Statistical evaluation of soil moisture-precipitation feedback theories using a convection permitting model over the Indian sub-continent
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Abstract

In South Asia, precipitation is mostly convective. An important control on the convective rainfall is the interaction of the atmosphere with land conditions. The purpose of this study is to test the applicability of various existing theories in the context of feedback mechanisms between soil moisture and precipitation over the Indian sub-continent during the monsoon season. To test existing theories, various relationships between soil moisture, fluxes and rainfall in a high resolution convection-permitting atmospheric model (UK Met Office Unified Model) have been evaluated. Triggering by three-dimensional circulations over soil moisture anomalies is explored, as well as the effects of one-dimensional profile stability measures, which are thought to confer “wet advantage” (triggering of rain over wet surfaces) or “dry advantage” in different conditions. Some other parameters (apart from soil moisture and boundary layer profiles) like wind convergence and the impact of topography have also been examined, to get a deeper insight into the problem.

From composite soil moisture and gradient analysis, it has been found that the afternoon convective rainfall tends to initiate over comparatively wet soil near, and slightly downwind of soil moisture gradients, with dry soil just upwind of the initiation. Analysis of the Central and Southern Indian domains, which have complex orography, showed that rainfall over high-lying orography has a greater preference over wet soil. The subjective wind-field convergence and orographic analysis shows that over the Central domain, dynamic land-atmosphere interaction is weak, compared to orographically initiated precipitation. Overall, it appears that rainfall dynamically triggered by orography leads to serial correlation of rainfall with high soil moisture in these areas.

Using generalized soil moisture conditions in the one-dimensional “convective triggering potential – humidity index” framework, it is found that there is no evidence of consistent wet-advantage within the parameter ranges suggested by previous authors. It seems that there is a requirement for a more generalized or modified framework, to have universal threshold values to distinguish between dry and wet advantage rain events, and that one-dimensional boundary-layer evaluation may not be sufficient to address all atmospheric conditions. 
1. INTRODUCTION
Precipitation is one of the most important meteorological parameters in the tropics because it directly and indirectly affects daily human life as well as long term socio-economic planning. South Asian precipitation is mostly convective; the pre-monsoon and monsoon seasons exhibit a range of convective activity from shallow convective cloud to deep convective towers and mesoscale convective systems (Romatschke and Houze 2010). Soil moisture states are thought to be crucial in modulating patterns of  convective activity (Findell and Eltahir 2003a (here onwards FE03a), the monsoon circulation and its rainfall (Niogy et al. 2010; Shukla et al 2013) and drought conditions (Hong and Kalney 2000; Zampieri et al. 2009). The impact of soil moisture on precipitation has been inferred from numerous General Circulation Model (GCM) studies (Koster et al 2004; Liu and Avissar 1999a, b; Dirmeyer, 2000) as well as with satellite based microwave data (Taylor and Ellis 2006; Taylor et al 2011; Taylor et al 2012). Atmospheric interaction with different types of soil moisture conditions can give rise to either negative or positive feedbacks between soil moisture and precipitation (Brubaker and Entekhabi 1996; Eltahir 1998). Here negative feedback implies precipitation is favoured over dry soil (i.e. a “dry advantage”) whereas if precipitation occurs over wet soil, it is referred to as positive feedback (“wet advantage”).
A significant study on the soil moisture-precipitation feedback process was conducted by Koster et al (2004) using GCMs, where they found diagnostically that land-atmosphere interaction is strong over Central India. However, there remain various problems in relation to understanding the soil moisture-precipitation feedback process. The climate models are simulated at comparatively low resolution of a few tens, or usually hundreds of kilometres whereas the horizontal scale of convective clouds is hundreds of metres up to a few kilometres, and as a result the net effect of clouds in the climate model is parameterized. This difference between the scale of convective clouds and resolution of the climate model can induce problems in simulating small scale feedback processes. One such problem is noticed in the Taylor et al (2012) study, where opposite signs of soil moisture-precipitation feedback were observed in parameterized climate models compared to observations. Attempts to understand the feedbacks theoretically remain relatively limited. The study performed by Findell and Eltahir (2003a; FE03a) developed a framework based on a one-dimensional slab model and morning profiles, to separate the dry and wet advantage rainfall events based on certain threshold values of convective and humidity parameters.

