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This study explores the tropical land distribution of precipitation and its extremes focusing on the daily 1°×1°scale. A common period of 5-year over the tropical belt (30°s-30°n) corresponding to more than 39 million data points, is used to highlight the robust (and non-robust) observed features. A set of 10 observational products is analyzed ranging from satellite only to rain gauges only products and various blended intermediates as well as a sub ensemble of satellite-based products relying upon microwave observations. Overall, the various datasets show a small diversity of response as far as tropical land mean precipitation is concerned. When sorted by surface temperature, the spread in mean rainfall is also well below 10% over a large span of the surface temperature regime. The consistency between the surface temperature and the extreme precipitation is further investigated by computing the thermodynamic scaling of daily precipitation extreme with surface temperature. The wet days' 99.9th and 99th percentiles are considered and corresponds to 'extreme' extremes (∼110 mm d -1 ) and 'moderate' extremes (∼60 mm d -1 ), respectively. The analysis reveals three regimes over the 287-305 K 2 m temperature range. In the cold regime, 287-293 K, extremes exhibit no dependence to surface temperature while in the warm regime, 299-305 K, the extremes decrease with temperature as identified in previous studies. Over the 293-299 K regime, the scaling of the sub ensemble of satellite products is ∼5.2 K/% for the 'extremes' extremes and 5.0% for the 'moderate' extremes, and is robust throughout the sub ensemble. This analysis fills the regional gap of previous conventional data based studies and further confirms the Clausius-Clapeyron theoretical expectation for the tropical land regions.

Introduction

Global energy budget considerations provide a strong constraint of global precipitation owing to the coupling between energy and water budgets and offer a physically sound theoretical pathway to explore the future evolution of precipitation under climate warming through changes of the atmospheric water vapor content (Ramanathan 1981). Thermodynamics indeed dictates an increase of the atmospheric water vapor content under warming at a rate of 6%-7%/K which translates in a 2%-3%/K increase in global mean precipitation via the induced radiative cooling closure enforcement of the water and energy budget (Stephens and Ellis 2008). This thermodynamically constrained alteration of the atmospheric water vapor also has consequence on local precipitation events and a moister atmosphere is expected to yield stronger local precipitation (Trenberth 2011 and reference therein). The scaling of the high rainfall percentiles to surface temperature as depicted by the conventional observations (rain gauges), have been extensively used to explore the recent evolution of the precipitation extremes over land and its associated scaling with temperature (e.g. Westra et al 2013). Extreme precipitation from the gauges have further been shown to well agree with theoretical expectations and climate models results at least in the mid-latitudes (Fischer and Knutti 2016). Indeed, these observations are by essence mainly concentrated over data rich areas of the globe, leaving an unsatisfactory appraisal of the evolution of intense rainfall over conventional data poor regions like the tropical land regions [START_REF] Becker | A description of the global land-surface precipitation data products of the global precipitation climatology centre with sample applications including centennial (trend) analysis from 1901-present[END_REF], Kidd et al 2017, Taylor et al 2017). The lack of data yields to a series of non-robust results about the scaling of daily extreme precipitation to temperature in the tropics (Utsumi et al 2011, [START_REF] Eiji | Decreasing precipitation extremes at higher temperatures in tropical regions[END_REF], Vittal et al 2016[START_REF] Bao | The robust relationship between extreme precipitation and convective organization in idealized numerical modeling simulations[END_REF][START_REF] Barbero | Temperature-extreme precipitation scaling: a two-way causality[END_REF], Wang et al 2017[START_REF] Ali | Global observational evidence of strong linkage between dew point temperature and precipitation extremes[END_REF]. A large number of multisource gridded precipitation products, including multiple satellites observations and microwave constellation-based products, has emerged in the recent decade (Levizzani et al 2018) that could help to alleviate this regional gap and clarify the observational relationship between precipitation extremes and surface temperature in the tropics. At daily scale satellite gridded products indeed exhibit significant skills at documenting meteorological variability in the tropics (Roca et al 2010, Gosset et al 2013, Guilloteau et al 2016), if not for the documentation of the extremes, and are characterized by improvements of the recent generation of products over the previous ones (Maggioni et al 2016, [START_REF] Beck | Global-scale evaluation of 22 precipitation datasets using gauge observations and hydrological modeling[END_REF]. Despite the importance of the local scaling at daily scale, studies addressing tropical landwide statistics using gridded data based are not numerous with the exception of (Wasko et al 2016) for which a single gridded product is used that suggests the satellite observations are offering an alternative to stations based estimates.

