsoon season, the anthropogenic aerosols and irrigation can both induce anomalous meridional circulation that is in phase with the wintertime local Hadley circulation over South Asia. The anomalous circulation is most robust when the forcings are combined, with subsidence over the Indian subcontinent and updraft over the tropical Indian Ocean. This anomalous circulation may accelerate the transition of the large-scale circulation to the dry season, which favors the earlier withdrawal of the South Asia summer monsoon, and is consistent with the signals in the observed changes in the precipitation annual cycle between 2000–2014. However, the steadily rising trend of anthropogenic aerosol emissions and irrigation over South Asia is expected to continue in the near future. Moreover, with more frequent drought during the post-monsoon season, the irrigation amount and aerosol emissions may be further increased. This study highlights the necessity of including the anthropogenic aerosol and irrigation forcing when simulating the present and future climate over South Asia.



The aerosol and irrigation forcing from other seasons and other regions can also contribute to the post-monsoon climate change over South Asia by modulating the spatial and temporal pattern of the large-scale circulation. The SST pattern or atmosphere–ocean coupling can also lead to different responses. These effects can be investigated upon future studies and compared to the local forcing effects in the present study, in order to provide a complete explanation for the observed post-monsoon precipitation reduction.
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Figure 1. (a) Precipitation annual cycle climatology over the South Asia from satellite-based observations (Global Precipitation Climatology Project (GPCP) V2.2, purple line averaged over 20–35° N, 70–95° E, 1979–2014), ground weather station at New Delhi (brown line, 1960–1974), and in the 25-year National Center for Atmospheric Research Community Earth System Model (CESM) F2000 present-day climate simulations (red line). (b) Time series of October–December (OND) mean precipitation observed at three Indian weather stations (solid line for New Delhi, dotted line for Jaipur, dashed line for Lumbini). (c) Time series of OND mean precipitation over South Asia (20–35° N, 70–95° E) from three gridded observational data sets: Global Precipitation Climatology Centre (GPCC V6 [31], solid line), Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP [32], dotted line) and The Tropical Rainfall Measuring Mission (TRMM 3B43 V7 [33], dashed line). (d) Observed OND precipitation percentage change (%) from GPCP averaged over 2000–2014 relative to the 1979–2000 climatology. Regions with altitude higher than 3000 m are masked out by gray shading. (e) The annual cycle climatology of estimated irrigation water and (f) time series of OND mean estimated irrigation water by Wisser et al. [8] for 1990–2014. (g) Aerosol optical depth (AOD) annual cycle climatology retrieved at six Aerosol Robotic Network (AERONET V3 [19]) ground stations at South Asia (dashed lines, Gandhi College, Lumbini, Mobile_S_011509_ND, Kanpur, New Delhi, and Bareilly; 1980–2014) and in the 25-year CESM F2000 present-day climate simulations (red solid line). (h) Time series of OND mean AOD retrieved from Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the Terra satellite (collection 5 L3 retrievals [34], black line, averaged over 20–35° N, 70–95° E), and at six AERONET stations in South Asia (red lines). 
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Figure 2. The distribution of anthropogenic climate change drivers imposed over South Asia (20–35° N, 70–95° E) in the forced experiments: (a) aerosol emission, (b) irrigation water. Regions with altitudes higher than 3000 m are masked out by gray shading. 
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Figure 3. The OND surface temperature differences (°C) in (a) ΔA, (b) ΔI, and (c) ΔAI. Stippling indicates regions where the changes are statistically significant at the 95% confidence levels. Regions with altitudes higher than 3000 m are masked out by gray shading. The red contour shows the increase of AOD (contour levels at 0.04, 0.06, and 0.08), and green contours show the addition of irrigation water (contour levels at 20 mm∙mon−1, 80 mm∙mon−1). 
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Figure 4. The OND total precipitation differences (mm mon−1) in (a) ΔA, (b) ΔI, and (c) ΔAI. Stippling indicates regions where the changes are statistically significant at the 95% confidence levels. Regions with altitude higher than 3000 m are masked out by gray shading. 
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Figure 5. The percentage change of monthly mean precipitation averaged over the blue box in Figure 4 (13–30° N, 70–80° E). 
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Figure 6. The north–south distribution of October (top) omega profile change (Pa s−1), and (bottom) precipitation change in (a) ΔA, (b) ΔI, and (c) ΔAI, zonally averaged over 70–80° E. Stippling indicates regions where the changes are statistically significant at the 95% confidence levels. 
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Figure 7. (a) Observed changes in monthly mean precipitation annual cycle (%) from ground station data at Jaipur, Lumbini, and New Delhi, and (b) changes in the October mean omega (P s−1) in the data from the European Centre for Medium-Range Weather Forecasts Reanalysis Interim (ERA-Int), zonally averaged over 70–80° E. The changes are the differences between the 2000–2014 average relative to the 1970–2000 climatology. 
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Table 1. Experimental design. AERO: aerosol, BOTH: concurrent, IRRI: irrigation.
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	Simulations
	Aerosol and Precursor Emissions
	Irrigation
	Climate Responses