Since the above discussed methods and theories (FE03a, Koster et al 2004 (K4), Taylor et al 2012, (T12)) are based on different types of modelling studies, and partly using observations, here in this study we have tried to understand and verify these results collectively under a single environment by using a high resolution convection permitting (non-parameterized, or “explicit” convection) model. CASCADE project studies (Taylor et al, 2013) with a similar experimental setup have demonstrated that soil moisture patterns close to convective initiation in similar explicit-convection simulations agree with observations. Here we aim to  categorize and test the existing theories of land-atmosphere coupling in two different perspectives. The first group can be explained using a vertical one-dimensional boundary layer model. The second group includes consideration of local wind circulation effects as a result of spatially heterogeneous distributions of soil moisture, and surface fluxes. 
1.1 Vertical perspective

Soil wetness determines the partitioning of the surface heat flux into latent and sensible heat flux (Pielke 2001), which causes moistening or deepening of the boundary layer respectively. FE03a used the difference in height between the level of free convection (LFC) and the top of the planetary boundary layer (PBL) as a parameter to describe the potential for rainfall, where, if the difference in height approaches zero the  likelihood of rainfall increases. Haiden (1997) developed an alternative using lifting condensation level (LCL) instead of LFC for convective triggering and invoked different controlling parameters. According to FE03a this processes of triggering due to LFC approaching the PBL top can occur over both types of soil condition (wet or dry), although the processes involved would be different in each case. Over dry soil, the latent heat flux will be low, and a higher sensible heat flux results in a deeper boundary layer. In this case the growth of the boundary layer is rapid and may reach the height of the LFC. On the other hand, over wet soil, due to a low sensible heat flux, the boundary layer is shallow but also moist due to higher latent heat flux, and this moistening increases equivalent potential temperature that causes a fall in the LFC towards the height of boundary-layer top. Based on these arguments, FE03a developed a CTP-HI (Convective Triggering Potential and Humidity Index) framework which uses a morning profile to forecast whether an afternoon rainfall event will depend on different soil moisture conditions or will be atmospherically controlled. Here CTP is an indicator of stability of the atmosphere given by

CTP=

,

where Tv  represents virtual temperature.

HI represents lower-level atmospheric dryness. HI is low when humidity is high in both the planetary boundary layer and lower troposphere:

HI=
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where T and Td are temperature and dew point with the subscripts denoting pressure level in hPa. By computing CTP and HI for early-morning atmospheric profiles, FE03a argued that there are three categories of sounding: i) sounding favouring precipitation over wet soil (positive feedback); ii) precipitation over dry soil is favoured (negative feedback); iii) rainfall irrespective of soil condition (atmospherically controlled).
To test the above hypotheses FE03a forced a slab model with morning atmospheric profiles obtained from radiosondes from the Illinois and other parts of the USA under two contrasting soil moisture conditions: one over dry conditions with 20% soil , and the other very wet with 100% soil moisture. They found that for a positive feedback the CTP should  be in the range 0-200 J kg-1 and HI in the range 5-10K, whereas for a negative feedback CTP should be greater than 200 J kg-1 and HI in the range 10-15 K, while other values contribute to atmospherically controlled cases. Based on this framework Tuinenburg et al (2011) undertook a study over India and optimized the framework by selecting slightly higher values for HI (7-12 K and  11-16 K for wet and dry soil respectively) and a cut-off threshold of CTP =250 J kg-1 , using the same one-dimensional model and radiosonde observations.

