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ABSTRACT
This study evaluates precipitation properties involved in tropical cyclogenesis by analyzing a multi-year, global database of passive microwave (PMW) satellite overpasses of nondeveloping disturbances and the pre-genesis stage of developing disturbances. Precipitation statistics are quantified using brightness temperature proxies from the 85–91-GHz channels of multiple spaceborne sensors, as well as retrieved rain rates. Proxies focus on the overall raining area, the occurrence and areal coverage of deep (“strong” and “intense”) convection, and the proximity of precipitation to the disturbance center. Of interest are the differences in those proxies between for developing and versus nondeveloping disturbances, how the properties evolve during the pre-genesis stage, and how they differ globally. The results indicate that, of all of the proxies examined, the total raining area is the most useful precipitation-related predictor for genesis. The areal coverage of deep, “strong” convection also differentiates developing from nondeveloping disturbances and, similar to the total raining area, generally also increases during the pre-genesis stage as the genesis time nears (particularly within 24–48 h). “Intense” convection was not found to be a useful genesis predictor in any basin. Compared to the Pacific and Indian Oceans, which have the highest, the Atlantic and East Pacific has have the least precipitation observed during genesis and the smallest difference between developing and nondeveloping precipitation. This suggests that the total raining area and areal coverage of deep convection associated with tropical disturbances are better predictors of the TC genesis fate of disturbances in the Pacific and Indian Oceans, than in the Atlantic and East Pacific.	Comment by Microsoft Office User: I know you explain in the main text, but I wonder if the reader might be wondering the difference between strong and intense if he/she just peruses the abstract?




1. Introduction
An accurate prediction of tropical cyclogenesis requires an understanding of both the necessary conditions for tropical cyclone (TC) formation on the large scale, as well as the precipitation organization on the mesoscale that favors the development of a TC-strength vortex in the presence of those favorable large-scale conditions. When the large-scale conditions are favorable for tropical cyclogenesis, the development fate of tropical disturbances is likely closely tied to how precipitation organizes within the disturbance, and subsequently the kinematic and thermodynamic response of the disturbance to precipitation processes. 	Comment by Microsoft Office User: You also refer to this as “genesis” and “TC genesis” in the paper.  Consider unifying the term up front in this 1st sentence...maybe “prediction of tropical cyclogenesis (i.e., “TC genesis”)….or “genesis”.	Comment by Microsoft Office User: Maybe a reference or 2 in this 1st paragraph.
Previous literature has typically presented TC genesis as following either a “top-down” or “bottom-up” pathway. In the “top-down” pathway, TC formation generally involves intensification of a mid-level mesoscale cyclonic vortex (MCV) originating in the stratiform region of a mesoscale convective system (MCS), while in the “bottom-up” pathway genesis emerges from the aggregation, or axisymmetrization, of individual deep, vortical convective towers (i.e., “vortical hot tower”, or VHT) within an already cyclonic vorticity-rich environment (Hendricks et al. 2004; Montgomery et al. 2006). It i’s more likely, however, that aspects of both pathways contribute such that multiple precipitation modes (shallow, moderately-deep, and deep convection, as well as stratiform rain) are responsible for genesis (Fritz et al. 2016).  
This has been supported by a wealth of evidence from observational (e.g., Ritchie and Holland 1997; Simpson et al. 1997; Raymond et al. 2011; Raymond and López Carrillo 2011; Davis and Ahijevych 2012, Komaromi 2013, Zawislak and Zipser 2014a, b; Fritz et al. 2016) case studies that have linked precipitation to key kinematic and thermodynamic processes occurring during TC genesis. These case studies support a genesis pathway in which an organized midtropospheric circulation develops and the tropospheric stability increases (i.e., the upper troposphere warms and the low troposphere cools) — likely reflecting stratiform rain processes. Coincidentally, the midtroposphere is preconditioned as it moistens and humidifies due to stratiform rain and detrainment from moderately-deep cumulus congestus (Wang 2012, 2014; Fritz et al. 2016). In an environment preconditioned by a coherent midtropospheric circulation and a moist, near-saturated troposphere, contributions from deep convection are favored, a more bottom-heavy mass flux profile is observed, and spin-up in the low troposphere is preferred (Nolan 2007; Raymond and Sessions 2007; Raymond et al. 2011; Raymond and López Carrillo 2011). 	Comment by Microsoft Office User: This paragraph really just continues from the thoughts of the previous.  You might consider combining them into one. 	Comment by Microsoft Office User: Midtroposphere comes up quite a bit- you might want to define it up front.
One of the few studies to examine multi-year composites of precipitation properties during TC formation, Fritz et al. (2016), analyzed Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar (PR) satellite data from 1998–2010 to examine individual contributions from stratiform rain, and shallow, moderately deep, and deep convection to genesis. Their conclusion is that genesis involves the collective contributions from these different precipitation types.  However, , but, considering their the relatively large areal coverage of , moderately-deep convection and stratiform rain make these precipitation types the largest contributorsions to precipitation involved in genesis. While deep convection had the largest contribution to rain rate, its areal coverage is far exceeded by precipitation of less depth. While it does not extend over the entire troposphere, they surmise that cumulus congestus favors a transition to deep convection as midlevel congestus clouds moisten the midtroposphere through detrainment (Wang 2012). This study will complement Fritz et al. (2016) by extending the multi-year analysis to proxies from passive microwave (PMW) satellite data, and will go further by comparing precipitation properties of developing disturbances to nondeveloping disturbances. 	Comment by Microsoft Office User: This one has a few variations: nondeveloping disturbances, nondevelopers, and nondeveloping tropical disturbances…consider establishing one version her where it 1st appears.
While passive microwave (PMW) sensor data has been used more extensively in studies of precipitation properties in mature TCs (e.g., Alvey et al. 2015, Tao and Jiang 2015, Tao et al. 2017), fewer studies have used PMW data to investigate precipitation properties of tropical disturbances prior to TC formation. Leppert et al. (2013a, b) combine PMW data from the TRMM Microwave Imager (TMI) with data from the TRMM Lightning Imaging Sensor (LIS) and a merged IR satellite dataset to composite statistics for developing and nondeveloping African easterly waves (AEWs) in the Atlantic and East eastern North Pacific. They conclude that the areal coverage of precipitation and convection may be more important to tropical cyclogenesis than the overall intensity of convection, as it most differentiates the developing waves from theversus nondeveloping AEWs. This conclusion is verified in case studies shown in Zawislak and Zipser (2014b); a study that serves as the precedent for the methodology used here. 
This study contributes towards a global survey of the precipitation characteristics associated with developing and nondeveloping tropical disturbances, with a focus on identifying the distinguishing properties of those disturbances that eventually develop into TCs. It builds on previous case studies (Zawislak et al. 2014a, b) by examining whether the conclusions drawn from those case individual examples are robust when analyzed for a larger sample, while also complimenting and verifying results from studies that use other multi-year satellite datasets (Leppert et al. 2013a, b; Fritz et al. 2016) to analyze precipitation properties in genesis. While those previous studies limit their analysis to the Atlantic and East eastern North Pacific basins, this study extends the investigation to other TC-prone basins around the globe., and will examine whether the Ccharacteristics of precipitation involved in tropical cyclogenesis will be compared and contrasted in the different ocean basins.   differs between in each basin. A unique compilation of PMW satellite overpasses, subset for developing (pre-genesis stage) and nondeveloping disturbances, is used in this study (described in detail in Section 2) that easily facilitates composite analyses over multiple years of cases in all basins. The following questions will be evaluated using composites of pre-genesis and nondeveloping overpasses:
1) Which precipitation properties most distinguish developing disturbances from nondeveloping disturbances?
2) How do the precipitation properties vary between each TC basin?	Comment by Microsoft Office User: Are you talking both developers and nondevelopers here?  If so, consider changing to: “How do the precipitation properties of developing versus nondeveloping tropical disturbances vary between different ocean basins?”

