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Abstract

:

The measurement of global precipitation is important for quantifying and understanding the Earth’s systems. While gauges form the basis of conventional measurements, global measurements are only truly possible using satellite observations. Over the last 50–60 years, satellite systems have evolved to provide a comprehensive suite of observing systems, including many sensors that are capable of precipitation retrievals. While much progress has been made in developing and implementing precipitation retrieval schemes, many techniques have concentrated upon retrievals over regions with well-defined precipitation systems, such as the tropics. At higher latitudes, such retrieval schemes are less successful in providing accurate and consistent precipitation estimates, especially due to the large diversity of precipitation regimes. Furthermore, the increasing dominance of snowfall at higher latitudes imposes a number of challenges that require further, urgent work. This paper reviews the state of the current observations and retrieval schemes, highlighting the key factors that need to be addressed to improve the estimation and measurement of precipitation at mid-to-high latitudes.
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1. Introduction


Precipitation (liquid and/or solid) is a key component of the energy and water cycles that drive the Earth’s climate system. Measuring precipitation on a global basis is essential for monitoring the present distribution and intensity of precipitation and for monitoring changes over longer climate time scales [1]. Since precipitation is a critical component of the Earth system, it has been identified as an essential global variable [2] and an essential climate variable [3]. Precipitation is, fundamentally, the source of all freshwater and is essential to life on Earth, impacting humanity and the natural environment around us. It is also of great interest to a range of scientific disciplines, including hydrology, oceanography, the cryosphere and environmental communities, ecology, and biology, as well as for its economic value for crop forecasting, water resource management and the mitigation of the impacts of droughts or floods.



Measuring precipitation on a global basis is challenging. Conventional networks of gauges and radars are not sufficient to adequately cover the whole of the Earth’s land surface, yet alone the ocean regions. While satellite observations provide data for generating precipitation estimates, errors and uncertainties exist in these estimates. Major international efforts, such as the Global Precipitation Measurement (GPM) mission [4,5], have led the way in improving global estimates from satellite observations, although challenges remain, particularly across the mid-to-high latitudes due to the characteristics of precipitation in these regions. At lower latitudes (<45° N/S), precipitation is generally convective, resulting in stronger signals in satellite observations. However, at higher latitudes, stratiform precipitation systems are more common with snowfall becoming dominant poleward of 70° N/S, resulting in subdued and more subtle signals in satellite observations.



This paper presents a review of the current literature on precipitation retrievals over mid-to-high latitudes to provide a state-of-the-art overview of the sensors and products, complementing and updating the previous relevant review papers such as Kidd et al. [6], Levizzani et al. [7] or Prigent [8]. Section 2 provides some background knowledge on the distribution of precipitation based on latitude and Section 3 provides an overview of the measuring systems utilized to observe and measure precipitation. The current retrieval schemes based on the different types of sensors are described in Section 4, together with some comparisons between the sensors and the currently most advanced multi-satellite products. The open challenges for precipitation retrievals are discussed in Section 5, together with ways to move forward with new and future satellites. Finally, the conclusions are presented in Section 6.




2. Background


The main driver of precipitation at mid-latitudes is the temperature gradient between the equator and the poles, which affects atmospheric stability, the jet stream intensity and extratropical cyclones [9]. Hénin et al. [10] noted that frontal precipitation from these cyclones accounts for up to 80% of all the precipitation in the mid-latitudes, especially during autumn and winter. At higher latitudes, precipitation in its solid form becomes increasingly important. Figure 1 illustrates the contribution of light precipitation to the total precipitation occurrence by liquid, mixed and frozen hydrometeors, as provided by shipborne meteorological reports, highlighting that poleward of a 40–50° latitude, mixed and frozen light precipitation occurs and becomes dominant above 70° latitude.



The distribution of precipitation across all latitudes is determined by the availability of moisture. In the mid-latitudes, the moisture sources include the oceans and plumes of moisture from the tropics. Lu and Hao [12] noted that atmospheric steering, governing the directions of the disturbances at low levels, plays an important role in the transport of tropical moisture and the resulting extreme precipitation, while Yoshimori et al. [13] highlighted the importance of mid-latitude atmospheric eddies and equatorial ocean upwelling. Significant precipitation events have been linked to atmospheric rivers (of moisture) along the west coast of North America and Western Europe [14,15,16,17]. Conversely, linkages between mid-latitude circulation and winter precipitation over the Arabian Peninsula were found by Saeed and Almazroui [18]. At higher latitudes, moisture is limited by the capacity of the lower air temperatures to hold moisture. Warm open water often provides a ready source of moisture, leading to lake-effect snowfall such as over the Great Lakes region of the U.S. [19] and over northern Japan [20]. Over the Arctic, moisture is available from open water close to the ice edge or open water within the ice pack, while over the Antarctic, moisture is limited to the coastal regions since substantial areas of the Antarctic region are classified as desert [21].



The increasing occurrence of snowfall with latitude impacts the subsequent cryospheric processes. The accumulation of snow affects the seasonal-to-multi-year water storage, such as the mass balance of glaciers [22], which impacts the water resources of particular regions [23,24]. Although most glaciers lose mass due to warmer global temperatures, the mass balances of some glaciers are controlled by precipitation [25]. Adams [26] noted that precipitation was a fundamental component in the mass budget of the Antarctic where the balance between precipitation, evaporation and the outflow of ice determined the equilibrium of the continental ice sheet.