1.2 Spatial perspective

The one-dimensional perspective of FE03a ignores triggering due to wind convergence and assumes a constant CIN threshold of the order 0-5 J kg-1  that must be overcome before convection is triggered.  The spatial perspective improves on this by taking into account the wind convergence that arises due to soil moisture heterogeneity. According to Ookouchi (1984) and Segal and Arritt (1992) spatially heterogeneous soil moisture conditions can give rise to local wind circulations and under favourable atmospheric conditions these local circulations can give rise to focused regions for deep cumulonimbus convection (Pielke 2001). A large eddy simulation study performed by Avissar and Schmidt (1998) found that under heterogeneous soil moisture conditions, cumulus development tends to occur over pockets of high moisture content (i.e. a wet advantage). Garcia-Carreras et al. (2011) in idealized modelling study of vegetation patterns found local maxima of equivalent potential temperature, hence high CAPE and minima in convective inhibition (CIN), over vegetation breeze convergence zones i.e. the boundary of forested-deforested (wet-dry) region. This condition (high potential temperature and less hindrance to initiation due to minima in CIN) helps to allow deep and organized convection to occur near convergence zones. At the same time, Taylor et al (2011) used satellite data to show that a significant fraction of Sahelian storms are initiated on the warm, dry side of soil moisture boundaries. 
Consistently with Garcia-Carreras et al. (2011) and Taylor et al (2011), T12 used global satellite observations to suggest there is a preference for afternoon rainfall over dry regions in the vicinity of wetter soil. According to their explanation based on the observations of Taylor et al (2007), idealised soil moisture-induced flows under light synoptic winds, similar to a sea breeze, create an ascent region where the shallow, strong current opposes the mean wind. The preferred location for convective initiation is within the ascent region induced by the heating gradient at the downwind edge of the dry patch. Additional convergence over the dry patch is provided by a deep, weaker current at its upwind edge, and cross-wind gradients in soil moisture.  In other words, afternoon convections triggers close to the wet-dry boundary, over the dry soil. Taylor et al. (2013) also compared parameterized convective simulations with explicit convection simulations at different spatial scales in a limited-area model. The comparison demonstrated opposite signs of soil-moisture precipitation feedback between parametrised and explicit simulations, with the explicit results being similar to observations, but the parametrised model errors being similar to those of climate models.
1.3 Synthesis and aims

The discussion of the above studies shows that there remain substantial uncertainties in regard to the important question of how soil moisture modulates rainfall over India. While observationally-based and modelling studies from West Africa (e.g. Taylor et al. 2009, Taylor et al. 2013) and globally (T12) suggest that afternoon convective rainfall is generally initated over dry soil, close to boundaries with a wetter surface, the analysis of FE03a implies that initiation over a wet surface is possible in the right atmospheric conditions. Furthermore, it is not clear whether the particular climatological conditions pertaining to India may favour soil moisture control of convection in any sense. The aim of this paper is to evaluate the processes controlling convective rainfall initiation over heterogeneous soil moisture conditions. Section 1 has broadly categorized the soil moisture – precipitation feedback mechanisms into spatial and vertical perspectives. Section 2 presents data and methodology. Sections 3 and 4 summarise the results and conclusions, respectively.

2. DATA AND METHODOLOGY
Diagnostics from a limited area model simulation of the Met Office Unified Model (MetUM), run as part of the Earth system Model Bias Reduction and assessing Abrupt Climate change (EMBRACE) project, are used for this study. The model is run with 4 km grid-spacing over a large domain containing the entire Indian subcontinent. The model is initialised at 18/8/2011 00z with the Met Office global operational analysis flow fields and run for 21 days.  Lateral boundary conditions are updated every hour and derived from a series of 6 hour long global MetUM simulations run from each successive operational analysis which is available every 6 hours. The simulation is convection-permitting, in which the circulation, triggering and life cycle of convection is allowed to develop explicitly, unlike the standard climate models (with parameterized convection) presented in the T12 study. A rain event is diagnosed with a method similar to Taylor et al. (2013) using hourly accumulated precipitation between 1130 LT and 2030 LT (where LT is UTC plus 5.5 hours). To analyse soil moisture conditions, three-hourly average soil moisture prior to rain initiation is computed. 

