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This study explores the relationship between water vapor and rainfall intensities over three tropical lands (Amazon Basin, Sahel, southern South America) and three tropical ocean regions (Atlantic Ocean, Indian Ocean, Niño 4). We utilized daily total column water vapor (TCWV) data from the Atmospheric Infrared Sounder (AIRS) and daily precipitation records from the Tropical Rainfall Measuring Mission (TRMM) Multi-satellite Precipitation. Over tropical land, precipitation shows higher sensitivity to changes in water vapor, with a well-sorted pattern of an increased occurrence of higher daily precipitation as TCWV increases. Precipitation intensity over the Sahel, in particular, is extremely responsive to TCWV change. Over tropical oceans, the precipitation intensity is less sensitive to water vapor, particularly in the Indian Ocean and Niño 4 where precipitation intensities above the 40th percentile are no longer responding to the increasing TCWV. Quantifying water vapor and precipitation intensity aids in forecasting the occurrence of precipitation between tropical land and oceans.
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1 INTRODUCTION
An increase in atmospheric water vapor content accompanying a warming climate will affect hydrological cycles on regional and global scales (Trenberth et al., 2003; Sun et al., 2007; O'Gorman and Schneider, 2009; Trenberth, 2011; Donat et al., 2016). Previous studies indicate that the precipitation intensity is closely controlled by the amount of atmospheric water vapor content over the middle and higher latitude lands (Sun et al., 2007; O'Gorman and Schneider, 2009; Muller, 2013; Ye et al., 2014; Ye et al., 2015). An increase in water vapor can also impact precipitation frequency, and duration (Trenberth et al., 2003; Sun et al., 2007; O'Gorman and Schneider, 2009; Trenberth, 2011).
In observational studies, water vapor plays a predominant role in precipitation intensity (Bevis et al., 1992; Troller et al., 2006; Holloway and Neelin, 2009; Van Baelen et al., 2011; Chen et al., 2017a; Zhang et al., 2018). Using historical observational records, Ye et al. (2014); Ye et al. (2015); Ye et al. (2017) found that higher atmospheric water vapor leads to more frequent higher precipitation intensity in all seasons over northern Eurasia. Liang et al. (2020) find that precipitation increases with water vapor, and water vapor stimulates precipitation occurrences over the Tibetan Plateau. The role of water vapor at different levels of the atmosphere on precipitation intensity and areal extent is, also, well studied using observations in Chen et al. (2017a); Chen et al. (2017b) and Radhakrishna and Rao (2021). Furthermore, increases in water vapor are key to the development of severe weather and heavy precipitation events (Van Baelen et al., 2011; Chen et al., 2017a; Zhang et al., 2018; Liang et al., 2020). These in situ studies detail the relationship between water vapor and precipitation intensity.
Studies utilizing satellite data also illustrate the relationship between water vapor and precipitation intensity (Bretherton et al., 2004; Ahmed and Schumacher, 2015; Schiro et al., 2016; Ahmed and Schumacher, 2017; Rushley et al., 2018; Roderick et al., 2019). Few studies have utilized Atmospheric Infrared Sounder (AIRS) to investigate the relationship between precipitation intensity and column water vapor (Roderick et al., 2019; Wang et al., 2021). Roderick et al. (2019) utilizes AIRS’s Integrated Water Vapor (IWV) and Surface Air Temperature (SAT) profiles along with rain gauge observations to investigate the rainfall-temperature scaling over Australia. They find that rainfall intensity increases with IWV (Bao et al., 2017; Roderick et al., 2019). Wang et al. (2021) utilize AIRS, Tropical Rainfall Measuring Mission (TRMM), and other satellite products to understand the spatial and temporal variations of water vapor, temperature, and precipitation in the Tibetan Plateau, finding a relationship of water vapor content with precipitation and temperature in most mountainous areas (Wang et al., 2021). Over the continental United States (CONUS) region, Radhakrishna et al. (2015) explored the role of water vapor in generating convection using the Global Navigation Satellite System (GNSS) and radar networking. Ahmed and Schumacher (2015), Ahmed and Schumacher (2017) utilized reanalysis water vapor and TRMM Precipitation Radar observations to investigate the moisture-precipitation relationship. Overall, satellite-derived measurements are valuable in identifying the precipitation-moisture relationship.