Climate change is disproportionally affecting the polar regions and, in particular, the Arctic. Davy and Griewank [27] noted that the Arctic has warmed at nearly four times the global average since 1979 due to temperature amplification caused by the loss of sea ice. The loss of sea ice increases the area of water that is available for moisture uptake by the atmosphere, thereby increasing the moisture available for precipitation. However, Routson et al. [9] found that the warming at high latitudes has weakened the annual surface gradient in the Northern Hemisphere. A comparison with similar patterns seen in the Holocene suggested that a weakened latitudinal temperature gradient would lead to considerable reductions in mid-latitude water availability [9]. A complication is the wider scale teleconnections where consensus is lacking on the future changes in mid-latitude precipitation by, for example, events such as El Niño. Yang et al. [28] showed that La Niña/El Niño-like events caused approximately 20% more precipitation over East Asia and North America through enhanced moisture transport. However, the measurable changes in mid-latitude precipitation noted by Karagiannidis et al. [29] found decreasing trends in extreme precipitation over most of Europe using gauge data from 1958 to 2000. Dukat et al. [30], using the standardized precipitation and evapotranspiration index (SPEI), found that there was an increasing trend (although not statistically significant) in the occurrence of drought for all the considered timescales. A negative trend in frontal precipitation mostly over the Gulf Stream was identified by Hénin et al. [10] when analyzing the model data, although they cautioned that this could be a consequence of the reanalysis model-derived precipitation.



The impact of aerosols on mid-latitude precipitation was highlighted by Osborne and Lambert [31]. Wan et al. [32] found that simulated responses to anthropogenic forcing were consistent with their observed changes, confirming the results of Min et al. [33] who detected anthropogenic influences on high-latitude precipitation. Such changes were consistent with earlier studies on the impact of urban areas on precipitation due to induced changes in cloud microphysics and precipitation mechanisms [34]. However, while Poujol et al. [35] showed an increase in the convective precipitation frequency and intensity with a strong seasonality, they added caution since the exact nature of the precipitation response and its characteristics is still not well understood due to the complex nature of the physical processes underlying the formation of clouds and precipitation. The role of many climate induced changes, such as the thawing of permafrost and associated land–atmosphere interactions, are poorly understood [36].




3. Measuring Precipitation


3.1. Ground-Based Measurements


The ‘standard’ instrument for measuring precipitation (rain and snow) is the rain gauge. These devices are generally relatively simple, offering a direct, physical measure for precipitation and as such can be considered the reference standard. The actual number of rain gauges across the Earth’s surface from which data are collected varies depending on the time, accumulation period and source [1]. However, it is likely to be close to 123,014 monthly accumulation gauges, as noted by Strangeways [37]. For near real-time gauge data, this number is much lower. The World Meteorological Organization (WMO) Global Telecommunication System (GTS) provides information from between 8,000 and 12,000 “first class” stations [3]. While each gauge is deemed to accurately portray the precipitation at their location and to be representative of their surrounding area, the distribution of these gauges is very uneven, with the majority of the gauges situated in populated regions with few, if any, over large tracts, including virtually none over the oceans (Figure 2). Kidd et al. [1] noted that gauges represent an incredibly small fraction of the Earth’s surface, and even if each gauge was evenly distributed globally, less than 1% of the Earth’s surface would be within a 5 km radius around each gauge. Furthermore, errors in gauge measurements arise largely due to the wind effect around the orifice, which are exacerbated by increasing exposure, together with losses or errors from the mechanical construction of the gauge [38,39].



At higher latitudes, the increasing dominance of precipitation in the form of falling snow (as opposed to snow on the ground) presents additional challenges. Snowflakes (and crystals) have significantly different aerodynamic properties to rain drops which, combined with the catchment (in)efficiencies of the gauges, make accurate quantification difficult. Gauges are usually adapted to reduce many measurement biases in snow-prone regions in order to modify (i.e., reduce) the airflow over the gauge, such as placing fences around the gauges and baffles close to the gauge orifices. However, Nitu and Wong [40] noted that only approx. 28% of all precipitation gauges are equipped with such shields, although most gauges are automated with heating elements to prevent snow from accumulating on the rim or sides of the collector [40]. Crucially, less than 25% of all snowfall may actually be measured due to wind effects, compared to the measurement accuracy for rainfall, which is usually within 10–20% of the assumed true value [39,41].