The scaling of extreme precipitation to surface temperature can be derived from physical considerations. Precipitation at the surface results from the condensation of water vapor in the atmosphere and subsequent fall out to the ground. The net condensation rate of the atmosphere is indeed the outcome of the complex interplay between the thermodynamic profiles of the column, the intensity of convection, the cloud and rain microphysics and in particular to the tropics, the mesoscale dynamics of the cloud system (e.g. Roca et al 2017). Despites this complexity, in the tropics, following atmosphere dry static energy budget considerations and focusing on extreme conditions, extreme precipitation rate (P e ) can be expressed (O'Gorman and Schneider 2009) as

P dq dp , 1 e e s *  w = - q ⎪ ⎪ ⎪ ⎪ ⎧ ⎨ ⎩ ⎫ ⎬ ⎭ ( )
where ω ε is the vertical velocity in pressure coordinates, q s the specific humidity at saturation at constant equivalent potential temperature (θ * ) and ε is the measure of the precipitation efficiency related to the microphysics of the rain and the {.} sign indicates the vertical averaging operator. At daily scales, the sensitivity of P e to efficiency can be neglected (Singh and O'Gorman 2014) and the physical scaling (1) further simplifies to a dynamical and a thermodynamical contributions. For tropical conditions, idealized cloud resolving model simulations suggest a weak dynamical response to large perturbations of surface temperature The near surface air saturation humidity is a function of temperature alone and pressure and equation (2) simply states that the fractional change of extreme precipitation scales with near surface air temperature at the rate of change of the Clausius-Clapeyron law with near surface air temperature. Under typical tropical conditions, this thermodynamic scaling is close to 6%-7%/K (Trenberth et al 2003). Therefore, near surface temperature is used to assess the scaling within the gridded precipitation products. By essence, the physical scaling hence is valid under assumptions that restrict its use to the regime for which surface humidity increases with surface temperature. Indeed, at the warm end of the range of surface air temperature (like Sahara) rain rarely occurs. Hence, it should be considered that the near air temperature is only a proxy for near surface air humidity at saturation and the range of meaning of the physical scaling is further discussed below. The estimation of the physical scaling does not need to reflect the time evolution of the extreme precipitation under recent climate change. The physical scaling is a way to 'map' the precipitation distribution over regimes of surface air temperature (rather than geographical locations) that further links the precipitation to its local environment. Such physical scaling is not to be misinterpreted or compared with other proposed scaling in the literature based on co-variability of precipitation extremes with various surface temperature indicators ranging from globally averaged surface temperature, global ocean surface mean temperature or regional composite of temperature (Westra and Sisson 2011, Liu et al 2012). The estimated thermodynamic scaling of precipitation extreme with surface temperature for the current climate should nevertheless be used with caution to discuss the evolution of extreme events with future climate change. Indeed, unaccounted for chan- The main objective of this paper is hence to fill the regional gap over the tropical land using a large set (and a sub set) of gridded products and to investigate the robust and non-robust features among the products for various metrics of the tropical precipitation distribution and its extremes. A secondary aim of this paper is to explore the ability of the gridded products to provide a robust (or not) perspective on the thermodynamic scaling of precipitation extremes to the surface temperature over the tropical land in the current climate.