Geographic difference have been highlighted in studies of water vapor and precipitation relationships (Bretherton et al., 2004; Schiro et al., 2016; Ahmed and Schumacher, 2017). Bretherton et al. (2004) found that rainfall increases rapidly with water vapor in all tropical ocean regions. Higher mean tropospheric temperature influences precipitation over the West Pacific and Indian Ocean regions. Temperature, particularly daytime heating (Schiro et al., 2016; Ahmed and Schumacher, 2017), influences the precipitation-column water vapor (CWV) relationship differently over tropical ocean and land (Ahmed and Schumacher, 2017; Kuo et al., 2017; Schiro et al., 2018; Neelin et al., 2022). Due to environmental controls, tropical land regions tend to have a less steep precipitation-column water vapor moisture curve than ocean regions (Schiro et al., 2016; Ahmed and Schumacher, 2017). Therefore, it is essential to understand the water vapor and precipitation relationship considering the geographical difference between tropical land and ocean region.
Building on previous usage of satellite products, the first goal of this study is to determine if AIRS water vapor data and TRMM daily and monthly precipitation data can reproduce the moisture-precipitation relationship established in previous studies. There is still a need to understand geographic effects of tropical precipitation intensity response to moisture. Given their global coverage, satellite remote sensing products provide an opportunity to evaluate the role of water vapor on the precipitation intensity and occurrence throughout the Tropics. The second goal of this study is to exploit global, long-term AIRS and TRMM data sets to extend the moisture-precipitation relationships to unstudied regions and time periods. Thus far, the usage of AIRS data to analyze the precipitation-moisture relationship is limited. Here, we describe the water vapor-precipitation relationship using AIRS total column water vapor (TCWV) and TRMM precipitation at daily and monthly scales. Utilizing longer temporal scales will assist in understanding deep convection and the geographic variation in precipitation-moisture relationship. We highlight the geographical difference in the precipitation-moisture relationship and the occurrence of different precipitation intensity over tropical land and ocean. Providing knowledge on the precipitation-water vapor relationship at smaller local scales can also give more information on the local climate effects than a generalized large regional scale study. This is important because long-term precipitation can change rapidly over small scales, especially over varying topography.
2 MATERIALS AND METHODS
2.1 Location of study area
This study considers three tropical ocean locations (Atlantic Ocean, Niño 4, and Indian Ocean), two tropical land regions (Sahel, Amazon Basin), and one subtropical land region (southern South America) (Figure 1). The coordinate extents of these six regions are listed in Table 1.
[image: Figure 1]FIGURE 1 | Study areas.
TABLE 1 | The coordinates extents for six study locations.
[image: Table 1]The Atlantic Ocean, Indian Ocean, and the Pacific Ocean surrounding Kwajalein Island (Niño 4) were selected due to Bretherton et al. (2004) study on the relationship between relative humidity and precipitation averaged over four tropical ocean areas within 20°S-20°N. By selecting smaller areas, we would like to understand variations among different parts of the tropical ocean. For example, we selected Kwajalein Island, within the Niño 4 region, a well-researched area in the equatorial Pacific (Bretherton et al., 2004; Powell, 2019).
An Amazon location is selected based on Schiro et al. (2016) observations between precipitation and water vapor on shorter time scales, including 15-min, 30-min, and hourly intervals. We want to complement their studies by examining longer time scales of daily and monthly relationships. Including the southern part of South America (Chile, Argentina, Paraguay, Uruguay) assists us in understanding the relationship between water vapor and precipitation in a subtropical land region where little research was done.
2.2 Data
2.2.1 Water vapor
We use Atmospheric Infrared Sounder (AIRS)/Advanced Microwave Sounding Unit (AMSU) Aqua Daily and Monthly Standard Physical Retrieval Version 6 Level 3 data (AIRX3STD/AIRX3STM) for TCWV (AIRS project, 2019). AIRS/AMSU is a part of the Aqua satellite, launched on 4 May 2002, by the National Aeronautics and Space Administration (NASA) (Chahine et al., 2006; AIRS project, 2019). At 705 km height in a sun-synchronous orbit, the satellite collects temperature and water vapor profiles to observe the global water and energy cycles, climate variation and trends, and the climate system’s response to increasing greenhouse gases (Tian et al., 2017). Measurements are collected once or twice daily for each location; descending (southward moving) orbits overpass any location at 1:30 a.m. local time and ascending orbit at 1:30 PM. The spatial coverage is global. AIRS retrievals are obtained at 45 km resolution at nadir in a swath about 1,500 km wide (Susskind et al., 2014). Level 3 data are gridded Level 2 swath retrieval products of geophysical variables and quality parameters, averaged and binned into 1x1-degree grid cells (Tian et al., 2017). The study utilizes AIRS daily total column water vapor (TCWV) averaged from daily observations of ascending and descending Level 3 gridded data sets.