While the errors and uncertainties associated with measuring rainfall and snowfall with manual gauges are reasonably well understood, corrections (or quality control) can be applied. Sugiura et al. [42] evaluated the WMO precipitation correction procedures through the measurement of solid precipitation in Barrow, Alaska. They found that while the unfenced gauge measurements were similar to the double-fenced reference gauge at low wind speeds, the (daily) measurement ratios decreased more rapidly with an increasing wind speed compared to the WMO corrections. In addition, these discrepancies were affected by the temperature-dependent characteristics of the snow particles. Sugiura et al. [42] concluded that the WMO correction equations should not be extrapolated in high-latitude regions for high wind speeds over 6 m s−1. The Global Precipitation and Climatology Project (GPCP) implemented similar corrections to account for gauge undercatch, although a comparison conducted by Swenson [43] of the GPCP merged satellite–gauge precipitation analyses and the Climate Prediction Center Merged Analysis of Precipitation (CMAP) with the water storage anomalies generated from the Gravity Recovery and Climate Experiment (GRACE) indicated that the gauge undercatch correction used by the GPCP may be overestimated.



Weather radars provide a means of measuring the spatial distribution of precipitation on a frequent and regular basis. Depending on the type of radar, measurements may be drawn to a radius of approx. 250 km at resolutions better than 1 km every few minutes. Individual radar measurements are usually combined into single, national, or international mosaics to provide spatial coverage over large regions. The European Operational Programme for Exchange of Weather Radar Information (OPERA) product provides a 15 min, 2 km product from over 20 national radar networks across Europe [44,45]. The U.S. National Oceanic and Atmospheric Administration (NOAA) Multi-Radar Multi-Sensor (MRMS) Quantitative Precipitation Estimation (QPE) [46] covers the continental U.S., while the Automated Meteorological Data Acquisition System (AMeDAS), curated by the Japan Meteorological Agency (JMA), covers Japan [47]. However, the relationship between the backscatter of the radar beam and the precipitation intensity may not be consistent, particularly between the different types of precipitation, such as rain, snow or hail [48]. Corrections may be made routinely (e.g., [46]) or during post analysis [49] to ensure product consistency and accuracy. Additional corrections take into account certain factors, such as the beam elevation (which leads to underestimating or missing shallow precipitation systems) [50], removal of ground clutter [51,52,53], bright band detection and removal [54] and calibration against surface gauge data [55].



While gauge and radar measurements provide the bulk of surface measurements, new technologies and instrumentation are able to provide new insights into precipitation that are notoriously difficult to characterize at mid–high latitudes. Micro Rain Radars (MRRs) provide a vertical profile for a number of parameters, including the reflectivity, precipitation intensity, fall velocity and drop size distribution (DSD) [56,57]. Although these instruments only provide information at one (point) location, they offer a good range/altitude resolution (≥10 m) and a good temporal sampling (≥1 s) providing a vertical profile of precipitation from a point on the surface. Schemes have been developed to use information from the microwave communication links of commercial mobile phone networks to exploit the attenuation caused by precipitation on the microwave signal. The results have shown great promise in providing spatial maps of near-surface precipitation, which compare well with other conventional sources of precipitation information [58,59,60]. Measuring precipitation over the oceans remains challenging due to the physical remoteness and conditions. However, the use of the underwater acoustic properties of precipitation hitting the ocean surface has been studied (e.g., [61,62]), and for longer term analyses, the use of shipborne meteorological reports can be utilized [63].




3.2. Satellite-Based Measurements


Observations made by satellite sensors currently offer the only truly viable means of providing information on the intensity and distribution of global precipitation [64]. The ability to observe and measure clouds and precipitation from satellite platforms extends back some 60 years using numerous satellite platforms and a diverse range of sensors and capabilities [65]. However, they may be broadly classified into their orbital characteristics and the channels they use to observe the Earth and its atmosphere.



Low Earth Orbiting (LEO) satellites have formed the mainstay of operational meteorological observations since the start of the satellite era. These satellites are generally placed in polar or Sun-synchronous orbits between 400–800 km in altitude, primarily to provide consistency in their overpass times (and Sun elevation) and provide (near) global coverage twice a day [66,67] (Figure 3). However, some LEO satellites are placed into low-inclination orbits which, while covering less of the Earth’s surface, allow for observations across different times of day, albeit over an extended period. The sensors carried onboard LEO satellites range from visible (Vis) and infrared (IR) to passive microwave (PMW) and active microwave (AMW or radar). The current LEO satellites include the NOAA Joint Polar Satellite System (JPSS) series, [68], the European Meteorological Operational (MetOp) satellite series [69,70] and the Chinese Fengyun (FY) series [71]. These operational missions are augmented by scientific missions such as the GPM Core Observatory (GPM-CO), the U.S. Department of Defense (DoD) Meteorological Satellite Program (DMSP) satellites [72] and the Japan Aerospace Exploration Agency (JAXA) Global Change Observation Mission (GCOM) [73]. Such missions provide very good coverage over the polar regions due to their orbital configuration (Figure 3), and therefore have great potential for improving observations of precipitation in these sparse data regions.



Geostationary, or geosynchronous (GEO), satellites operate in orbits at approx. 36,000 km in altitude, which allow the satellite to (very nearly) remain over the same location above the Earth’s equator. From this vantage point, the sensors onboard GEO satellites are able to capture frequent observations of a full Earth ‘disc’ (i.e., maximum viewable area of the Earth) within the individual capabilities of each sensor. The sensors on GEO platforms are, however, essentially limited to Vis/IR spectral bands due to the large Earth sensor distance. However, the development of new sensors has allowed for more Vis/IR channels and a better determination of clouds and aerosols. Furthermore, additional sensors with some precipitation monitoring/retrieval capabilities have also been included, such as the Geostationary Lightning Mapper (GLM) [74] and the Meteosat Third Generation (MTG) Lightning Mapper (LM) [75]. While GEO platforms offer unrivalled images across the lower latitudes, their orbital position means that the satellite–Earth incidence angle increases at higher latitudes, leading to a poorer spatial resolution and greater parallax issues.