	Control
	Year 1850
	No
	



	AERO
	Year 2000
	No
	ΔA = AERO–Control



	IRRI
	Year 1850
	Yes
	ΔI = IRRI–Control



	BOTH
	Year 2000
	Yes
	ΔAI = BOTH–Control










[image: Table] 





Table 2. Responses in post-monsoon season surface energy fluxes and surface temperature over South Asia relative to the control simulation i.
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	Variables
	ΔA
	ΔI
	ΔAI
	ΔAI − (ΔA + ΔI) ii





	Aerosol optical depth
	0.21
	0.00
	0.32
	0.11 *



	Shortwave flux (W m−2)
	−5.98
	−0.01
	−8.52
	−2.53 *



	Longwave flux (W m−2)
	1.07
	2.88
	3.03
	−0.92



	Latent heat flux (W m−2)
	0.02
	−8.97
	−10.1
	−1.15 *



	Sensible heat flux (W m2)
	0.11
	4.21
	5.41
	1.09 *



	Surface temperature (K)
	−0.31
	−0.61
	−1.12
	−0.20 *







i Values are averaged over the Indo-Gangetic plain (20–35° N, 70–95° E, the red box in Figure 2 over flat land only). Bold faced numbers represents changes that are statistically significant at 95% confidence levels. Positive (negative) values of the surface flux correspond to surface gaining (losing) energy; ii The * symbols mark nonlinear amplification by concurrent aerosol and irrigation forcings.
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Table 3. OND mean changes in column-integrated moisture budget over west and North India relative to the control simulation i.
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	Variables
	ΔA
	ΔI
	ΔAI
	ΔAI − (ΔA + ΔI) ii





	Total precipitation, ΔP
	−16.32

(−52%)
	−7.66

(−24%)
	−22.10

(−70%)
	1.88

(+6%)



	Vertical moisture convergence by changed vertical motion,   − 〈 Δ ω     ∂ q  ¯    ∂ p   〉  
	−10.94
	−5.93
	−19.11
	−2.24 *



	Vertical moisture convergence by changed moisture profile,   − 〈  ω ¯  Δ   ∂ q   ∂ p   〉  
	−6.45
	−2.79
	−6.19
	3.05



	Horizontal moisture convergence,   − Δ 〈 V · ∇ q 〉  
	1.05
	0.02
	0.30
	−0.77



	Evaporation, ΔET
	−0.01
	1.04
	2.90
	1.87 *







i Values are averaged over the blue box in Figure 4 (13–30° N, 70–80° E), with the unit in mm mon−1. Detail of the moisture budget is provided in Supplementary Text S2. Bold-faced numbers represent changes that are statistically significant at 95% confidence levels; ii The * symbols mark nonlinear amplification by concurrent aerosol and irrigation forcings.
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