Four sub-domains are defined according to orographic and climatic conditions (shown in Figure 1); i) Northern domain (N), red, ii) Centre domain (C), blue, iii) Eastern domain (E), white and iv) Southern domain (S), black. The N and E domains are chosen because the orography is relatively flat and less complex, whereas the orography in the C and S domains is more complex. Also N, C and E lie along the axis of the monsoon trough, whereas S is positioned a little off track. Domains N and S are defined as semi-arid to arid, whereas domains E and C have humid climatic conditions. 
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Figure 1: The whole model domain of the EMBRACE simulation used in this work, on which shaded contours represent orographic height in meters from mean sea level. Rectangular boxes represent study sub-domains; North(N, red), East (E, white), Centre (C, blue ), and South (S, black). 
All the analyses have been performed in the immediate vicinity of regions that have received afternoon rainfall. Here, an afternoon rainfall event is defined where there is no rainfall in the chosen area in the 3 hours preceding 1130LT. The purpose of performing this filtering is to separate stratiform rainfall events (that continued from overnight) from locally initiated convective events which can take place during the afternoon due to local forcing. Therefore, the very first step in the method is to identify a continuous rain area (Ebert et al 2009) using the flood fill algorithm and thresholding technique. According to this technique all the adjacent pixels exceeding a given threshold value of rainfall are collectively considered as one rain event. The minimum number of pixels to define a rain event as significant, in this study is considered as 3 pixels which is 48 sq. km. The minimum rain threshold for all the domains is taken as 3mm accumulated rain in one hour. Then, the location of initiations is traced back to a single grid point, using 10-minute accumulated rainfall. Based on identification of these rain initiations, the rest of the study of soil moisture, orography, morning profile (CTP-HI) analysis and wind circulation analysis has been carried out over the four domains.

2.1 Statistical analysis of soil moisture gradient

In this method, initially the soil moisture field is rotated according to the average 925hPa wind direction and then the soil moisture gradient is calculated in the downwind and upwind directions from the centre to the edges of the surrounding domain by fitting a least squares regression line, similar to the method of Taylor et al (2011). In this calculation the location of initiation is 0.1 degrees upstream from the gradient centre in the downwind direction and 0.1 degrees downstream of the gradient centre in the upwind direction as shown in Figure 2. A negative gradient implies soil moisture state is transiting from dry (point B) to wet (point A) in the downwind direction and a positive gradient means there is transition from wet (point B) to dry (point A). Thus, there will be four possible combinations of downwind and upwind gradient which can classify the soil moisture state as i) dry to wet in downwind direction, ii) wet to dry in downwind direction, iii) wet patch at centre, iv) dry patch at centre. The possible combinations of gradients are summarised in Table 1. The limitation of this method is when the wind field is converging in the vicinity of rain initiation: this method may not compute the downwind direction of wind correctly. A manual inspection of the cases was made, and this kind of ambiguity in the wind direction was only detected in a small fraction (18%) of cases.
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Figure 2: Schematic depicting the location of various points for calculation of downwind and upwind gradient. I is the point of convective rain initiation. A and B are points between which gradient is calculated. G is gradient centre. Subscript U and D denote the point for upwind and downwind gradient respectively. Positive gradient implies soil moisture decreasing in the downwind direction, i.e. winds blowing from wet to dry..
2.2. Classification of average soil moisture conditions
As the gradient analysis only considers variations in the downwind direction, and soil moisture states affecting the convective rain initiation processes are two-dimensional, it will be useful to describe the average soil moisture state in the vicinity of a rain event at comparatively the same length scale at which the gradient is being calculated. FE03a considered two very extreme values, 20% and 100%, to categorize dry and wet regions respectively. In this study a statistical approach has been adopted to quantify relative wetness, inspired by the study of T12 which is a relative comparison of the soil moisture at the initiation location to the surrounding soil moisture conditions. For each afternoon initiation, (Figure 3) a surrounding sub domain of length L is defined, with the initiation at the centre of this domain.  The mean soil moisture over the surrounding sub domain (SMs) is computed for each event and is subtracted from the mean soil moisture in the immediate vicinity of the event (SME).
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Figure 3: Schematic diagram of average soil moisture analysis method.