AIRS retrievals are available for scenes with approximately 70% effective cloud fraction (the product of cloud coverage and infrared emissivity), or about 70% of all scenes observed (Susskind et al., 2014). AIRS retrievals include water vapor information for cloudy scenes because the cloud-clearing retrieval methodology combines information from nine 15 km-wide infrared scenes to remove the cloud contribution at 45 km (Susskind et al., 2014). As a result, the approximate 70% coverage for AIRS is far higher than typical clear sky occurrence of a few percent at 45 km scales (Guillaume et al., 2019). Cloud clearing, and the large number of AIRS channels provide information not obtainable with broad spectral satellite instrument (Fan et al., 2023). While some cloud types are rarely sampled by AIRS, including deep convective clouds (Yue et al., 2013), these occur infrequently and do not significantly affect the monthly TCWV statistics considered in this study (Wong et al., 2015). The effects of cloud-induce sampling in AIRS is also discussed in Tian et al. (2019). The climatology from AIRS is broadly consistent with other data sets (Schröder et al., 2018), except for small mean relative differences whose values are not know. Also, a 1 × 1 degree grid box contains approximately four 45-km wide AIRS observations, so only grid boxes with complete cloud cover will not contain AIRS information. Other studies have demonstrated the value of using AIRS water vapor to reconstruct high resolution datasets over the Tibetan Plateau (Wang et al., 2021) and Antarctica (Fan et al., 2023), and in moist convective environments over oceans (Abraham and Goldblatt, 2023). AIRS cannot not fully resolve the diurnal cycle, which can be as large as 10% or more of the mean state for tropical conditions (Radhakrishna et al., 2022). However, twice-daily samples of a sinusoid with diurnal period (24 h) average to zero, so do not affect the time mean values (though overtones of the diurnal period will alias onto lower frequencies). As Radhakrishna et al. (2022) show, the diurnal variability of TCWV is nearly sinusoidal of period 24 h, so diurnal sampling effects are small in AIRS TCWV. Together, cloud-induced sampling and diurnal effects will contribute an estimated 10% of the signal in monthly TCWV statistics from AIRS (Wong et al., 2015; Tian et al., 2019). In comparison, the climatological signals shown below can vary by an order of magnitude or more. In summary, the AIRS TCWV in this study is representative of the large-scale, slowly varying total water vapor, and its interactions with nearby convection at daily to monthly scales, but not water vapor within and under clouds where rain is occurring.
2.2.2 Precipitation
Precipitation data are from the 3B42 (Daily) and 3B43 (Monthly) Version 7 TRMM Multi-satellite Precipitation Analysis (TMPA) Rainfall Estimate Product 3B42/3B43 Version 7 (TRMM) (Huffman et al., 2010; Tropical Rainfall Measuring Mission TRMM, 2011). TRMM launched in November 1997 as a joint mission between NASA and the Japan Aerospace Exploration Agency to monitor and study tropical rainfall. The TRMM goal is to understand the distribution and variability of precipitation within the tropical climate system; and the interaction between water vapor, clouds, and precipitation (NASA, 2015). The 3B42 dataset is produced by merging satellite rainfall estimates with rain gauge data into gridded estimates. This product gives 3-hourly precipitation estimates using microwave, TRMM imager (TMI) precipitation, infrared, and rain gauge adjustments. 3B43 is a monthly version of the 3B42 dataset. For brevity, we address this dataset as TRMM. The spatial coverage of 3B42 (Daily) extends to the −50/+50 latitude and all longitudes. The temporal resolution is 3-hourly data. The spatial resolution is on a 0.25 × 0.25-degree grid. The TRMM satellite operated from 1997 to 2015 before transitioning to the Global Precipitation Measurement (GPM) satellite (TRMM. Goddard Space Flight Center Distributed Active Archive Center GSFC DAAC, 2015). For initial results, we select the beginning of 2003 to allow a one-year gap in data collection from the Aqua satellite, and before the transition to GPM. Given that these two daily data sets of water vapor and precipitation have different spatial resolutions, we take averages of all gridded values within each study area to derive daily values during their overlapping period of 1 January 2003, to 31 December 2007. This period overlaps a year after the start of AIRS in 2002 and before the end of TRMM to ensure consistency with our data.