To simplify the reading of the letter, the description of the full products ensemble and the rationale for selecting a subset ensemble are discussed in the supplementary material data section. Similarly, the methodological aspects of the scaling computation are detailed in the Supplementary Material Methods section. The analysis of the full distribution of dailyaccumulated precipitation is presented next. Section 3 is devoted to the results of the scaling and the papers ends with a conclusion/discussion section.

The tropical land precipitation distribution

2.1. The tropical precipitation distribution over land Mean conditional precipitation, i.e. mean precipitation when precipitation is greater than 1 mm -1 , over tropical land is remarkably consistent among the various products (table 1) with a mean value of 9.8 mm d -1 +-10% for the entire ensemble. The sub-ensemble products exhibit the same average value with even less spread among the products (3%). The occurrence of daily accumulated precipitation at 1°×1°over tropical land for the 2012-2016 period spans 5-6 order of magnitude over the 0-275 mm d -1 range for each product (figure 1 top). All the products share a similar shape for the distribution. Above 25 mm d -1 , the GPCC product occurrence is systematically higher than all the other products while the PERSIANN record shows the lowest occurrence systematically.

While the mean value is very robust among the products, the distribution is not. We note that here the distribution is explored up to 275 mm d -1 which correspond to very heavy rain accumulation. The relationship between the tropical wide rainfall accumulation and the percentiles of the distribution is presented in figure S1 is available online at stacks.iop. org/ERL/14/095009/mmedia.

The spread among the whole ensemble of products increases with the daily accumulated precipitation amount (figure 1 bottom) from 10%-25% up to 50 mm d -1 (∼99th percentile), and asymptotes around 100% from 100 mm d -1 (∼99.9th) and above. The spread is considerably less when the sub-ensemble of satellite-based products that includes microwave observations is concerned. Up to 75 mm d -1 , the spread is below 10%. Above 75 mm d -1 , the normalized standard deviation increases log-linearly with the daily-accumulated precipitation at 25% for 150 mm d -1 (∼99.99th) and up to 50% at 200 mm d -1 (∼99.999th) and just below 100% at the end of the distribution.

The tropical precipitation distribution sorted by surface temperature over land

When daily-accumulated precipitation is sorted with respect to 2 m temperature regimes, the contribution to the total precipitation peaks around 298 K at a value of ∼18% for all of the products (figure 2 top). The distribution from the coldest and the warmest regimes are very similar across the products. The spread among the various products is very small (figure 2 bottom), less than 10% up to 303 K and there is hardly any difference between the ensemble mean distribution and the one from the sub ensemble. This very robust feature of the gridded products can also be interpreted in terms of the various products having a similar geographical distribution of the precipitation. This is expected to some extent, at least for the sub-ensemble, since the products share some of the raw satellite observations. Compared to the ensemble members, the CHIRPS product appears to overestimate slightly the contribution to total rainfall up to 297 K where it peaks and then shows underestimations in the warmer regime. The TAPEER dataset reveals a distribution close to the ensemble mean but with a slightly underestimated maximum contribution at 299 K. 3. The scaling of the extreme of tropical precipitation with surface temperature

The extremes are characterized via the upper wet day percentiles of the distribution for various surface temperature bins (see Supplementary materials: method section). 'Extreme' extremes and the 'moderate' extremes are defined by the 99.9th and the 99th percentile, respectively. The magnitude of these percentiles are ∼110 and ∼60 mm d -1 (figure 3). The use of other metrics or indices to qualify the extremes can limit the considered magnitude of the range of precipitation. For instance, the quasi-global analysis of (Herold et al 2017) relies upon the Rx1day index to characterize the 'extreme' extremes which ranges, at the 1°×1°daily scale, between 35 and 50 mm d -1 depending upon the product, much less than the magnitude considered here. Note that statistics for the 90th percentiles are also reported although the intensity under considerations (∼25 mm d -1 ) is generally not associated with the notion of an extremely intense rain event.