Visible (Vis) imagery relies on reflected light (or albedo) from the cloud tops and is, therefore, constrained by daylight for illumination. The low Sun angle of the polar nights limits the usefulness of visible imagery, although a small number of sensors (e.g., the Visible Infrared Imaging Radiometer Suite, VIIRS) have a high low-light sensitivity, which provides some useful nighttime data (e.g., [76]). When daylight is available, clouds are often difficult to distinguish from surface snow and ice, although multi-channel visible and near-infrared data can help discriminate between the background surface and clouds.



Infrared (IR) imagery senses the emitted thermal radiation from the Earth’s surface and clouds. Techniques have been developed to establish relationships between the cloud-top temperatures and precipitation. However, at higher latitudes, the cloud-top temperatures can often be warmer than the surface background, so using IR data alone is problematic. Additional channels are often used to provide extra information to help define and qualify precipitation. The current generation of sensors, such as the Advanced Baseline Imager (ABI) [77,78,79] and the Flexible Combined Imager (FCI) [75], provide multi-channel/spectral, high temporal/spatial resolution observations. Nevertheless, Vis/IR sensors only observe the cloud-top properties. While the cloud-top-to-surface precipitation relationships could be considered reasonable for convective precipitation, such observations are less useful over regions where stratiform precipitation regimes are dominant.



Passive microwave (PMW) sensors, developed in the 1970s, provide near all-weather observations of the geophysical parameters, such as the sea surface temperature and state, ice extent, land surface characteristics, as well as atmospheric components such as water vapor and precipitation. The first multi-channel radiometer, the Scanning Multichannel Microwave Radiometer (SMMR, [80]), operated from 1978 to 1987 and provided observations from 6.7 GHz to 37 GHz at both vertical and horizontal polarizations. Precipitation estimates could be generated from these channels, particularly over the oceans, and to a much lesser extent over land areas. A significant advance came with the launch of the U.S. DMSP satellite in 1987 with the Special Sensor Microwave/Imager (SSM/I) instrument [81]. This instrument provided measurements from 19.35 to 85.5 GHz. The higher frequencies, particularly at 85.5 GHz, together with an improved spatial resolution, facilitated the retrieval of precipitation over land surfaces. The U.S. DoD Special Sensor Microwave Imager/Sounder (SSMIS, [82]) from 2003 onwards has expanded the frequency range to 150 and 183.31 GHz, thus improving the identification and quantification of light precipitation, including snowfall, paving the way for the later use of PMW sounding instruments (e.g., [83]).



In 1997, the first precipitation-specific mission, the Tropical Rainfall Measuring Mission (TRMM, [84,85]), was launched, which operated in a 35° inclined orbit and carried the TRMM Microwave Imager (TMI) and the (first) Precipitation Radar (PR) operating in the Ku-band at 13.8 GHz. The low-inclination non-Sun-synchronous orbit enabled the sensors to observe the diurnal cycle of precipitation across the tropics from approx. 38° N to 38° S. Although the TRMM primarily observed tropical precipitation, precipitation systems more typical of mid-latitudes were observed over the seasonal cycles, providing insights into the characteristics of light precipitation and snowfall. To address precipitation at higher latitudes, the GPM mission was devised. The GPM is an international satellite mission comprising the GPM-CO and a constellation of international partner satellites and sensors [5,86]. The GPM-CO (launched on 28 February 2014) is a joint National Aeronautics and Space Administration (NASA) and JAXA mission that operates in a 65° inclined orbit at an altitude of 407 km and carries the Dual-frequency Precipitation Radar (DPR, [87,88]) and GPM Microwave Imager (GMI, [89]). The GMI is a 13-channel passive microwave radiometer, providing observations from 10.65 GHz to 183 ± 7 GHz over an 885 km swath with resolutions up to 3 × 5 km.



To improve the temporal sampling necessary to capture the variability of precipitation, the GPM mission exploits observations from all the precipitation-capable passive microwave instruments. In addition to the current suite of SSMIS sensors, JAXA contributes the Advanced Microwave Scanning Radiometer-2 (AMSR2) instrument on the GCOM Water-1 (GCOMW1) satellite, providing observations from 6 to 89 GHz. Passive microwave sounding instruments are also included in the GPM international partnerships, namely the Microwave Humidity Sounder (MHS) and the Advanced Technology Microwave Sounder (ATMS) sensors provided by NOAA and the European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT). Although these sounding instruments are primarily designed for atmospheric sounding close to the water vapor absorption lines (e.g., 183.31 GHz), they provide an additional suite of observations that have proved to be invaluable for precipitation estimates [90,91] as well as operational estimates [92]. The current suite of satellites/sensors contributing to the GPM mission are shown in Table 1 (along with the two precipitation/cloud radar sensors described below). In addition to these ‘primary’ sensors, the observations made by ‘missions of opportunity’ are included when feasible, such as the Indian/French Megha-Tropiques Sondeur Atmospherique du Profil d’Humidite Intertropicale par Radiometrie (SAPHIR, [93]), the NASA/Massachusetts Institute of Technology (MIT) Time-Resolved Observations of Precipitation structure and storm Intensity with a Constellation of Smallsats (TROPICS) mission and the NASA Space Test Program-Houston 8 (STP-H8) mission, which comprise the Compact Ocean Wind Vector Radiometer (COWVR) and Temporal Experiment for Storms and Tropical Systems Technology (TEMPEST-H8) instruments. A full description of these missions can be found in Aonashi and Ferraro [94] and Kidd et al. [5].