 If the resultant value is negative, the event is termed as dry i.e. it occurred over a relatively dry region compared to surrounding soil moisture conditions; if the value is positive, the event is wet, and if the difference is near zero the event is termed a null event. Here, near zero implies bounded by a small value ϵ that takes into account the scale resolution i.e. at what scale we want to differentiate a event as wet or dry. So mathematically/quantitatively the method can be represented as

1) SME –  SMS < - ϵ            (Dry event)

2) SME –  SMS > ϵ              (Wet event)

3) - ϵ < SME –  SMS < ϵ     (Null event) 

For whole study the value of ϵ is fixed at ϵ = 0.25 kg m-2.

The method is also sensitive to the choice of surrounding sub-domain length (L). If L is very small it can lead to most of the events being classified in the null category as it limits the effect of surrounding soil moisture conditions. On the other hand, taking L to be too large can cause loss of actual characteristics of the soil moisture in the immediate vicinity of the rain event. After experimenting with different values of L and l, for this study L is fixed at a value of 0.288degrees and l=0.072 degree, which, is close to the length scale (30 km) suggested by Taylor et al (2011) for significant land atmosphere interaction at mesoscale. Here it is worth mentioning that this method is not so useful if the soil moisture field is very patchy. However, at the relatively small scale of 0.288 degree there are very few cases with a considerably large number of wet and dry patches within one case.
2.3 Statistical analysis of orography 

In order to analyse orographic conditions in the vicinity of rain events in complex terrain domain C and S, we split the analysis over low and high topography. To achieve this, the probability density function of orographic height in the surrounding sub-domain of length L is calculated for 10 equally spaced percentile categories i.e. heights falling under 10th percentile value is referred as category 1 (low orography). Then the average height of the rain event region is computed and compared with the 10 percentile categories; and accordingly given the index of the matched category.
2.4 Significance test