3) How do various precipitation properties vary both spatially and temporally during the pre-genesis stage of developing disturbances?	Comment by Microsoft Office User: Earlier, you also mentioned being interested in “how the properties evolve during the pre-genesis stage”.  Maybe change “vary” to “evolve”?

2. Dataset Descriptions and Methodology 
	a. Track Methodology
Precipitation properties are quantified using a unique accumulation of overpasses of the pre-genesis stage of developing TCs and nondeveloping tropical disturbances from multiple satellite-borne PMW imagers. The overpasses are a subset of the broader Tropical Cyclone – Passive Microwave (TC-PMW) dataset (used previously by Alvey et al. 2015 for developed TCs), which consists of overpass statistics during all stages of the TC lifecycle. While the TC-PMW encompasses all developed TCs globally between 1998–2015, pre-genesis and nondevelopers ers do not contribute during the entire period. The TC-PMW consists of 13 years (2003–2015) of satellite overpasses of pre-genesis and nondeveloping disturbances in the basins under National Hurricane Center (NHC) responsibility [North Atlantic (AL), East eastern North Pacific (EP), and cCentral North Pacific (CP)]. For basins under the purview of the Joint Typhoon Warning Center (JTWC) [Northwest Pacific (WP), Northern Indian Ocean (NIO), and Southern Hemisphere (SH)], there are 12 years (2004–2015) of developing disturbances with pre-genesis tracks available, and 7 years (2009–2015) of nondeveloping disturbances. The number of developing and nondeveloping disturbances available in each basin is provided in Table 1. Among all basins, Tthere is almost an equal number of contributing developing (1064) and nondeveloping (1115) disturbances in the combined global dataset.	Comment by Microsoft Office User: Was this used by Trey or did he also develop it?  	Comment by Microsoft Office User: Presumably TD and stronger?	Comment by Microsoft Office User: Do you mean that pre-genesis and nondevelopers aren’t consistently available in TC-PMW throughout its 13 yr span?
Best-track information from NHC and JTWC serves as the source for disturbance center locations, and provides important estimates on the intensity of the disturbance, such as the maximum sustained wind speed and minimum sea level pressure (MSLP)[footnoteRef:1]. The pre-genesis track consists of the “Invest” portion of the best track of the disturbance, prior to the its first initial designation of as a Tropical Depression (TD), and are typically classified as a “wave” (WV), “disturbance” (DB), or “low” (LO). The first TD or greater (e.g., tropical storm [TS]) classification is considered the genesis time. An “Invest” designation does not necessarily guarantee eventual development into a TC, therefore “Invests” that do not develop are classified as the nondeveloping sample. 	Comment by Microsoft Office User:  “for both pre-genesis and nondeveloping disturbances”?	Comment by Microsoft Office User: how do you handle invests with multiple genesis times? Those cases that come and go…and come again are a pain.	Comment by Microsoft Office User: I’m not sure I understand this italicized sentence (The first TD or greater (e.g., tropical storm [TS]) classification…) [1:  Note that most of the information contributing towards intensity estimates during the pre-genesis stage is from satellite. Even in the AL, where aircraft reconnaissance is available, only a very small portion of the 6-hourly best track has aircraft data contributing towards the location and intensity estimation.] 

The use of the “Invest” tracks in this study differs from many previous studies on tropical cyclogenesis. For example, some previous studies have used vorticity maxima in the lower (i.e., 925, 850 hPa) and middle troposphere (i.e., 700, 600 hPa) as center positions for pre-genesis and nondeveloping tracks (e.g. Kerns et al. 2008; Kerns and Zipser 2009; Zawislak and Zipser 2010).  While such a methodology will certainly produce a larger case sample, a larger sample does not necessarily guarantee an informative result, particularly for nondeveloping disturbances. Nondeveloping vorticity maxima are more numerous than developing (Kerns et al. 2008a tracked nearly 6 times as many more nondeveloping than developing vorticity maxima; 615 nondeveloping v. 97 developing, in the low levels in the AL) and a significant portion of those tracks are dry, void of rainfall, and/or are experiencing substantial vertical windly sheared, and are clearly nondevelopers. That the subsets of nondeveloping tracks used in the TC-PMW were designated “Invests” by the various operational centers suggest at least some interest in their potential for future genesis. The methodology in this study is certainly more subjective than using relative vorticity tracks as it is based on multiple human analysts’ determinations of center location (based on available satellite, aircraft, and surface information) and whether it should or should not be classified as an “Invest” — the methodologies in making those determinations may differ from ose forecast center to forecast center and even from analysts forecaster to forecaster. may differ in how they make those assessments. However, rather than attempt to account for these differences, instead we simply treat the determination of the center locations and “Invest” status equally for each track position. 	Comment by Microsoft Office User: Maybe clarify “dry”	Comment by Microsoft Office User: confidence?	Comment by Microsoft Office User: This probably biases the invest dataset to the “cream of the croppers”?…aka the nondevelopers really represent the better looking/more coherent cloud clusters…and there’s a whole population of nondevelopers that look a whole lot crappier and, of course, don’t get included in the various invest databases.

	b. TC-PMW
The TC-PMW consists of multiple spaceborne PMW sensors, including the TMI, Global Precipitation Measuring Mission (GPM) Microwave Imager (GMI), Advanced Microwave Scanning Radiometer – Earth Observation (AMSRE), GCOM-W Advanced Microwave Scanning Radiometer – 2 (AMSR2), Special Sensor Microwave Imager (SSMI) onboard the Defense Meteorological Satellite Program (DMSP) -11, -13, -14, and -15, as well as the Special Sensor Microwave Imager / Sounder (SSMIS) onboard DMSP -16, -17, and -18.  Table 2 lists the dates of availability of these different sensors in the TC-PMW, microwave frequencies used, and the sensor footprints. PMW satellite information is supplemented with rain rates from the NASA TRMM 3B42 product, which is a merged PMW-IR rain rate retrieval (Huffman et al. 2007). This product provides gridded, 3-hourly rain rates at 0.25° horizontal resolution globally between latitudes 37ºN and 37ºS. 	Comment by Microsoft Office User: PMW-IR RR ranges from ~2-7 times more course than the PMW sensor resolutions...are there any implications re: these differences? 	Comment by Microsoft Office User: How did you handle invest tracks that were outside of this +/-37 deg window?  Just excluded those?  I’m guessing maybe not, since there are tracks poleward of 40 deg in Fig. 1b?
Table 3 shows the total number of satellite overpasses for nondeveloping (“NONDEV”) and pre-genesis stage (“PRE”) disturbances in each basin. AMSRE, AMSR2, GMI, TMI, and SSMI(S) contribute approximately 10, 5, 2, 20, and 63%, respectively, to the total number of overpasses. For the purposes of this study an overpass is only considered when there is complete coverage of the swath within 3° of the center. Figure 1 shows the disturbance center locations in each basin, interpolated to the time of each overpass that meets these criteria. Overpasses of pre-genesis and nondeveloping disturbance centers near and over land are included. The close proximity of many genesis locations to land (Fig. 1c) strongly suggests that land does not necessarily impede genesis from occurring. As such, it is important to also consider precipitation occurring in these disturbances despite their close, or overland, proximity. Precipitation near the disturbance center, regardless of whether it is over land or not, appears to positively contributes to formation in these cases.	Comment by Microsoft Office User: I wonder if which forecast center is involved is a factor too?
Considering the smaller sample sizes of CP cases (Table 3), CP overpasses will be combined with the EP in the statistical composites. Also, considering the size of the SH basin, the SH disturbances are separated at 135°E longitude (similar to Klotzbach 2014) into the Southern Indian Ocean (SIO) (west of 135°E) and South Pacific (SP) (east of 135°E) (Fig. 1).  That longitude appears near a minimum in genesis events in northern Australia, and separates common formation regions to the east and west.
This study will primarily use data at PMW frequencies of 85–91 GHz (sensor dependent, Table 2). At 85–91 GHz, the scattering of liquid emission by large size and quantities of ice aloft in the viewing area depresses the brightness temperature in the scene. Following Spencer et al. (1989), polarization corrected temperature (PCT) in used in place of brightness temperature. PCT is a linear combination of the vertical and horizontal polarization brightness temperatures, and removes the ambiguity that exists due to differences in emissivity between land and ocean. Due to its lower emissivity, the ocean appears colder at these higher frequencies, and thus it can be more difficult to differentiate areas of depressed brightness temperature due to deep convection from the ocean background. 	Comment by Microsoft Office User: Are there sensors outside of that 85-91 range?  Table 2 suggests “no”.
Despite the differing frequencies and footprints among the sensors (Table 2), data from each sensor are not intercalibrated; rather, care will be taken to account for each sensor when interpreting the results. For instance, the distributions of fractional coverage of 85–91-GHz ≤ 250 K within 3º of the center (a metric that will be used a proxy for the areal coverage of “moderate” precipitation) of all overpasses in the TC-PMW do not differ among sensors (Fig. 2a). As such, data from each sensor is composited together for this metric. In contrast, minimum 85–91-GHz, which is the metric used as a proxy for the occurrence of various convective intensities, is clearly sensor dependent (Fig. 2b). As the PCT decreases below 200 K, the difference between the distributions for the smaller footprint sensors (i.e., high resolution; AMSRE, AMSR2, GMI, and TMI) and the larger (i.e., low resolution; SSMI and SSMIS) becomes greater. The PCT at any given percentile is lower for the high-resolution sensors; as such, these sensors are more likely to detect smaller-scale, intense convective cores than SSMI/(S). 	Comment by Microsoft Office User: Are there any papers that you could refer to here that supports the idea that not inter-calibrating the data is ok?  Yang et al. 2014 (Remote Sensing) had one covering this stuff…maybe there are others? 	Comment by Jason Dunion: worth mentioning if there’s anything significant about this T threshold?…that’s in the reds in most of the NRL enhancement tables and is indicative of pretty strong convection/lots of ice scattering.