Active microwave (AMW) instruments, or radar, provide the most direct measure of precipitation among the currently available spaceborne sensors. These instruments measure the radiation that is scattered back from hydrometeors (and the surface) that is in proportion to the size of the particles. The relationship between the backscatter and particle size is dependent upon the frequency of the radiation. Low frequencies are better at quantifying larger droplets since they are not attenuated by the smaller particles, including clouds. Conversely, high frequencies provide greater sensitivity to the small particles, but attenuate/saturate quickly in the presence of large particles, which limits the penetration of storms with moderate to intense precipitation [95].



The first spaceborne precipitation radar was carried on the TRMM between 1997 and 2015 and operated at 13.8 GHz. Although it was limited to regions from 38° N to 38° S, the data provided the basis for retrievals from the NASA/JAXA (DPR) on the GPM-CO. The DPR, comprised of Ku- and Ka-band radars, was capable of measuring the three-dimensional structure of precipitation at a spatial resolution of 5.4 × 5.4 km and a vertical resolution of 250 m. The Ku-band radar provided data over a 245 km wide swath, while the original Ka-band radar swath was 120 km. After 21 May 2018, this was changed to match that of the Ku-band swath. The choice of the frequencies for the DPR, 13.6 GHz (Ku-band) and 35.5 GHz (Ka-band) with minimum detectable signals of 17 dBZ and 12 dBZ, respectively, was deemed ideal for providing precipitation estimates over mixed-phase/snowfall-dominated precipitation regimes. The radar was designed to measure the precipitation accuracy over a range from 0.2 to 111.0 mm h−1 [86], although the sensitivity of the radar limited the detection of snowfall in moderate to heavy intensities.



NASA and the Canadian Space Agency (CSA) launched the first spaceborne W-band (94 GHz) Cloud Profiling Radar (CPR) in 2006 on the CloudSat mission as part of NASA’s A-Train constellation [96,97]. CloudSat is a nadir-pointing radar flying in a Sun-synchronous orbit with a 1.4 × 1.7 km spatial resolution and a fixed equator crossing time at 0130 am/pm. With a 480 m vertical resolution (oversampled at 240 m), the CPR provided vertical profiles of the lower 30 km of the Earth’s atmosphere. Although the main objective was to acquire global information on clouds, it also resolved many precipitation systems and can be used to retrieve light precipitation and snowfall (e.g., [98,99,100,101]), with the potential to bridge the gap in the measurement of the Earth’s hydrological cycle [102].



Crucially, both cloud and precipitation radars cannot provide observations close to the surface due to strong surface reflectivity (i.e., surface clutter) [103]. The surface clutter typically impacts the lowest three to five range bins above the highest surface point within a footprint, or approx. 700–1500 m at nadir. The scanning pattern of the DPR increases this height limitation to approx. 2000 m towards the edge of the scan [56].





4. Precipitation Retrieval Schemes


The capture, processing, archiving and distribution of data from the GPM mission is undertaken by the NASA Precipitation Processing System (PPS) for both the GPM-CO and the constellation members. Additional data, including the GEO-IR and model data, are collected for use in subsequent precipitation retrieval schemes. The ingested data undergoes quality control to ensure consistency between the different satellite data sets. Most important, the GPM Intersatellite Calibration Working Group (XCAL, [104,105]) implemented a consistent calibration process of the observed brightness temperatures across the different sensors to ensure that the observations can be used interchangeably. The GMI sensor provides the baseline against which other PMW sensors are compared. The differences between the observations from the various sensors are generally below 2–3 K at frequencies below 92 GHz, although some sensors exhibit greater departures. For sounders, the differences tend to be smaller at approx. 0.5 K for the SAPHIR and MHS sensors and 1 K for the ATMS sensor. The resulting products are labelled Level 1C to indicate that these are the intercalibrated brightness temperatures at the footprint resolution. The NASA PPS also generates Level 2 precipitation products, which are the instantaneous precipitation retrievals at the retrieval resolution of each sensor. The official precipitation products are provided for active and passive microwave sensors and for the combination of the two (Table 2). The processing of these observations greatly simplifies the subsequent generation of multi-sensor precipitation retrievals.



Similar to the PPS, the data processing center (DPC) run by the Cooperative Institute for Research in the Atmosphere (CIRA), a research institute at Colorado State University, provides data for the CloudSat mission, from Level 1 to Level 3, as well as auxiliary data.