To test the significance of statistical analysis i.e. what is the chance that an event cannot occur by random chance, a difference of portion 2-tail z-test is performed. Five thousand random points were chosen, taken from the 21 days of model simulation for each domain, and the same parameters, of dryness/ wetness, soil moisture gradient, CTP and HI were computed, as for the actual initiation events. Then the probability density functions were computed, as for the intiaition events, and a z-test performed under the null hypothesis that the probability of occurrence of events under a certain category is the same as that for probability of occurrence of random cases. 
3. RESULTS OF VARIOUS ANALYSES OF SOIL MOISTURE PATTERNS AROUND INITIATION EVENTS
3.1 Diagnosis of soil moisture state
To look at the physical state of soil moisture conditions around rainfall initiation a composite analysis has been performed. In this analysis normalized soil moisture difference has been computed for each pixel by subtracting average 0.072-degree event-box soil moisture; [(SMx-SME)/ (SMx+SME)], where SMx and SME are defined in Figure 1. Then every frame is rotated to the average 925 hPa downwind direction and a composite of all events made (Figure 4), similar to Taylor et al (2011). Thus a negative difference (red shaded region) implies the surrounding pixel is drier than the event average soil moisture conditions and if it is positive (blue shaded region), the surrounding pixel is wetter.
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Figure 4:- Normalized soil moisture difference, frame of refrence rotated in downwind direction (the rotated wind is east to west). Here the black marker at centre (0,0) is the location of rain initiation. Length scale of plotting is 0.5 degree on either side of centre.
a) Statistical analysis of soil moisture gradient
In order to quantify the composite soil moisture gradient (i.e. Figure 4) objectively, the method described in Section 2.1 has been applied to each rain initiation. The soil moisture gradient is calculated in upwind and downwind directions and the results are summarized in Figure 5 under the four categorized states as described in Table 1. In the East and South domains the occurrence of events are statistically significant at the 95th percentile for dry to wet (DW) downwind gradient. However, over the North and Central domain the number of events occurring under the wet category is statistically significant at the 80th and 85th percentile. There is slight disagreement in the composite and gradient analysis results in the North domain; the composite analysis shows an appearance of strong moisture gradients whereas in the statistical analysis the gradient appears insignificant. This happens because the position of the North domain is over a strong climatological soil moisture gradient and the number of random cases with a gradient is also very high, as demonstrated in the graph with hatched bars (Figure 5(a)). This disagreement also highlights the importance of two-dimensional statistical analysis of soil moisture for more robust conclusions which are presented in the next section. The reason for statistically significant wet cases in the Central domain is discussed later in detail.
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Figure 5:  Probability density function of occurrence of rain initiation under different soil moisture categories as computed from downwind and upwind gradient sign combinations (refer to Table 1 for categories denoted in x-axis). Solid bar represents rain initiation events and hatched bar represents pdf of background cases (random events). The black asterisk over the bar denotes the category significantly different from random cases at the 90th percentile.
b) Statistical analysis of average soil moisture state
The relative average soil moisture state described in section 2.2 has been applied to the four different domains and results are presented in Figure 6. Since evaporative fraction is an important coupling parameter (Dirmeyer 2009) between land and atmosphere so we have applied similar analysis to this parameter. From Figure 6, over the North, East and Central domains soil moisture and evaporative fraction have similar statistics, that afternoon rain initiations have the preference to occur over wet soil. The occurrence of wet advantage is statistically significant at 95th, 85th, 90th percentile for North, East and Centre respectively, whereas over domain S there is no significant result.
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Figure 6:- Normalized frequency (probability density function (pdf)) of occurrence of rain. Horizontal axis denotes the rain event soil moisture category; dry, null or wet. The red bar represents soil moisture analysis whereas the green bar represents analysis based on evaporative fraction. A solid bar represent statistics of actual rain events whereas a hatched bar represent statistics of 5000 random cases to compute statistical significance of the events. The black asterisk over the bar denotes the category significantly different from random cases at the 90th percentile.
On comparing results of the composite analysis, gradient analysis and average soil moisture analysis we can make some general conclusions regarding the relationship between initiations and the soil moisture. The most significant signals in Figure 5 indicate, in the East and South domains, initiations occurring preferentially on dry to wet gradients, significant at the 95% level. However, for the North and Centre domains, the only, weakly significant patterns are a tendency for initiations over wet centres. The results of the average soil moisture state in Figure 6 are more conclusive, with the North, East and Centre domains all showing preference for wet advantage, significant at the 95th , 85th and 90th percentiles. Combining these conclusions, we can say that we have evidence for afternoon initiation to occur on dry-to-wet gradients, and preferentially over wetter surfaces.

In terms of the preference for initiation over gradients, this pattern is consistent with the composite analysis of Figure 4 and with the general results of Taylor et al (2011). In terms of the surface state (wet advantage), these results differ from previously published analyses (e.g. T12) which showed dry advantage to be most prevalent worldwide. One explanation for this discrepancy in the Centre domain is the presence of significant orography (analysed in Section 3.2). For the North and East domains, orography is low: here, the discrepancy of these model results with previously published papers could be due to the timing of rainfall relative to surface gradients, meaning that rainfall is delivered at a different location to that of the first initiation. Close to a gradient, a small shift of the rain could change the underlying surface conditions significantly. This issue is further discussed in Section 4.