2.3 Methodology
Previous studies highlight the broader relationship between precipitation and column and vertical structures of water vapor (Bretherton et al., 2004; Holloway and Neelin, 2009; Holloway and Neelin, 2010; Muller, 2013; Schiro et al., 2016). In this study, we provide a localized approach to these connections over multiple tropical land and ocean areas at daily and monthly time scales. The monthly time scale examines the general relationship between the water vapor and precipitation over different parts of the tropical oceans and (sub)tropical land areas from a climatological perspective. The daily time scale reveals the in-depth relationship between the precipitation intensity and occurrences in response to the water vapor content simultaneously.
2.3.1 Rate of change
We plot monthly time series of TCWV and precipitation to examine the seasonality and visualize the variability of these two variables at each locality (Figures 2, 3). To quantify the rate of change in monthly mean precipitation intensity with TCWV, we adopt Ye et al. (2017) and Lenderink and Van Meijgaard (2008) calculation method for non-linear relationship (Eq. 1). It is an exponential regression used by fitting a least square linear regression to the logarithm of precipitation (Lenderink and Van Meijgaard, 2008; Ye et al., 2017):
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[image: Figure 2]FIGURE 2 | Time series of monthly precipitation and TCWV over three Land regions.
[image: Figure 3]FIGURE 3 | Time series of monthly precipitation and TCWV over three Ocean regions.
Where prate is the daily mean precipitation intensity in response to daily TCWV change, a is the constant rate of increase in daily precipitation intensity, and d(TCWV) is the change in total column water vapor. We applied a logarithmic operation on the equation and fit a least squared linear regression to obtain the rate of change in precipitation intensity with TCWV. After calculating the rate of change, we convert this into percent of change for clarity and easy comparison among different study sites and with other studies.
2.3.2 Stratified precipitation intensity distribution based on TCWV
For an in-depth examination of the relationship between daily precipitation intensity and TCWV, we stratify daily precipitation intensity into five groups at each location: lower than 20th, 21st-40th, 41st-60th, 61st-80th, and higher than 80th percentiles (Table 2). Then, we pair each day with its corresponding daily TCWV and plot the distribution of occurrence of the five precipitation intensity groups based on their corresponding daily TCWV. This way, we visualize the distribution of daily precipitation intensity in response to the TCWV values for different locations. This information determines which precipitation intensity is most likely to occur at specific TCWV for different localities.
TABLE 2 | Designates the groupings for the precipitation intensities based on percentiles.
[image: Table 2]3 RESULTS
3.1 Monthly TCWV vs. precipitation
Figure 2 presents the time series of monthly mean TRMM rainfall and AIRS TCWV for the land regions. For the Amazon region, there is a significant seasonal pattern of both precipitation intensity and TCWV, as shown in Figure 2. The wet season tends to occur in December-February and dry season during June-August. The peak precipitation coincides with peak TCWV. Similar to the Amazon, Sahel also depicts a seasonal pattern of precipitation and TCWV. The peak wet season appears to occur in June and the dry season in November to January. The TCWV and precipitation follow each other very closely as seasons progress, especially in the peak wet month of the year. After these wet months, the values drastically decrease when rainfall is low or not present during November and December months. The southern South America region (Figure 2) also displays seasonality, but with more variation in precipitation than Amazon Basin and Sahel. Southern South America TCWV shows much lower water vapor values but with a similar seasonal variation to that of Amazon.
Figure 3 illustrates a time series of monthly mean TRMM rainfall and AIRS TCWV over ocean regions. Compared to the land regions (Figure 2), the seasonality associated with the TCWV, and precipitation intensity appears to be much less evident in the ocean regions (Figure 3). In the Atlantic Ocean region, the peak of precipitation does not necessarily correspond to the peak of TCWV. Similarly, there is a difficulty discerning a seasonal pattern in TCWV and precipitation in the Indian Ocean and Niño 4 regions. There is more variability in the precipitation and TCWV compared to the land regions.