3. Basin Differences between Developing and Nondeveloping Disturbances
a. Total raining area 
	Figure 3a compares the nondeveloping and pre-genesis cumulative distribution functions (CDFs) (hereafter, distributions) of the raining fraction within 3º of the disturbance center (where 3B42 rain rate > 0 mm h-1), which for the purposes of this study serves as a proxy for the total raining area. While the raining fraction is distinguishably larger for the pre-genesis stage compared to versus nondeveloping disturbances in each basin, the magnitude of the difference between the pre-genesis and nondeveloping distributions varies. The largest difference in raining fraction between the pre-genesis stage and nondeveloping disturbances is in the SP, NIO, SIO, and WP (in that order, from highest to lowest median raining fraction), while the smallest differences are found for the AL and EP/CP. Overall, the AL appears to have the smallest total raining area during the pre-genesis stage, while the NIO and SP have the largest. In fact, the pre-genesis distribution in the AL is comparable to the nondeveloping distributions in the EP/CP and SP. That the AL exhibits the least difference between the pre-genesis and nondeveloping distributions could be interpreted that it is the most difficult basin to predict whether a disturbance will develop or not, based on total raining area alone. In contrast, the NIO and SP, closely followed by the SIO and WP, typically have a greater raining area during genesis, and the difference between the pre-genesis and nondeveloping disturbances is much greater. This result suggests that total raining area could be a better predictor of the genesis fate of disturbances in the NIO, SIO, SP, and WP than in the AL and EP/CP. 	Comment by Jason Dunion: This figure has decent spread in the lines…maybe consider making it color so that it’s easier to quickly interpret?  There are a lot of dashes and dots to sort through in this plot.	Comment by Jason Dunion: Might be worth mention if these differences are all statistically significant	Comment by Jason Dunion: Are these trends also telling us something about the environments in the AL vs NIO/SP? Along those lines, I wonder what predictors rain fraction is most correlated with (e.g., mid-level moisture and stability) vs a little less correlated with (e.g., SST and shear)? Just brainstorming here.
Figure 4a is similar to Fig. 3a, except it illustrates the distributions for the fractional coverage of 85–91-GHz PCT ≤ 250 K, a PMW proxy for total raining area. Spencer et al. (1989) concluded that PCT of 250–260 K in the 85-GHz channel indicated sufficient ice scattering to produce surface rainfall of at least 1–3 mm h-1. Alvey et al. (2015) classified this threshold as “moderate” precipitation for precipitation composites for TCs from the TC-PMW. Fig. 4a indicates that the NIO has the highest areal coverage of “moderate” precipitation of any basin during the pre-genesis stage, followed by the SP, SIO, WP, EP/CP, and finally the AL (ordered highest to lower median value). Results in this figure, most notably the difference between the developing and nondeveloping distributions in each basin, are consistent with the 3B42 raining fraction distributions shown in Fig. 3a.	Comment by Jason Dunion: One issue I can imagine with the 250 threshold is that the ocean is around 230-250 K in these channels…and when you have dry air in the low to mid-levels you get a really clean look at that cold ocean (see an example from Helene that I tacked onto the end of the doc).  I think limiting the averaging to 3 deg saves you quite a bit, but I wonder if it could be an issue with smaller systems (e.g. disturbances) where dry air might be closer in?



b. Areal coverage of deep convection
	Figure 3b differentiates the pre-genesis and nondeveloping distributions for the fractional coverage of 3B42 rain rate ≥ 5 mm h-1 within 3º of the center, which serves as a proxy for the areal coverage of deep convection (or “heavy” rain) in each basin. Although stratiform rain can certainly exceed a rain rate of 5 mm h-1, considering the course resolution of 3B42 (~25 km) this threshold is considered sufficiently intense to be more likely associated with convection (Zawislak and Zipser 2014b also used this threshold). Mostly consistent with the raining fraction (Fig. 3a), the largest fractional coverage of “heavy” rain in developing disturbances is in the NIO, WP, SP, and SIO (in order from highest to lowest median values). The AL and EP/CP have smallest fractional coverage of “heavy” rain prior to genesis. The basin differences between the pre-genesis and nondeveloping distributions are also consistent with the total raining fraction (Fig. 3a). That the AL and EP/CP exhibit the least difference between the pre-genesis and nondeveloping distributions suggests that even the fractional coverage of “heavy” rain may also not be a great strong predictor for genesis in those basins. Coverage of “heavy” rain, however, does appear to more easily differentiate developing from nondeveloping disturbances in the other basins. 	Comment by Jason Dunion:  
	Evaluating proxies for the areal coverage of deep convection using PMW data is complicated by the variation in footprints among the sensors (Table 2), since theywhich affect impacts the ability of how effectively the sensor to can detecting depressed brightness temperatures associated with deep (intense) convection (Fig. 2b). In order to evaluate the areal coverage of convection, especially “intense” convection (meaning a relatively lower PCT than for just deep convection), we need to quantify various sensor-dependent PCT threshold proxies. For MCS identification, Mohr and Zipser (1996) required SSMI 85-GHz PCT < 225 K to guarantee deep convection associated with an MCS. In the portion of the TC-PMW shown here, that threshold corresponds to the 90th percentile of the SSMI/SSMIS brightness temperature distribution. For AMSRE, AMSR2, and TMI, the 90th percentile of the distribution corresponds to approximately 210 K, therefore we choose this value as it guarantees deep convection for all sensors. In the prototype cases for this study, Zawislak and Zipser (2014b) also defined 210 K PCT as the threshold for “strong” convection, as it was the threshold for the top 5% of minimum 85-GHz PCT in the Atlantic climatology of summer TRMM precipitation features. 
A common threshold for “intense” convection for all sensors is more difficult to define given the greater separation in their distributions at lower (more intense) PCTs (Fig. 2b). For simplicity, “intense” convection will be defined for each sensor as the 25th percentile of the minimum 85–91-GHz PCT distributions (Fig. 2b). That guarantees that for even the relatively lower resolution SSMI(S) (PCT threshold ~150 K), the threshold is low enough to fall within the “intense” part of the distribution. The 25th percentile thresholds for each sensor are given in Table 4. 
Figure 5 shows the pre-genesis and nondeveloping distributions (with all basins included in the composite) for the areal coverage of deep convection as the intensity threshold is progressively increased (i.e., PCT decreased), in order from least to most intense: 210 K, 75th, 50th, and 25th percentiles. The figure suggests that for a decreasing PCT threshold (increasing convective intensity), the difference between the pre-genesis stage and nondeveloping distributions decreases, and is nearly similar for the 50th and 25th percentile threshold distributions. In fact, for the high-resolution sensor distribution, the areal coverage of “intense” convection is somewhat greater for nondeveloping disturbances than during the pre-genesis stage of developing disturbances.  
Figure 6 compares the distributions of the areal coverage of deep, “strong” convection (PCT ≤ 210 K) and “intense” convection (PCT ≤ 25th percentile threshold from each sensor) within 3 of the center for the pre-genesis stage and nondeveloping disturbances in each basin. The distributions indicate that in nearly all basins (SP is an exception) there is distinguishably greater coverage of “strong” convection in the pre-genesis stage than in nondeveloping disturbances. In contrast, the areal coverage of “intense” convection in the pre-genesis stage is not consistently greater than nondeveloping in all basins; it is somewhat greater in the AL and SIO, but in the NIO nondeveloping disturbances actually have greater coverage of “intense” convection. In all other basins, the pre-genesis and nondeveloping distributions are essentially the same. Therefore, Figs. 4b, 5 and 6 suggest that, while deep convection is an adequate proxy to distinguish developing from nondeveloping disturbances, as the convective intensity threshold increases (decreasing PCT) the areal coverage of deep convection becomes a less useful predictor for genesis. 	Comment by Jason Dunion: Fig. 6 is tough to sort out visually...maybe 6b could benefit a bit from a y-scale of 0.7-1.0?