3.2 Orographic analysis 
In this section, domains with complex orography, that is, the Centre and South domains, are further analysed using an additional parameter, wind convergence.  

a) Statistical analysis of orography
In this section, for the complex terrain domains, Centre and South, the probability density functions (PDF) of occurrence of rain events is plotted according to different height categories classified in Section 2.3, and results are presented in Figure 7. Following the aim to separate rain initiation events according to orographic conditions, it has been observed that for the Centre domain, there is a peak of wet events at comparatively higher orography. On the other hand for the South domain there exist two peaks, one over lower topography, having a large number of dry advantage events and second over higher orography, with more wet advantage events.
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(a) South                                              (b) Centre

Figure 7:- Probability density function (PDF) of rain events over different orographic heights, according to different soil moisture conditions. The blue line indicates distribution of wet advantage rain events over different orographic heights. Similarly red and green lines are for dry advantage and null case respectively.

b)  Subjective analysis of wind convergence and orography

A spatial approach is adopted in this section to observe any orography-driven synoptic conditions persisting over the complex South and Centre domains. The 925 hPa, 21-day average wind convergence is plotted, overlaid by hourly average rainfall of the afternoon period. Over the Southern domain orography is very complex and average plotting of wind convergence and hourly rainfall at a spatial scale of 5 degree could not reveal any significant association of wind convergence with orography and rainfall whereas over the Central domain there is significant association of rainfall with convergence zones arising due to higher orography, as shown in Figure 8.
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a)                                                                       b)

Figure 8: a) Hourly mean 925hPa wind superimposed on orographic height in m. b) Coloured filled contours are 21 day hourly average of 925 hPa level wind convergence (/ 10-4 s-1) for afternoon period. The thick black unfilled contour shows 21-day hourly average of afternoon rainfall. Both plots are for the Central domain.

On comparing the Figure 8(b) convergence plot with the 8(a) orography plot, it can be observed that over the Central domain the convergence pattern is strong near higher orography and is followed by rain. Also analysis of events based on soil moisture conditions and height (Figure 7b) indicates that, for the Central domain, lower orography has no significant preference of rain initiation among any of the soil moisture conditions. However, there are more wet advantage cases for higher orographic conditions. It can be explained in conjunction with subjective wind convergence analysis (Figure 8b) and soil moisture analysis (Figure 6d) as there is serial occurrence of rainfall over the same place again and again due to fixed orographic triggers which results in wet soil at the initiation locations. Thus it may be concluded that in the Central domain, rainfall is associated with orographically induced wind convergence and dynamic land atmosphere interaction is less significant. It is worth mentioning here that for this reason T12 excluded higher orographic regions in their analysis.
3.3 CTP-HI analysis
We tested the results of FE03a study using the high resolution convection permitting model instead of a one-dimensional slab model. For the study we have computed values of CTP-HI over the rain event initiations, for 0000UTC model atmospheric profiles, and tried to categorize wet and dry events according to CTP-HI threshold values given by FE03a, Tuinenburg (2011) or any other value. In this study, we have used the methods of Section 2.2 to categorise wet and dry events, rather than the absolute soil moisture conditions imposed by FE03a.
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Figure 9:- CTP-HI plot for the (a) North, (b) East, (c) South, and (d) Centre domains, for early morning model profiles (0000 UTC) at the initiation location of afternoon rain events. Here, a red circle implies the rain event is over dry soil, blue circle implies rain event occurred over wet soil and green circle means rainfall occurs over a region where the soil moisture contrast condition is relatively insignificant i.e. a null case.

The CTP-HI values computed from the morning profiles of afternoon rain events are presented in Figure 9 for different domains. At first inspection, there is little evidence of CTP-HI differentiating the likelihood of wet or dry advantage. However, subjectively, looking at the plots suggests a slight separation of dry and wet advantage events in the North semi-arid region. By applying the statistical significance test, it is found that there is preference for dry advantage events for CTP greater than 250kJ and HI in the range 10 to 15 K in the semi-arid North and South domain, significant at the 80th percentile. In humid East and Central domains the results are mixed and it is difficult to separate dry and wet advantage events based on any CTP-HI threshold value. 
4. DISCUSSION AND CONCLUSIONS 
In this study, afternoon rain initiations over different orographic and climatic conditions have been categorized objectively according to soil moisture conditions. As the South and Central domains have complex orography, they are further analysed using orographic and subjective wind convergence analysis.