3.2 Rate of change
Figure 4 illustrates the relationship between TCWV and monthly mean precipitation intensity for land regions including Amazon, Sahel, and Southern South America. Sahel has the greatest rate of change in precipitation for 1 kg/m2 TCWV, there is an increase in monthly precipitation intensity, resulting in 19.48% change. This strong correspondence may be due to Sahel’s drier climate. The second greatest rate of change occurs in the Amazon region at 12.08%. The smallest rate of change occurs in the southern South American region at 6.49%. Sahel and southern South America have similar warm season climates; however, these regions have a difference in rate of change, illustrating the distinct precipitation processes regarding the precipitation-moisture response. Generally, we expect the rate of change in land location to be greater supported by other studies highlighting the large change over land (Ye et al., 2017).
[image: Figure 4]FIGURE 4 | Monthly mean precipitation intensity versus TCWV at three Land regions.
Figure 5 shows the relationship between TCWV and monthly mean precipitation intensity for ocean regions including Atlantic Ocean, Indian Ocean, and Niño 4. Niño 4 has the largest rate of change at 13.05%, followed by the Atlantic Ocean at 10.4%. The Indian Ocean has the smallest rate of change at 2.82% with the largest spread of data points, depicting a weaker relationship between TCWV and precipitation intensity. This aligns with observations by Bretherton et al. (2004) that precipitation has a minimal response to water vapor in the Indian Ocean region compared to the other selected ocean regions.
[image: Figure 5]FIGURE 5 | Monthly mean precipitation intensity versus TCWV at three Ocean regions.
3.3 Stratified precipitation intensity distribution
Figure 6 illustrates the occurrence distribution of five different precipitation intensity groups in corresponding TCWV for six study regions. Table 3 provides each study region’s precipitation percentile values for five precipitation intensity groups. Based on the Amazon Basin results (Figure 6A), the higher the values of daily TCWV, the greater likelihood of higher precipitation intensity events. The lowest precipitation intensity below the 20th percentile (Group 1) peaks at TCWV of 31 kg/m2. The 21–40th percentile precipitation (Group 2), peaks at TCWV of 34 kg/m2. The precipitation intensity at 41–60th percentile (Group 3), peaks at 37 kg/m2. For precipitation intensity at 61–80th percentile (Group 4), the peak is at 39 kg/m2 TCWV. Lastly, precipitation intensity higher than 80th percentile (Group 5), peaks at 41 kg/m2 water vapor. The highest precipitation intensities (Group 5) show the narrowest distribution range for the Amazon Basin with no occurrence below 30 kg/m2 TCWV.
[image: Figure 6]FIGURE 6 | Distribution of ranked precipitation occurrence intensity versus TCWV for six study regions, including (A) Amazon, (B) Sahel, (C) Southern South America, (D) Atlantic Ocean, (E) Indian Ocean, and (F) Niño 4 Ocean.
TABLE 3 | Percentiles of daily precipitation values (in mm) for six regions in this study.
[image: Table 3]The occurrence of various daily averaged precipitation intensities in the Sahel region is shown in Figure 6B. This is the greatest sensitivity to water vapor of any region considered in this study. Compared to the Amazon Basin, the distribution of precipitation intensity is well separated based on water vapor, with very little overlap between lowest and highest percentiles, the blue and red curves, respectively. In Figure 6B, the lowest 20th percentile (Group 1), peaking at 13 kg/m2. The 21–40th percentile (Group 2) peaks at 14 kg/m2. For the 41–60th percentile (Group 3), the peak water vapor is 24 kg/m2. The water vapor peaks at 30 kg/m2 for the 61–80th percentile (Group 4). Water vapor peaks at 36 kg/m2 for the highest percentile rainfall occurrence (Group 5). The distribution shape is roughly similar among different groups, but with the top and bottom 20th percentile extremes being slightly narrower.
The precipitation intensity is less sensitive to water vapor in the southern South American region (Figure 6C). This result suggests high-intensity precipitation sometimes happens during very low value of TCWV, and that low-intensity precipitation days may have very high TCWV. However, the general shift from the lowest intensity group to the highest intensity group with increasing TCWV is still apparent. For Group 1, the water vapor value peaks at 12 kg/m2. Group 2 peaks at 15 kg/m2. The highest water vapor value for Group 3 is 16 kg/m2. Group 4 peaks at 21 kg/m2, Group 5 also peaks between 21 and 22 kg/m2.