4.1. Retrieval Schemes


Passive microwave observations have been the mainstay of quantitative precipitation retrievals since they observe the precipitation-size hydrometeors within the clouds and are, therefore, more direct than Vis/IR observations. However, the (spectral) frequency at which the observations are made is important since the lower frequencies respond to liquid precipitation while the higher frequencies respond to precipitation-size ice particles. It is important to note that the observations of ice particles tend to relate to precipitation in the upper parts of the clouds, and therefore may provide a less direct measure of surface precipitation than the lower frequency observations. Furthermore, PMW observations made by sounding instruments primarily use the channels at atmospheric absorption bands, which are sensitive to different levels of the atmosphere and may also not reflect the precipitation at the surface [8,92].



Various techniques are used to retrieve precipitation from PMW observations. However, all the retrieval techniques only work well when there is a clear identifiable precipitation signal, such as with a well-developed precipitation system. It is clear from a qualitative assessment of images from different sensors that certain features, such as hurricanes and deep convection, are easy to identify. While quantitative retrievals from such systems are somewhat more problematic due to the complexity of the meteorology, the spatial resolution, and the directness of the observations from the different sensors, the precipitation estimates are nevertheless generally very good. In contrast, however, the identification and estimation of precipitation from mid- to high-latitude systems is more problematic since the rainfall or snowfall tends to be much lighter in intensity and depth with mixed- or entirely ice-phase precipitation. The latter is important since many PMW techniques rely on high-frequency channels to identify the scatter signature from the ice particles, particularly over land. Where ice particles do exist, the presence of water vapor above the frozen precipitation particles may negate any scattering signal, particularly at frequencies which are water vapor sensitive (e.g., approx. 183.31 GHz) [8,92].



The official NASA GPM operational precipitation retrieval technique used by NASA is the Goddard Profiling Algorithm (GPROF) scheme [106,107,108] (Table 2) for passive microwave observations. The GPROF is a Bayesian retrieval scheme that utilizes a priori databases to relate brightness temperature observations to precipitation rates. The primary a priori database is generated from co-located observations between the GMI and DPR, supported by the GMI and surface radar data (MRMS) matches permitting a better retrieval of light/shallow precipitation that might be missed by the DPR.



For the active microwave observations, the DPR-only product uses the methodology developed by Masaki et al. [109] and Seto and Iguchi [110], and the combined radar–radiometer algorithm (CORRA) uses that of Grecu et al. [111] and Grecu and Olson [112] (Table 2). While the Level 2 products are useful for full-resolution instantaneous retrievals, this limits their usefulness to the applications which need a consistent temporal/spatial resolution product. These Level 2 products generate an estimate of the total precipitation, together with an estimate of the frozen precipitation (i.e., snow) based on the model-derived near-surface temperature/humidity profiles, to determine the precipitation type at the surface [113]. The GPM DPR Level 2 product provides physically-based retrievals due to the dual-frequency radar observations [88]. The DSD parameters are also provided, together with some experimental flags that identify the snowfall at the surface. Note that the differences between the reflectivity from snowfall and rainfall impacts the estimation of the precipitation at the surface. A Level 3 DPR product also provides monthly global precipitation statistics on a 5 × 5° and 0.25 × 0.25° grid. The Level 2 product first processes the measured radar reflectivity to determine whether each pixel is precipitating and then classifies it into three major classes: stratiform, convective or other. The surface backscattering return is used to derive the path-integrated attenuation (PIA) and relate it to a precipitation rate. The DSD parameters and environmental variables are also calculated to determine the relationship between the rainfall rate (R) and the mean diameter (Dm) of the precipitation particles. The classification into classes (stratiform vs. convective) helps determine the precipitation type and intensity through the use of bright band information.



The greatest difference between the products generated by the current retrieval schemes and surface reference data relates to the latitude. While it is not a consequence of latitude per se, it is a result of the observation and interpretation of the different meteorological conditions that are associated with the precipitation systems at these latitudes. Such differences have long been apparent [114]. Where most techniques suggest little precipitation at higher latitudes, only a few products showed significantly greater precipitation, which were more aligned with the surface measurements. Behrangi and Song [115], for example, showed that there was a significant disparity between the oceanic precipitation products from the GPM combined product [111] and the GPCP v2.3 [116], with the GPCP product producing more precipitation poleward of 40° N/S. On a historical note, the products from the TRMM era avoided this problem since the TRMM coverage was limited to 38° S–38° N.



The retrieval of frozen precipitation over high latitudes and the polar regions from satellite observations has been specifically addressed by several researchers (e.g., [117,118,119,120,121,122] among others) with encouraging results. However, the quantification and accuracy of these estimates are yet to be fully determined, especially due to the paucity of the surface data sets for validation.



The observations made by sensors, such as the GMI with high-frequency channels at 89, 166 and 183 GHz (and polarized at 89 and 166 GHz), improve the detection of the scattering signal caused by ice particles in the atmosphere. Panegrossi et al. [123] highlighted the importance of the polarized signal at 166 GHz for snowfall retrievals and found that the 166 GHz polarization difference (Δ166) relationship with snowfall was influenced by sea ice concentrations, the total precipitable water (TPW) and the ice water path (IWP). The Δ166 identified snowfall when the TPW > 3.6 kg m−2 and the IPW > 0.24 kg m−2 over land, and when the TPW > 5.1 kg m−2 and the sea ice concentrations > 57% over sea.