The relationship between the extremes of precipitation and the surface temperature for all of the individual products, the entire and the sub ensemble are presented in figures S2, S3 and S4 for the 99.9th, the 99th and the 90th percentiles, respectively. Figure 3 summarizes the results for the 99.9th and the 99th percentiles for the mean of the sub ensemble of products. A spread around 20% for 99.9th and 99th percentiles, and around 15% for the 90th percentile characterize the distribution of the extremes. When the sub ensemble is considered, the spread is reduced significantly around 5% or less over a large part of the temperature range under considerations. For the three percentiles values and for most of the products, the extreme exhibits a 'peak' structure in agreement with previous findings based on rain gauges' data (Hardwick Jones et al 2010), reanalysis or climate models (Wang et al 2017). The peak is observed around 299-300 K. For most of the products, the 90th percentiles distribution (figure S4) shows two regimes with temperature, increasing up to the peak and decreasing for higher temperature; a feature already identified in various previous studies. On the other hand, for the 99.9th and the 99th percentiles, three temperature regimes can be distinguished for most of the products and for the product ensemble and sub ensemble means that differs from point gauges analysis (Westra et al 2014) and are detailed next.

The 'cold' regime (287 K<t2m<293 K)

This regime corresponds to ∼6% of the total precipitation (figure 2). In this regime, the extreme precipitation (both at the 99.9th and 99th percentiles) shows little to no variations with surface temperature. At the 99.9th percentile, the ensemble mean value is around 90 mm d -1 with a 16% spread among the products. The sub ensemble is characterized by the same mean value and a 8% average spread over the regime. Similar behavior of the products is found at the 99th percentile, with a mean value of 49 mm d -1 and an ensemble (sub ensemble) spread of 13% (6%). Unlike the other products, the GPCC estimate expresses an increase of the two extreme percentile values with temperature within this regime.

The 'warm' regime (299 K<t2m <305 K)

This corresponds to ∼17% of the total precipitation (figure 2). This regime is characterized by an overall decrease of the extreme precipitation with temperature attributed to the limited supply of moisture over these arid land regions (Westra et al 2014). For this regime, the more complex relationship between surface temperature, surface humidity and column humidity could also explain the negative scaling of the extreme precipitation (Roderick et al 2019). It is also important to note that this regime could be driven not only by thermodynamics but also by changes in the dynamics of the storms, with increasing surface temperature. While this negative scaling was explored with rain gauges data in the literature, it is well reproduced by the gridded products. The spread among the products of the ensemble is larger than for the previous regime especially at the warm end of the range for which very low sample is available (figure 2). 3.3. The 'Clausius-Clapeyron' regime (293 Kt2m 299 K) This regime accounts for ∼73% of the total precipitation (figure 2) and is characterized by an overall increase of the extreme precipitation with temperature across the regime. The spread among the products for the entire ensemble spans the 15%-25% range for all the three percentiles. The GPCC and PERSIANN products provides the highest and the lowest percentile values, respectively for the three cases contributing to the relative large spread of the whole ensemble. On the other hand, the sub ensemble again shows strong consistency with a small spread of 4%, 3% and 3% for the 99.9th, 99th and 90th percentiles. As discussed in the Introduction, theoretical considerations suggest that the rate of increase of the extreme precipitation in this regime is close to Clausius-Clapeyron that is 6%-7%/K. The slope of the regression (see Method in supplementary material) has been computed for each product for the 99.9th, 99th and 90th percentiles (table S2). The highest estimate is 6.2%/K for GSMArtg and the lowest 0.5%/K for GPCC. The entire ensemble mean slope is around ∼3%-4%/K for each percentiles values with a spread between 25% and 75%. When the sub ensemble is concerned, the 90th percentile scaling is 4.7%±17%. For the 99.9th and the 99th percentiles the spread among the products is reduced to ∼20% compared to the entire ensemble and the mean value of the slope is 5.2%/K. When the 299 K upper bound is changed to 300 or 298 K, the mean value of the slope becomes 4.7%/K or 5.6%/K showing little sensitivity to the precise location of the peak. Changing the lower bound to 292 K yields to a slightly lower 4.4%/K value also indicating the robustness of the 'Clausius-Clapeyron' regime for the sub ensemble of products.