c. Spatial Coverage and Proximity of Precipitation to the Center
Figure 7 compares the spatial distribution and fractional occurrence of 85–91-GHz PCT ≤ 250 K (proxy for “moderate” precipitation) for the pre-genesis stage and nondeveloping disturbances. In this figure data have been averaged onto a 13x13 km grid such that, for compositing purposes, the high resolution PMW sensors are at a similar resolution as the larger footprint SSMI(S) (Table 2). PMW data have also been rotated relative to the 500-km average 850–200-hPa (deep-layer) vertical wind shear heading (as computed from the National Centers for Environmental Prediction Final [FNL] model analyses), such that shear-relative quadrants (downshear right, DSR; downshear left, DSL; upshear right, USR; and upshear left, USL) are distinguishable. The separation for each basin is not shown here, but similar results were identified in each of the basins. While the greatest occurrence of rainfall is downshear in both developing and nondeveloping disturbances, the most distinguishing difference is not only the greater azimuthal coverage of “moderate” precipitation in all quadrants, but also the substantially higher occurrence of precipitation during the pre-genesis stage (consistent with Section 3a). Perhaps interestingly, though, the peak location of rainfall is not any closer to the center during the pre-genesis stage than in nondeveloping disturbances. This suggests that while the close proximity of rainfall to the center is a necessary condition for genesis to occur, it is not alone sufficient to develop a TC. The azimuthal coverage around the center and occurrence must increase, as well. 	Comment by Jason Dunion: Great figure…maybe worth bumping the domain to 400x400 km so that we can see more of the big picture here?	Comment by Jason Dunion: Maybe add: “(e.g., within ~200-350 km)”	Comment by Jason Dunion: Maybe clarify what you mean by “occurrence”

4. Pre-genesis Evolution of Precipitation Properties
a. Total raining area 
Figure 8a shows the evolution of the distributions of 3B42 raining fraction (proxy for total raining area) within 3° of the center for each 24-h period prior to genesis, up to 5 days before TC formation (i.e., “24b” composites data 0–24 h before genesis, “48b” is 24–48 h before, “72b” is 48–72 h before, “96b” is 72–96 h before, and “120b" is 96–120 h before genesis). Figure 8a is a composite of all basins together. Consistent with Fig. 3a, distributions in Fig. 8a indicate that the total raining area in nondeveloping disturbances is distinguishably less than any day in the pre-genesis stage of the developing disturbances. Even 96–120 h before genesis, developing disturbances appear to be distinguishably different (have more total raining area) than nondeveloping disturbances. The other important result from Fig. 8a is that as the pre-genesis stage progresses closer to the genesis time, there is an overall increase in the total raining area (for example, about a 15% increase in the median rainfall coverage in the periods between 96–120 and 0–24 h prior to genesis). This proxy suggests that a trend towards more areal coverage of rainfall around the center may be an indicator that a genesis event could be nearing. 	Comment by Jason Dunion: Consider just putting the hour range instead of “hhb”, since that notation doesn’t save much space anyway.	Comment by Jason Dunion: The thick solid and solid black line width may be a bit too subtle in the final print version.	Comment by Jason Dunion: Interesting!...that certainly suggests that this could be useful time zero predictor, even at long lead times. 
There are, however, some differences in these distributions among each basin (not shown). In the AL, there is considerably less difference between each period of the pre-genesis stage, as the 0–24-h distribution is nearly identical at higher raining fractions (greater than 50%) to the 48–72-h distribution. Therefore, the tendency in total raining area appears to be a less useful predictor in that basin. In contrast, the EP/CP have distinguishably higher raining area distributions for 0–24- and 24–48-h periods, compared to the previous days, which suggests that the trend in areal rainfall coverage is a better indicator there. Similar increasing trends are observed in the WP and SIO distributions. The trend is much less clear in the NIO and SP distributions; however, given that these basins also suffer from much smaller sample sizes (< 100), particularly from 48 to 120 h before genesis, it is not considered a conclusive result.	Comment by Jason Dunion: Any big picture take-ways from these basin differences? Why is the Atlantic behaving differently?...could other genesis predictors (that could somewhat dampen the total raining area signal) more important in this basin?
For the proxy of total raining area from the PMW data (i.e., fractional coverage of 85–91-GHz PCT ≤ 250 K) (Fig. 9a), the differences in the distributions from 120 to 24 h prior to genesis also suggest an increasing trend in total raining area. Although not as progressive as the increase observed in the 3B42 raining fraction (Fig. 8a) — the 24–48 to 72–96-h distributions are nearly identical — the period 0–24 h prior to genesis is distinguishably greater than any period prior to genesis. Overall, proxies of raining area from two separate datasets (3B42 and PMW) suggest that, at the very least, the pre-genesis stage exhibits uniquely larger raining areas within a day of genesis, with at least some increasing trend in previous daysfrom 24-96 hr, the degree of which is sensitive to the dataset used. 