The CloudSat mission provides specific products for liquid and solid precipitation. The 2C-PRECIP-COLUMN [100,101] was originally the main precipitation product. Similar to the DPR, CPR uses the surface backscatter to derive the PIA and relate it to the precipitation rate. After the introduction of the 2C-RAIN-PROFILE product [98,101], the latter is used for the quantitative retrievals of liquid precipitation while the former is used for precipitation detection and phase classification. Based on the precipitation mode detected by the 2C-PRECIP-COLUMN product (i.e., stratiform vs. convective), the surface precipitation type (liquid vs. solid) is determined by the presence of the melting layer, or the proximity of the freezing level to the surface, and a modeled lapse rate for stratiform precipitation, or simply the height of the freezing level for convective precipitation (everything below the freezing level is considered liquid). Based on this classification, the 2C-RAIN-PROFILE or the 2C-SNOW-PROFILE [101,124,125] (Table 2) products can calculate a precipitation rate at the surface and for each bin of the vertical profile. The 2C-SNOW-PROFILE product provides snow water equivalent quantities (expressed in mm h−1) and snow size distribution parameters [126,127], together with uncertainties for the retrieved and derived quantities [128]. The retrieval is based on an optimal estimation method that minimizes a cost function between the estimated and a priori values of the microphysical properties [124]. The European Center for Medium-range Weather Forecasts auxiliary product (ECMWF-AUX) provides all the environmental parameters necessary for processing the 2C-SNOW-PROFILE product.



As noted above, all the spaceborne radars, including the DPR and CPR, are affected by ground clutter in the lowest portion of the vertical profile, such that the first three to five bins (~700–1500 m) are usually discarded [129,130]. Any precipitation within these near-surface-contaminated bins has to be derived from information extrapolated from the low-level vertical profiles of the models or simply assumed to be constant. This so-called blind zone issue is particularly significant for snowfall retrievals given the unpredictable nature of snow particles, depending on the environmental conditions in the near-surface portion of the atmosphere, particularly with melting or drifting.



Although the GPM mission requirements only specify the detection of snowfall, much research has been dedicated to quantifying snowfall. Compared to the CloudSat-specific snowfall product, the GPROF retrieval provides the total (rain and snow) precipitation and frozen (snow) precipitation values based on the wet bulb temperature liquid/solid classification method of Sims and Liu [113]. Figure 4 shows an example of the frequency of occurrence of frozen precipitation calculated as the number of snowfall observations over all the observations as seen by the GPROF-AMSR2 in 2022. The availability of the GPROF product for all the GPM constellation PMW sensors allowed for comparison studies to better understand the best combination of frequencies for the best snowfall retrieval [131]. You et al. [132] assessed the GPROF V05 snowfall retrieval results from 11 radiometers against the DPR and CloudSat. They found that over the ocean, the conical scanning sensors performed better than the cross-track sensors due to the availability of low-frequency channels, while over land the Advanced Microwave Scanning Radiometer–Earth Observing System (AMSR-E) and the AMSR2 showed noticeably worse performances than the other sensors. In general, all the sensors underestimated the snowfall quantities.



Several studies have been dedicated to the calculation of snowfall occurrence and the average snowfall rate using CloudSat over Antarctica [119,120], the Arctic [133,134] and globally [135,136] (Figure 5), mainly using the 2006–2010 operational period of the mission. Since 2011, when CloudSat experienced a battery anomaly, the sensor has been forced to work on a daylight-only mode. This new operation mode introduced a non-negligible bias in snowfall detection and retrievals, especially over the Southern Hemisphere where there are no observations during the austral winter, or some northern latitudes where the bias can be as high as 33%. Globally, the bias on the mean snowfall rate is estimated to be about 12% after 2012 [137].



Given its high sensitivity to light precipitation and despite the radar blind zone issue, CloudSat has been used for the first shallow cumuliform snowfall observational analysis [135], with emphasis on the seasonal variability and dependency on sea ice cover [138]. Some specific areas have been found to be hot spots for shallow cumuliform systems, specifically over the North Atlantic region, the south-west of Greenland, the Sea of Japan and the southern oceans, with the fraction of shallow cumuliform snowfall reaching 70% of the total snowfall observed in the specific region.