Conclusions and discussion

Mean conditional precipitation (mean precipitation when precipitation is greater than 1 mm d -1 ) is very consistent among the various products over the tropical land in agreement with previous analysis at a quasi-global scale (Herold et al 2017). The sub ensemble is significantly more robust than the entire ensemble. On the other hand, the full precipitation distribution, while looking alike within the ensemble members, can exhibit significant variance among the products, in particular at the high end of the precipitation spectrum. Sub setting the ensemble to a restricted selection of satellite products that includes microwave observations from a constellation of satellites partly mitigate this issue. In particular, up to 75 mm d -1 , the spread among the sub ensemble members is less than 10%. When sorted by surface temperature, the ensemble of gridded precipitation observations reveals a mean conditional precipitation distribution with a relatively small spread of the values well below 10% over a large span of the surface temperature regime. According to this metric, both the entire and the sub ensembles exhibit the same level of robustness.

The distribution of 'extreme' (∼110 mm d -1 ) and 'moderate' (∼60 mm d -1 ) extremes sorted by surface temperature regime again reveals a robust behavior among the products, in particular for the sub ensemble that is characterized by less than ∼10% relative spread in the highest percentile all through the considered surface temperature range from 287 to 305 K. Within that range, three distinct regimes are found in most of the product and in both the ensemble means that exhibit only a slight sensitivity to the percentile considered to delineate the temperature range of each regimes. The cold regime extends from 287 to 293 K, the increasing regime spans 293-299 K and the decreasing regime is found over the warmest region from 299 to 305 K. Our results confirm previous elaboration about the decreasing regime after a peak temperature (Westra et al 2014). In our case, for the tropical land as a whole, a robust peak is observed around 299-300 K which is warmer than previous tropical rain gauges based analysis (Hardwick Jones et al 2010) although the difference between local observations and 1°×1°area averaged 2 m temperature analysis could explain this warm shift. Our analysis further indicates that a 'flat' regime characterizes the 'extreme' and 'moderate' extremes at the cold end of the temperature spectrum. From 287 to 293 K indeed the extremes show no dependence to surface temperature. Note also that for the 90th percentile, no such flat regime is observed; the range of value of this low percentile follow a bell shaped distribution. While the decreasing regime has been associated to limited humidity supply, the reasons for the flat regime are not clear. The 287-293 K regions could be related to orography or some seasonal features over tropical land areas that contribute to a steady value of the extreme, although high (∼90 mm d -1 for the 'extreme' extremes case), over that range of surface temperature conditions. This new result warrants further investigation of these large daily rainfall accumulation extremes on the cold end of the spectrum.

In between these two regimes, across the 'increasing' regime, from 293 to 299 K, the scaling of the extreme precipitation to the surface temperature is investigated. For the entire ensemble, the 'extreme' extremes mean scaling is around 3%/K with a 75% spread within the ensemble. For the moderate extremes, the mean value is 3.4%/K respectively and the spread decrease to 45% consistent with the distribution spread variation with precipitation intensity (figure 1). When the sub ensemble is considered, a different perspective emerges with mean value ∼5%/K close to the tropical Clausius-Clapeyron for both the 'extreme' and the 'moderate' extremes. The robustness of the estimates is also better than for the entire ensemble with a relative spread of 19% and 20% for the 99.9th and 99th percentiles. This result are based on a renewed observational set of gridded products, depicted by recent versions of mainly satellite precipitation products and rules out any super-cc scaling for the 1°×1°daily extremes precipitation as well as the earlier proposed negative scaling (Utsumi et al 2011) or lack of scaling (Vittal et al 2016). This analysis further confirms the theoretical expectation (O'Gorman and Schneider 2009) for the tropical regions. As discussed in the Introduction, these results are valid for present climate conditions and should not be straight forwardly extrapolated for future climate conditions as the drivers for climate change in extreme may not be the same as the one acting in the present climate (Li et al 2019).