b. Areal coverage of deep convection
Figure 8b shows the evolution of the areal coverage of deep convection during the pre-genesis stage using the fractional coverage of “heavy” rain rates as a proxy (similar to that shown in Fig. 3b). Fig. 8b indicates that areal coverage of “heavy” rain increases as genesis nears, with the largest increase observed from 24–48 h to 0–24 h prior to genesis. From 48- h to 120 h prior to genesis, relatively less change is observed in the areal coverage. This indicates that the trend in the areal coverage of deep convection, at least using “heavy” rain rate as a proxy, could be a useful predictor that a genesis event could soon occur. 	Comment by Jason Dunion: So it sounds like areal coverage may have its biggest utility for say the NHC or JTWC 2-day forecast? Could this be suggesting that the tropical disturbance environment needs to get primed (before it can consistently support low MW BTs/heavy rain) in the days leading up to genesis…and that once it does get primed, the “floodgates” open for areal coverage of deep conv…and genesis may soon follow?
Similar to Fig. 4b, Fig. 9b shows the occurrence of convection of various intensities, except for the pre-genesis stage lifecycle. The distributions indicate that the occurrence of “intense” convection (i.e., PCT below ~160 K) generally does not vary during the pre-genesis period, and is even similar to the occurrence observed in nondeveloping disturbances. Therefore, this result suggests that the occurrence of “intense” convection is not a good predictor of genesis. In contrast, there is some increasing trend in the occurrence of “strong” (i.e., PCT ~210 K) convection, as the 0–24-h period indicates more overpasses with pixels achieving this “strong” convective PCT threshold. Likewise, all periods within the pre-genesis stage exhibit a distinguishably greater occurrence than nondeveloping disturbances. 	Comment by Jason Dunion: I wonder if there’s a diurnal signal that could be pulled out here?…where intense convection somewhat comes and goes.  Maybe it works to continuously prime the environment of the disturbance, but its come and go nature could make tough to use as a genesis predictor. I wonder if a measure of the diurnal consistency/repeatability of the intense convection over time tells us anything about the chance for genesis?
Figures 10a and 10b show the distributions of areal coverage of deep, “strong” and “intense” convection during the pre-genesis stage. In contrast to the “heavy” rain rate (Fig. 8b), except for within 24 h of formation, an increasing trend in the areal coverage of deep convection using 210 K as a proxy is less clear. Considering, however, how the small the 210 K areal fractions are (< 2% of the area) even what would appear to be a small increase in fraction could be considered a substantial increase, as is seen for the 0–24-h distribution compared to the 24–48 h. Figs. 9b and 10, therefore, provide evidence to support the importance of “strong” or “moderate” precipitation as a useful predictor of genesis.  In contrast, there does not appear to be a clear increasing trend for “intense” convection as the distributions during the pre-genesis stage are similar to the nondeveloping distribution. This reinforces the conclusion that “intense” convection (either by its occurrence or areal coverage) is not a good predictor of genesis.	Comment by Jason Dunion: Maybe change the y-scale of 10b to 0.6-1.0?
The trend in 210 K coverage is, however, not consistent among each basin. The WP and SIO (not shown) appear to contribute most to the increasing trend observed in Fig. 10a, exhibiting large differences between 0–24 h and 24–48 h. In contrast, the AL exhibits very little difference between those periods, and reinforces how the areal coverage of precipitation of any intensity is not a particularly useful predictor of genesis in that basin.
Although cautioned by its smaller sample size, it is worth noting that the 72–96-h 210 K distribution is the second highest within the pre-genesis period (Fig. 10). Therefore, periods with high areal coverage of deep convection (e.g., organized convective bursts) are certainly not exclusive to the period with a day of genesis. Although they do not directly result in a tropical depressionTC genesis, as previous Zawislak et al. 2014b suggested that they likely still play a critical role in the development process even 3 days before formation, such as through preconditioning the lower and middle troposphere (Wang 2014; Fritz et al. 2016).	Comment by Jason Dunion: Do you mean: “to the period within 24-h of genesis.”	Comment by Jason Dunion: Maybe replace “they with “convective bursts” or “the areal coverage of deep convection”?	Comment by Jason Dunion: Ahh…looks like we’re thinking along similar lines (see my comments on p. 16).

c. Spatial Coverage and Proximity of Rainfall to the Center
Similar to Fig. 7, Fig. 11 shows the percent occurrence of 85–91-GHz PCT ≤ 250 K except separated for the pre-genesis lifecycle. The most noticeable result from Fig. 11 is the substantial increase in precipitation occurrence in all quadrants in the period 24 h prior to genesis. Prior to that day, there is little apparent increase in precipitation. In addition, while the proximity of precipitation (defined by the radial distance of the maximum occurrence) to the center does not distinguishably change as genesis nears, there does appear to be a consolidation of precipitation in the downshear quadrants. This consolidation certainly could reflect an increased organization of precipitation around the center, as the developing centers becoming more clearly defined, and perhaps even that precipitation is becoming more organized within larger contiguous precipitating areas (Figs 8a, 9a). This organization is also reflected in the spatial distributions of 210 K occurrence (Fig. 12); the distributions evolve from a more scattered signal 72–96 h prior, to a much more consolidated distribution 24–48 h before genesis.. Note that while this is a pixel-based study, statistics defined based on precipitation features (PFs) (as used for TCs in Jiang et al. 2011) could better reveal if the increase in raining area also corresponds to more organized, larger contiguous raining areas. 	Comment by Jason Dunion: Maybe also bump this domain to 400x400 km?	Comment by Jason Dunion: Similar to GOES IR SD predictor in SHIPS, I wonder if you might get a nice signal by looking at the standard deviation (or a PC analysis) of the MW BTs at various range rings. My eye sees a nice trend of the MW BTs becoming more symmetric at various radii over time.  

5. Discussion and Conclusions 
	This study expands upon recent case (Zawislak and Zipser 2014a, b) and composite study (Leppert et al. 2013a, b; Fritz et al. 2016) evaluations of precipitation properties involved in tropical cyclogenesis by analyzing a multi-year, global database of passive microwave (PMW) overpasses of nondeveloping disturbances and the pre-genesis stage of developing disturbances. The study quantified precipitation statistics using PMW brightness temperatures as proxies for precipitation in the 85–91-GHz imaging channels of multiple spaceborne sensors (AMSRE, AMSR2, TMI, GMI, SSMI, and SSMIS), as well as retrieved rain rates from TRMM 3B42. Proxies mainly focused on the overall raining area, the occurrence and areal coverage of deep (specifically, “strong” and “intense”) convection, and the azimuthal coverage and radial distance of peak precipitation to the disturbance or “Invest” center (as classified and located by NHC and JTWC). The Introduction posed three questions to be answered in this study, and the following bullet points summarize the findings for each question:

1) Which precipitation properties most distinguish developing disturbances from nondeveloping disturbances?
Of all proxies shown in this study, the total raining area, by far, best differentiates disturbances that develop from ones that do not develop, and thus should be considered the most useful precipitation-related predictor for tropical cyclogenesis. While the degree to which the total raining area in developing and nondeveloping disturbances varies by basin, the pre-genesis stage ubiquitously exhibits greater total raining area at all days prior to genesis (even as many as 5 days prior) than nondeveloping disturbances (Figs. 3a, 4a, 7). As for the spatial distribution, having precipitation closer to the center should be considered a favorable condition for genesis to occur.  However, , but considering since the radial proximity of the peak to the center in the pre-genesis composite is similar to the nondeveloping composite, this it is hypothesized suggests that close proximity (~100 km) of precipitation is merely necessary, but not sufficient, for genesis. The Ppre-genesis stage tropical disturbances does, however, exhibit greater precipitation coverage azimuthally around the center  as compared to nondeveloping systems, which reinforces the importance of having greater total raining area for genesis to occur.
The degree to which the areal coverage of deep convection can be used as a predictor of genesis is dependent on the strength of the convection. Multiple proxies were used to analyze the areal coverage of deep convection: “heavy” 3B42 rain rates (≥ 5 mm h-1), as well as 85–91-GHz PMW PCT ≤ 210 K (proxy for “strong” convection) and PCT ≤ 25th percentile threshold minimum 85–91-GHz PCT (proxy for “intense” convection) from each high (AMSRE, AMSRE2, GMI, TMI) and low (SSMI and SSMIS) resolution sensor. Overall, the areal coverage of deep, “strong” convection is distinguishably greater during the pre-genesis stage of developing disturbances than nondeveloping disturbances. However, as the threshold convective intensity increases (decreasing PCT), no matter the resolution of the sensor, the areal coverage of deep convection becomes a less useful predictor for genesis as the differences between the pre-genesis and nondeveloping distributions become indistinguishable (Figs. 4b, 5c, 5d, 6b). The areal coverage and occurrence of “intense” convection are not unique in to developing tropical disturbances.
The precursor to this study (Zawislak et al. 2014a, b) analyzed, individually, 12 developing and 3 nondeveloping tropical disturbances cases using identical proxies; the composite results show here, supporting the importance of total raining area as a predictor for TC genesis, are consistent with those individual case results. As they also used satellite proxies of precipitation properties in a composite framework, these the results presented here can also be reasonably compared against those in Leppert et al. (2013a, b), who analyzed precipitation differences between developing and nondeveloping African easterly waves (AEWs) in the AL and EP. Leppert et al. (2013a, b) used the coverage of cold IR cloud tops (brightness temperatures ≤ 210 K and ≤ 240 K) as proxies for the coverage of convection, and lightning flash rate (from the TRMM LIS), mean cold PCT (for only strong, deep convective pixels, defined by 85-GHz PCT ≤ 200 K and 37-GHz PCT ≤ 260 K), and low-level TRMM PR radar reflectivity as proxies for convective intensity. Their main conclusion was that the coverage of convection (cold IR cloud tops) most distinguished developing waves AEWs from nondeveloping waves AEWS in both the AL and EP. The most analogous proxies used in this study — the fractional coverage of 85-GHz PCT ≤ 250 K and ≤ 210 K — both confirm this result. This agreement generally also exists regarding the importance of convective intensity; as in Leppert et al. (2013a, b) proxies for convective intensity were not distinguishably different between developing and nondeveloping disturbances in the AL, though this study somewhat disagrees in the EP as Leppert et al. (2013a, b) showed some usefulness in that basin. 	Comment by Jason Dunion: I wonder if this paragraph could be condensed just a bit?

2) How do the precipitation properties vary between each TC basin?
The most obvious difference in precipitation properties among all basins is the total raining area. The NIO, SIO, SP, and WP exhibit the largest total raining areas in the pre-genesis stage, while the AL and EP/CP exhibit distinguishably less precipitation. In fact, the pre-genesis, developing distribution in the AL is comparable to the nondeveloping distributions in the EP/CP and SP, and shows the least increasing trend in rainfall during the pre-genesis stage of any basin. The degree of difference in raining area between the pre-genesis stage and nondeveloping tropical disturbances also vary between each basin; for example, the difference in the total raining area is much greater in the NIO, SIO, SP, and WP compared to the AL and EP/CP.  This strongly suggests that the total raining area could be a better predictor of the genesis fate of disturbancesTC genesis in the NIO, SIO, SP, and WP, and a less useful genesis predictor in the AL and EP/CP.
The results for the areal coverage of deep convection that are presented are generally consistent with the total raining area. In nearly all basins, and in both the 3B42 and PMW proxies, there is distinguishably greater areal coverage of deep, “strong” convection in the pre-genesis stage tropical disturbances compared to nondeveloping disturbances systems (Figs. 3b, 6a), which suggests that the areal coverage of “strong” convection is an adequate proxy to distinguish developing from nondeveloping disturbances. In contrast, the areal coverage of “intense” convection (i.e., PCT ≤ 25th percentile threshold minimum PCT for each sensor) is not consistently greater during the pre-genesis stage in all of the basins (Fig. 6b); it is somewhat greater in the AL and SIO, while nondeveloping disturbances in the NIO actually have greater coverage than the pre-genesis stage, and in all other basins the distributions are essentially the same. Consistent with Leppert et al. (2013a) in the AL and EP, these results provide further support to the conclusion that “intense” convection is not particularly useful for genesis prediction.

3) How do various precipitation properties vary both spatially and temporally during the pre-genesis stage of developing disturbances?
Although the increasing trend in the PMW proxy of total raining area (areal coverage of 85–91-GHz PCT ≤ 250 K)  is not as progressive as the increase observed in the proxy from 3B42 (raining fraction > 0 mm h-1), both proxies indicate that the total raining area increases as pre-genesis stage tropical disturbances progresses closer tonear the time of TC formation (Figs. 8a and 9a). This suggests that an increasing trend in total raining area could be useful predictor that a TC genesis event could soon occur. The total raining area in the 0–24-h period prior to genesis was particularly unique compared to the previous days, exhibiting a clear increase in occurrence (~10% greater the 24–48-h period) over a large area around the disturbance center (Fig. 11). In comparison to these composite results, however, the 12 individual AL case studies in Zawislak et al. (2014b) did not show a particularly noticeable increasing trend, or a uniquely larger raining area within a day of genesis. Though the composite for all basins indicates a more obvious trend, the subset for the AL (not shown) actually exhibited the least distinguishable trend among all of the basins, suggesting that the individual case results are probably robust in a larger sample. Fig. 11 also showed that precipitation becomes more consolidated, or organized, downshear of the center as the pre-genesis stage progresses towards formation, particularly within 24–48 h of genesis. These results appear consistent with Fritz et al. (2016), who also found that total precipitation increases in coverage within 36 h of genesis. 
An increasing trend in the areal coverage of “strong” convection, in both 3B42 (Fig. 8b) and PMW (Fig. 10a) proxies, was also observed in the composite of all basins.  However, similar to the total raining area, the AL and EP/CP contributed the least to this trend (WP was the largest), as there was very little difference in the distributions in each subsequent 24-h period. This also appears consistent with the individual case evolutions shown in Zawislak et al. (2014b) using identical proxies. This result, however, appears to be somewhat contradictory to the increasing trend observed in the AL/EP in Leppert et al. (2013b) and the AL in Fritz et al. (2016). Considering how small the percent coverage of deep convection is within these disturbances (~ <5% by most metrics used among the composite studies), this result may be quite sensitive to the radius considered (e.g., ~300 km in this study v. 200 km in Fritz et al. 2016), as well as the different observation sources (i.e., IR brightness temperature, PMW PCT, or reflectivity echo top), and thresholds used.
As noted in Section 4b, the areal coverage of “strong” convection in the 72–96-h period is the second highest among the pre-genesis period in the overall basin composite. As found in the individual cases (Zawislak et al. 2014b), periods with higher areal coverage of deep convection (e.g., “convective bursts”) are certainly not exclusive to the period within a day of genesis and, although they do not directly result in tropical depression formation, likely still play a critical role in the development pathway, even 3 days out. Some of the critical aspects in the genesis pathway, as surmised from recent modeling (Wang 2012, 2014; Zhang and Zhu 2012) and observational studies (Raymond et al. 2011; Raymond and López Carrillo 2011; Davis and Ahijevych 2012, Komaromi 2013, Zawislak and Zipser 2014a), are the strengthening of a mid-level vortex, favorable pre-conditioning from moistening (saturation) of the low- to middle troposphere around that vortex, and the development of a an upper-level warm core — convective bursts can favorably contribute in all these aspects. One conclusion appears to be ubiquitous among recent studies: while intense convection (e.g., VHTs; Hendricks et al. 2004; Montgomery et al. 2006) can favorably contribute to formation through low-level spin-up, it is not alone sufficient for genesis. The occurrence of “intense” convection does not make a disturbance more likely to undergo formation. As stated in Fritz et al. (2016), a variety multiple precipitation types, such as stratiform rain, as well as shallow and moderately-deep congestus, contribute to formation, with those related to weaker (shallower) convection and stratiform rain being perhaps the most critical given that they cover a larger area of the disturbance.	Comment by Jason Dunion: Is this where question 3 ends?  If so, maybe just throw in a segue here to let the reader know that we’re transitioning into your closing thoughts.