Over the domains with relatively flat orography (North and East), soil moisture analysis shows that afternoon rainfall tends to initiate over wet soil, and close to dry-wet boundaries (increasing soil moisture in the downwind direction). Although T12 and Taylor et al (2013) found that afternoon rainfall is more likely to occur over the same kind of soil moisture gradient (increasing in the downwind direction), these earlier papers identified initiations occurring over drier soil, on the upwind side of that gradient, whereas we have found initiation to be preferred on wet soil of the downwind side. However, it is worth mentioning here that T12, based on the Taylor et al (2011) study, considered convective initiation in terms of the first appearance of cold cloud, whereas our results are for convective rain initiation, which occurs some time, perhaps 30 minutes, after the first cold cloud tops appear. If the clouds are moving with the mean wind toward the wet side of the gradient, it is natural that there should be a shift from dry to wet, in the analysis of first convection followed by rainfall. Hence, in spite of convection being initiated over dry soil, rain may initiate over the wet soil a few kilometres downwind. The preliminary analysis of wind convergence (not shown here) over all the domains indicates that rainfall is more likely to occur near convergence zones. This aspect of vertical uplift and moisture advection needs to be quantified in detail, which is currently proposed for future study, taking into account the Birch et al (2014) study on wind convergence patterns.

In our model results, the subjective analysis of CTP-HI plots over the semi-arid North and South domains indicates the possibility of slight separation between wet and dry advantage in the events, but the behaviour is not very clear. The occurrence of dry events with the given (FE03a and Tuinenburg, 2011) thresholds is statistically significant in these North and South domains, but only at the 80% level, and it is not easy to find clear regions of wet advantage in this parameter space. The previously quoted CTP-HI values in the East and Central domains are unable to separate the behaviour of rain initiation based on initial surface moisture conditions during monsoon season. 
We have tried to quantify the CTP-HI framework in a three-dimensional atmospheric model where the role of advection, orography and flows that originate from land surface heterogeneity are considered with respect to rainfall, but the framework predictive parameters are limited to the one-dimensional atmospheric profile approach. Over the semi-arid North and South regions, the mechanism for initiation of dry advantage events, based on the CTP-HI framework, is that convection initiates when the PBL top rises rapidly to meet LFC. This may be enhanced by the mechanism demonstrated by Garcia-Carreras et al (2011) in that due to surface moisture heterogeneity there could be rapid formation of fronts that lead to strong upward motion and thus increase the height of the boundary layer rapidly to meet the LFC. 
Orographic analysis of the South and Central domain confirms that over higher orography, rainfall tends to initiate over wet soil. Comparison of the average wind convergence plot with the orographic plot in the Central domain shows that there exists a dominant zone of convergence and divergence near higher orographic regions and this region is prone to afternoon rainfall. The soil moisture analysis shows wet advantage over this domain which can be linked to orographic induced rainfall, as the rain occurs over the same place again and again, so the rain event region is relatively wet all the time. Also, CTP-HI analysis over this domain cannot separate out dependence of rainfall on surface moisture conditions. Koster et al. (2004) found that Central India is a region of strong land- atmosphere coupling in climate models, however our findings show that at the mesoscale, dynamic land-atmosphere coupling is not very significant in this region; rather, the rain events are orographically driven mesoscale scale features during the monsoon period. This result is also consistent with the findings of the study of Sun and Wang (2012) that evaluates the complexity of using feedback parameters derived in Koster et al (2004) study and found that during the monsoon period (JJA) over the Indian peninsula, moisture convergence dominates over evapotranspiration as the main source of moisture supply. Thus their study, including other parameters, concluded that over southern peninsular region (Centre and South domain of our study) during monsoon period soil moisture-atmosphere coupling is relatively weak. 
As this study has been carried out for the monsoon season, in order to generalize the conclusions, pre-monsoon, monsoon onset period and post monsoon seasons should also be analysed and compared, as these are the periods of significant moisture-limited cases, to explore better understanding of the soil moisture-precipitation feedback mechanism over India.
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