The three regimes identified here are linking the upper tail of the precipitation distribution to the surface temperature conditions. These are part of a larger scale co-variability of precipitation and temperature (Trenberth and Shea 2005) related to the large scale circulation. The analysis of the spatial and temporal distribution of these regimes and links to largescale circulation shifts requires further studies. It is out of the scope of this Letter to explore these regimes further and it is deferred as a direction for future works.

(

  Muller et al 2011, O'Gorman 2015 its figure 3; Pfahl et al 2017). Considering weak variations in the vertical velocity and further assuming a simple tropical divergence profile, the fractional change in P e scales with fractional change of saturation humidity at the surface (O'Gorman and Schneider 2009) and further reads

  ges in precipitation frequency (Schär et al 2016) or the limited scope of the underlying physical framework to characterize the future evolution of precipitation extremes (Pfahl et al 2017) prevents a straight forward interpretation of the scaling. When carefully interpreted the scaling has nevertheless proven itself as a useful metric to narrow the spread in climate models responses (O'Gorman 2012, Bao et al 2017), to relate past observed variations of precipitation to surface conditions (Westra et al 2014) or to serve as an emerging constraint to climate model ensembles (Allan and Liu 2018). At daily scales, the scaling of high percentile with surface temperature has been vastly used in various previous studies (O'Gorman 2015 and references therein).
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 1 Figure 1. (Top) Distribution of occurrence of daily 1°×1°accumulated precipitation over the tropical (30°s-30°n) land for the period 2012-2016. The colors correspond to various precipitation datasets listed on the right. (Bottom) the normalized standard deviation of the above distribution across the ensemble of all the products (ENS) and for the sub-set of the ensemble defined in the text (sENS). In the bottom figure, the horizontal dashed gray lines corresponds to the 10%, 25%, 50% and 100% level.

Figure 2 .

 2 Figure 2. (Top) Contribution (in %) to the total accumulated precipitation over the tropical (30°s-30°n) land for the period 2012-2016 as a function of the 2 m daily temperature. The colors correspond to various precipitation datasets listed on the right. (Bottom) the normalized standard deviation of the above distribution across the ensemble of all the products (ENS) and for the subset of the ensemble defined in the text (sENS).

Figure 3 .

 3 Figure3. The value of the 99.9th and 99th percentiles of the 1°× 1°daily-accumulated precipitation over the tropical (30°s-30°n) land for the period 2012-2016 as a function of the 2 m daily temperature for the sub-set of the ensemble defined in the text (sENS). Shading is the standard deviation of the ensemble. The dashed dot gray lines correspond to the Clausius-Clapeyron 6.5%/K rate.

Table 1 .

 1 Conditional mean precipitation (>1 mm d -1 ) for the 2012-2016 period over tropical land. Mean, standard deviation and coefficient of variation (or normalized standard devitation) are also reported for the ensemble of all the products and for the sub-set of the ensemble defined in the text.

	Name	Conditional mean (mm d -1 )
	TAPR	10.0
	TMPA	9.8
	GSMArtg	9.3
	CMORg	9.5
	MSWE	9.7
	GPCPun	10.9
	PERS	8.2
	CHIRg	9.2
	GPCC	11.9
	GPCCfg	9.1
	Ens Mean	9.8
	Ens std	1.0
	Ens cvar (%)	10.6
	sEns Mean	9.7
	sEns std	0.3
	sEns cvar (%)	2.7
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