This study has uniquely highlighted that precipitation properties during tropical cyclogenesis can differ greatly in various each ocean basins around the globe, which suggests they could actually follow somewhat different genesis pathways given their varying dynamic and thermodynamic background conditions. For example, smaller overall raining fractions in both developing and nondeveloping tropical disturbances were observed in the AL than in the WP, which is provides evidence that the background environment is more favorable (i.e., higher overall tropospheric humidity, higher SST, and enhanced low-level convergence) for more widespread precipitation in the WP. 	Comment by Jason Dunion: Do you mean “tropical disturbances”?
It also the motivates an interesting question: is less precipitation required to develop a storm in the AL than in the WP? Albeit a simplified, and certainly speculative, hypothesis, the basin differences could reflect that “pre-existing disturbances” in the AL (i.e., easterly wavesAEWs) are typically more dynamically favorable for genesis than those in the WP, which tend to originate in monsoonal shear, confluence, and gyre regions (e.g., Holland 1995; Harr et al. 1996; Ritchie and Holland 1999; Harr and Chan 2005). In examining 8 years of tropical cyclogenesis events originating from monsoonal and easterly wave patterns in the WP, Ritchie and Holland (1999) found that MCSs were not a dominant mechanism in easterly waveAEW genesis, compared to genesis originating in monsoonal flow patterns, and that easterly wavesAEWs can enhance an already favorable environment within the monsoon confluence region. Fu et al. (2012) and Peng et al. (2012) also offer strong support for this hypothesis as they concluded that thermodynamic processes play a dominant role in development the genesis of AEWs in the AL easterly waves (Peng et al. 2012), while genesis in the WP is sensitive to dynamic factors (Fu et al. 2012). Recall that studies (Nolan 2007; Raymond et al. 2008; Raymond and Lopez Carrillo 2011; Raymond et al. 2011) have suggested that low-level vortex intensification is favored when a coherent, mid-tropospheric vortex in a near-saturated environment exists. Easterly wavesAEWs inherently provide that coherent midlevel circulation, but must overcome potentially unfavorable tropospheric moisture and humidity, while monsoon troughs are generally more thermodynamically favorable and coherent in the low-levels, but require mesoscale convective vortices (originating from MCSs) to develop a coherent midtropospheric vortex. A follow-up study will further investigate the link between the observed PMW satellite data and proxy precipitation properties for tropical disturbances shown here in each basin and the environmental properties associated with development and nondevelopment of those disturbances. 	Comment by Jason Dunion: I like this thought…maybe the AL seedlings are “tougher” from the start.	Comment by Jason Dunion: Not sure if this suggestion is what you meant?
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TABLES
Table 1. Number of developing (with pre-genesis tracks available) and nondeveloping cases in each basin, as well as the total

	 
	AL
	EP
	CP
	WP
	NIO
	SH
	TOTAL

	
	
	
	
	
	
	
	

	DEV
	214
	223
	23
	317
	55
	232
	1064

	NON
	209
	132
	51
	359
	81
	283
	1115




Table 2. Properties (frequency, footprint, and years available) of sensors included in the TC-PMW. Note that, “End” means that the observation record is available through December 2015, which is the end of the period considered for this study.

	Sensor
	Frequency (GHz)
	Footprint                    [km x km]
	Years Available

	
	
	
	

	AMSRE
	89.0
	6 x 4
	Jun. 2002 – Oct. 2011

	AMSR2
	89.0
	5 x 3
	Jul. 2012 – End

	TMI
	85.0
	7 x 5 (Pre-boost)          8 x 6 (Post-boost)
	Dec. 1997 – Sep. 2014

	GMI
	89.0
	7 x 4
	Mar. 2014 – End

	SSMI-11
	85.5
	15 x 13
	Dec. 1991 – May 2000

	SSMI-13
	85.5
	15 x 13
	May 1995 – Nov. 2009

	SSMI-14
	85.5
	15 x 13
	May 1997 – Aug. 2008

	SSMI-15
	85.5
	15 x 13
	Feb. 2000 – End

	SSMIS-16
	91.655
	15 x 13
	Nov. 2005 – End

	SSMIS-17
	91.655
	15 x 13
	Mar. 2008 – End

	SSMIS-18
	91.655
	15 x 13
	Mar. 2010 – End

	SSMIS-19
	91.655
	15 x 13
	Nov. 2014 – End






Table 3. For each basin, the total number of overpasses (“Total Passes”, which includes all stages of the storm, including it’s post-genesis portion), number of nondeveloping (“NONDEV Passes”) and pre-genesis (“PRE Passes”) overpasses, as well as the number of overpasses with the required complete (100%) data coverage within 3° of the center. The percentage of the total overpasses is also shown. 

	Basin
	Total Passes
	% of Total
	NONDEV Passes
	% of Total Sat Passes
	PRE Passes
	% of Total Sat Passes
	Passes with 100% Data Coverage in 3
	% of Total Sat Passes

	AL
	22993
	22
	4651
	20.2
	4323
	18.8
	11426
	49.7

	EP
	19357
	18.5
	2792
	14.4
	3874
	20
	9351
	48.3

	CP
	2628
	2.5
	785
	29.9
	588
	22.4
	1299
	49.4

	WP
	27976
	26.8
	4394
	15.7
	2532
	9.1
	13579
	48.5

	NIO
	4689
	4.5
	1319
	28.1
	356
	7.6
	2263
	48.3

	SH
	26940
	25.8
	4908
	18.2
	1603
	6
	12917
	47.9

	 
	104583
	100
	18849
	18
	13276
	12.7
	50835
	48.6




Table 4. Percentile thresholds of the minimum 85–91-GHz PCT distributions, separated by sensor 

	Sensor
	75th
	50th
	25th

	
	
	
	

	AMSRE/AMSR2
	165
	135
	110

	TMI/GMI
	175
	145
	120

	SSMI/SSMIS
	200
	175
	150






FIGURE CAPTION LIST
Figure 1. Disturbance (i.e., “Invest”) center locations for overpasses of (a) the pre-genesis stage of developing disturbances (black dots), (b) nondeveloping disturbances (gray dots), as well as (c) the genesis locations (blue) of developing disturbances. Boxes outline the approximate boundaries of each basin considered, and are labeled in (a).

Figure 2. Cumulative distribution function (CDF) of (a) the fraction of 85–91-GHz PCT ≤ 250 K and (b) minimum 85–91-GHz PCT within, 3º of the center, separated by each PMW sensor (SSMI and SSMIS are combined). Sample sizes are noted in the legend in (a).

Figure 3. CDF of (a) raining fraction (3B42 rain rate > 0 mm h-1) and (b) fractional coverage of “heavy” rain (3B42 rain rate ≥ 5 mm h-1) within 3º of the center for the pre-genesis stage of developing disturbances (black) and nondeveloping disturbances (grey) for the various basins. Sample sizes are noted in the legend in (b). 

Figure 4. CDF of (a) the fractional coverage of 85–91-GHz PCT ≤ 250 K and (b) minimum 85–91-GHz PCT within 3º of the center for the pre-genesis stage of developing disturbances (black) and nondeveloping disturbances (grey) for the various basins. Sample sizes are noted in the legend in (a).

Figure 5. CDF of (a) the fractional coverage of 85–91-GHz PCT ≤ 210 K, as well as the fractional coverage of the (b) 75th, (c) 50th, and (d) 25th percentile thresholds of the minimum 85–91-GHz PCT, determined using Fig. 4b (thresholds listed in Table 4). Distributions are composites for all basins, and are combined into the large footprint (SSMI/SSMIS) (dashed) and small footprint (AMSRE/AMSR2/TMI/GMI) (solid) sensors, as well as for the pre-genesis stage (black) and for nondeveloping cases (grey).