Compared to the land regions, the precipitation over the Atlantic Ocean (Figure 6D), is less sensitive to TCWV, especially at higher intensity groups. The distributions of precipitation occurrence almost overlap among Groups 3, 4, and 5. They all peak at 47 kg/m2. The TCWV peaks at 40 kg/m2 for Group 1, and the Group 2 peaks at 44 kg/m2. This distribution suggests water vapor has little control of the precipitation intensity above the 40th percentile over the tropical Atlantic region.
The occurrence of precipitation intensity over the Indian Ocean (Figure 6E) is relatively unresponsive to the water vapor, as was seen over the Atlantic Ocean region (Figure 6D). The most likely values of TCWV associated with the following groups are: Group 1 at 47 kg/m2, Group 2 at 51 kg/m2, Group 3 at 49 kg/m2, and Group 4 and 5 at 50 kg/m2. The shape of distribution tends to narrow as water vapor increases, especially for Groups 3, 4, and 5.
The occurrence of different precipitation intensities in the Niño 4 region varies only slightly with TCWV (Figure 6F). This is consistent with other oceanic regions (Figures 6D, E), and contrasts with land regions (Figures 6A–C). Niño 4 Group 1 peaks at 49 kg/m2. The highest water vapor peak for Groups 2–5 is 53 kg/m2. There are very few differences in occurrence distributions between Groups 4 and 5. This distribution suggests that precipitation intensity occurrences higher than the 60th percentile do not respond to the TCWV change above a threshold of about 45 kg/m2.
The occurrence distribution for Niño 4 location (Figure 6F) is quite like that of the Indian Ocean (Figure 6E) but with even less response to water vapor. Niño 4 Group 1 peaks at low TCWV of 37 kg/m2 (Figure 6F) and spreads more broadly across the entire range of water vapor. Groups 2–5 peak at a similar value of around 54 kg/m2; however, the distribution becomes narrower as the precipitation intensity group increases.
4 DISCUSSION
This study expands previous knowledge on the relationships and geographic effects of tropical precipitation intensity response to TCWV utilizing satellite observations.
We find that the daily precipitation intensity over tropical lands has more sensitivity to TCWV than over tropical oceans. Results over tropical land detail a well-sorted pattern of increased occurrences of higher daily precipitation intensity as TCWV increases. Similarly, Liang et al. (2020) found that increases in precipitable water vapor accompany precipitation occurrence.
In Sahel, precipitation has the greatest sensitivity to water vapor change, where the rate of change is 19.48% per each 1 kg/m2 of TCWV increases at monthly time scale. The higher sensitivity to water vapor could be due to the arid climate of the Sahel. We also notice a seasonal component of rainfall and TCWV in the Sahel during June -September (Figure 2). If a dry environment is a factor in sensitivity, we would expect that the southern South American area would show similar behavior. However, rainfall is less sensitive to water vapor there, suggesting fundamentally different precipitation processes in the Sahel and southern South America.
For the study areas over the ocean, the precipitation intensity occurrence does not show strong response to water vapor, especially in the Indian Ocean and Niño 4 regions: a wider range of water vapor changes over the ocean regions does not appear to control precipitation intensities. Oceanic precipitation intensities above the 40th percentiles are insensitive to the increase of water vapor above threshold values. These are consistent with the smaller change rates of monthly precipitation intensities with TCWV between 2%–13.1% among these tropical ocean regions.
Daily data is necessary to examine the occurrence distributions for different precipitation intensities. We find precipitation intensity occurrences over land regions are more sensitive to water vapor changes compared to the ocean regions. These differences indicate that changes in water vapor impact precipitation differently over land and ocean. These relationships are further confirmed by the distribution of occurrences of precipitation intensity. Forecasts of precipitation over tropical land can rely on water vapor as a predictor of precipitation intensity and occurrence. The highest land precipitation intensity occurrences are associated with higher values of TCWV. Knowing the difference between precipitation intensities over (sub)tropical land and ocean may aid water resource planning. More importantly, this study contributes to understanding the precipitation-moisture over multiple scales.
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