Figure 6. CDF of (a) the fractional coverage of 85–91-GHz PCT ≤ 210 K and (b) the fractional coverage of 85–91-GHz PCT less than or equal to the 25th percentile threshold of each sensor, within 3º of the center for the pre-genesis stage of developing disturbances (black) and nondeveloping disturbances (grey) for the various basins. Sample sizes are noted in the legend in (a).

Figure 7. Fractional occurrence of 85–91-GHz PCT ≤ 250 K for (a) all pre-genesis, and (b) nondeveloping overpasses (right) relative to the 850–200-hPa, or deep-layer, vertical wind shear heading (pointing “up”), such that the upper-right quadrant is downshear right (DSR), upper-left quadrant is downshear left (DSL), lower-left quadrant is upshear left (USL), and the lower-right quadrant is upshear right (USR). Axes are the distance from the center. The number of overpasses contributing within a single grid for pre-genesis varies between 4309 and 5352, and for nondeveloping, varies between 7029 and 8585.

Figure 8. CDF of (a) raining fraction (3B42 rain rate > 0 mm h-1) and (b) fractional coverage of “heavy” rain (3B42 rain rate ≥ 5 mm h-1) within 3º of the center for 96–120 h (grey, dash), 72–96 h (grey, solid), 48–72 h (black, dot), 24–48 h (black, dash), and 0–24 h (black, solid) prior to genesis for developing disturbances, and for nondeveloping (black, thick solid line) disturbances. Sample sizes are shown in the legend in (b).
Figure 9. CDF of (a) the fractional coverage of 85–91-GHz PCT ≤ 250 K and (b) minimum 85–91-GHz PCT within 3º of the center for 96–120 h (gray, dash), 72–96 h (grey, solid), 48–72 h (black, dot), 24–48 h (black, dash), and 0–24 h (black, solid) prior to genesis for developing disturbances, and for nondeveloping (black, thick solid line) disturbances. Sample sizes are shown in the legend in (a).

Figure 10. CDF of (a) the fractional coverage of 85–91-GHz PCT ≤ 210 K and (b) the fractional coverage of 85–91-GHz PCT ≤ 25th percentile threshold of each sensor, within 3º of the center for 96–120 h (grey, dash), 72–96 h (grey, solid), 48–72 h (black, dot), 24–48 h (black, dash), and 0–24 h (black, solid) prior to genesis for developing disturbances, and nondeveloping (black, thick solid line) disturbances. Sample sizes are shown in the legend in (a).

Figure 11. Similar to Fig. 7, except showing the fractional occurrence of 85–91-GHz PCT ≤ 250 K for (a) 0–24 h, (b) 24–48 h, (c) 48–72 h, and (d) 72–96 h prior to genesis. For the 0–24 h period, sample sizes in the grid vary from 2038 to 2515; for 24–48 h, 1175 to 1462; for 48–72 h, 564 to 715; for 72–96 h, 269 to 350.

Figure 12. Similar to Fig. 11, except showing the fractional occurrence of 85–91-GHz PCT ≤ 210 K
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Figure 1. Disturbance (i.e., “Invest”) center locations for overpasses of (a) the pre-genesis stage of developing disturbances (black dots), (b) nondeveloping disturbances (gray dots), as well as (c) the genesis locations (blue) of developing disturbances. Boxes outline the approximate boundaries of each basin considered, and are labeled in (a).
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Figure 2. Cumulative distribution function (CDF) of (a) the fraction of 85–91-GHz PCT ≤ 250 K and (b) minimum 85–91-GHz PCT within, 3º of the center, separated by each PMW sensor (SSMI and SSMIS are combined). Sample sizes are noted in the legend in (a).
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Figure 3. CDF of (a) raining fraction (3B42 rain rate > 0 mm h-1) and (b) fractional coverage of “heavy” rain (3B42 rain rate ≥ 5 mm h-1) within 3º of the center for the pre-genesis stage of developing disturbances (black) and nondeveloping disturbances (grey) for the various basins. Sample sizes are noted in the legend in (b). 
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Figure 4. CDF of (a) the fractional coverage of 85–91-GHz PCT ≤ 250 K and (b) minimum 85–91-GHz PCT within 3º of the center for the pre-genesis stage of developing disturbances (black) and nondeveloping disturbances (grey) for the various basins. Sample sizes are noted in the legend in (a). 
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Figure 5. CDF of (a) the fractional coverage of 85–91-GHz PCT ≤ 210 K, as well as the fractional coverage of the (b) 75th, (c) 50th, and (d) 25th percentile thresholds of the minimum 85–91-GHz PCT, determined using Fig. 4b (thresholds listed in Table 4). Distributions are composites for all basins, and are combined into the large footprint (SSMI/SSMIS) (dashed) and small footprint (AMSRE/AMSR2/TMI/GMI) (solid) sensors, as well as for the pre-genesis stage (black) and for nondeveloping cases (grey).
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Figure 6. CDF of (a) the fractional coverage of 85–91-GHz PCT ≤ 210 K and (b) the fractional coverage of 85–91-GHz PCT less than or equal to the 25th percentile threshold of each sensor, within 3º of the center for the pre-genesis stage of developing disturbances (black) and nondeveloping disturbances (grey) for the various basins. Sample sizes are noted in the legend in (a).
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Figure 7. Fractional occurrence of 85–91-GHz PCT ≤ 250 K for (a) all pre-genesis, and (b) nondeveloping overpasses (right) relative to the 850–200-hPa, or deep-layer, vertical wind shear heading (pointing “up”), such that the upper-right quadrant is downshear right (DSR), upper-left quadrant is downshear left (DSL), lower-left quadrant is upshear left (USL), and the lower-right quadrant is upshear right (USR). Axes are the distance from the center. The number of overpasses contributing within a single grid for pre-genesis varies between 4309 and 5352, and for nondeveloping, varies between 7029 and 8585.
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Figure 8. CDF of (a) raining fraction (3B42 rain rate > 0 mm h-1) and (b) fractional coverage of “heavy” rain (3B42 rain rate ≥ 5 mm h-1) within 3º of the center for 96–120 h (grey, dash), 72–96 h (grey, solid), 48–72 h (black, dot), 24–48 h (black, dash), and 0–24 h (black, solid) prior to genesis for developing disturbances, and for nondeveloping (black, thick solid line) disturbances. Sample sizes are shown in the legend in (b).
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Figure 9. CDF of (a) the fractional coverage of 85–91-GHz PCT ≤ 250 K and (b) minimum 85–91-GHz PCT within 3º of the center for 96–120 h (gray, dash), 72–96 h (grey, solid), 48–72 h (black, dot), 24–48 h (black, dash), and 0–24 h (black, solid) prior to genesis for developing disturbances, and for nondeveloping (black, thick solid line) disturbances. Sample sizes are shown in the legend in (a).
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Figure 10. CDF of (a) the fractional coverage of 85–91-GHz PCT ≤ 210 K and (b) the fractional coverage of 85–91-GHz PCT ≤ 25th percentile threshold of each sensor, within 3º of the center for 96–120 h (grey, dash), 72–96 h (grey, solid), 48–72 h (black, dot), 24–48 h (black, dash), and 0–24 h (black, solid) prior to genesis for developing disturbances, and nondeveloping (black, thick solid line) disturbances. Sample sizes are shown in the legend in (a).
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Figure 11. Similar to Fig. 7, except showing the fractional occurrence of 85–91-GHz PCT ≤ 250 K for (a) 0–24 h, (b) 24–48 h, (c) 48–72 h, and (d) 72–96 h prior to genesis. For the 0–24 h period, sample sizes in the grid vary from 2038 to 2515; for 24–48 h, 1175 to 1462; for 48–72 h, 564 to 715; for 72–96 h, 269 to 350.
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Figure 12. Similar to Fig. 11, except showing the fractional occurrence of 85–91-GHz PCT ≤ 210 K
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(c) Genesis Locations
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