4.2. CloudSat—GPM Comparison Studies


Due to the overlap between the GPM and the CloudSat missions, several studies have compared the capabilities of the sensors for detecting and estimating snowfall [103,139,140,141]. Casella et al. [139] showed that the DPR detected only 5–7% of snowfall events. However, due to the DPR’s sensitivity to intense snowfall events, the snowfall mass correctly detected is 29–34% of the CloudSat quantification. Adhikari et al. [140] confirmed that CloudSat underestimated heavy snowfall events, but only by 3% compared to the DPR Ku estimates, while the DPR underestimated light events by 52%. Skofronick-Jackson et al. [103] conducted a comparison study to investigate the source of these disparities. They found that the CloudSat CPR observed 10 times the occurrence and three times the accumulation of snowfall of the DPR. The disparity was substantially reduced when the comparison was made averaging the CloudSat pixels to simulate the DPR pixels and when the CPR observations were truncated below the 8 dBZ threshold. However, even with a similar occurrence, the average snowfall rate remained significantly lower for the DPR (43%) when compared to the CPR, suggesting retrieval assumption differences. Comparisons between the modified reflectivity (Z)–snowfall rate (S) relationships using the same snow scattering properties and particle-size distributions for the two sensors further reduced the disparity to 16%. Some other studies took advantage of the different sensitivities of the two sensors to create a retrieval with a broader snowfall rate range, from very light snow to heavy snowfall events [142].



Following the interest and the subsequent analyses of the comparisons between the GPM and CloudSat, new GPM products have been developed and made publicly available. The Level 2 CSATGPM and the CSATTRMM products match the CloudSat and GPM or TRMM orbits, respectively, to within 30 min from each other, offering an invaluable dataset for easier and accurate comparisons [143]. The CSATGPM product has been especially useful for snowfall analyses since it provides matching orbits up to 65° N/S. Rysman et al. [144,145] developed a snowfall retrieval algorithm based on PMW observations that outperformed the GPROF. The algorithm was based on machine learning methods and used the CloudSat vertical profiles to inform the brightness temperatures on what the snowfall scenario should be. The algorithm provided snowfall detection, supercooled liquid water detection, snow water path (SWP) and snowfall rates for the GMI and ATMS [83] sensors. Camplani et al. [146] further developed the machine learning technique and adapted it specifically for high-latitude conditions, where snow- and ice-covered surfaces most likely interfere with the radiometric signal coming from the precipitation layers of the atmosphere. The algorithm was based on a neural network approach and was applied to the ATMS sensors. The main novelty of the approach was the radiometric characterization of the surface at the time of the overpass [147] to derive multi-channel surface emissivity and clear-sky contributions that could be used in the snowfall retrieval process.




4.3. Integrated Multi-Satellite Retrievals


The U.S. GPM science team’s Integrated Multi-satellitE Retrieval for GPM (IMERG) scheme generated a Level 3 product that provides precipitation estimates at a 0.1° × 0.1°, 30-min resolution [148] (Table 2). The IMERG scheme ingests the GPROF Level 2 product, together with the GEO-IR data, to produce three IMERG products: an early run available within 4 h, a late run within 14 h and a final run incorporating the global monthly gauge analysis within approx. 3 months. The IMERG products contain the precipitation rate as well as the precipitation phase (liquid/solid) based on numerical assimilation/forecast information. Other Level 3 mapped precipitation products are available, such as the Global Satellite Mapping of Precipitation (GSMaP, [149,150,151], Table 2). The GSMaP products are generated hourly at a resolution of 0.1° × 0.1°, with the GSMaP_MVK (satellite only) and GSMaP_Gauge (gauge adjusted) available within 3 days. The GSMaP_NOW and GSMaP_NRT products are available in real time and near real time, respectively. The GSMaP takes into account the precipitation types in its algorithm through the regime classification and precipitation profile information from the GPM/DPR and ancillary meteorological data. In addition, an orographic rainfall scheme [152] is included to better portray precipitation over high-relief regions, while a snowfall estimation scheme extends the product availability to higher latitudes [153].





5. Discussion


The measurement of precipitation at the mid-to-high latitudes poses many challenges, especially due to the differences in the meteorological regimes across the mid and high latitudes. Over the tropics, precipitation is governed primarily by the solar cycle, which provides the necessary energy and from high levels of water vapor due to higher air temperatures. The mid and high latitudes have less solar heating, less moisture due to lower temperatures and a lower and far more variable freezing level than in the tropics.



The differences in the physical characteristics of precipitation in these regions, together with the paucity of surface-based measurements, compound the problem when trying to provide measurements at higher latitudes. While satellites provide more observations over these higher latitudes, the variety of sensors is not necessarily ideal due to the different characteristics (resolution, frequencies, etc.), which requires further processing to ensure consistency between their observations.



5.1. Gaps and Challenges


Although the retrieval of precipitation at higher latitudes has many challenges, these can largely be identified as improving the identification and retrieval of shallow precipitation, the detection and quantification of frozen precipitation (falling snow) and orographic precipitation. Each of these particular challenges are discussed in more detail below.



5.1.1. Shallow Precipitation


At mid-to-high latitudes, shallow precipitation is particularly common (in terms of occurrence) over the oceans and windward coasts. Although shallow precipitation is generally of light intensity, the persistence of such precipitation means that, over many mid- to high-latitude regions, it provides a significant fraction of the annual precipitation accumulation. However, observing precipitation close to the surface is difficult. Ground-based radars need to elevate the radar beam above the surface to avoid ground clutter, causing the altitude of the observations to increase with the radar range. Satellite-based cloud/precipitation radars cannot provide useful observations in the lowest range bins close to the surface either [56,103]. While passive microwave observations provide generally good retrievals for precipitation in the tropics, shallow precipitation often provides little tangible signal when viewed against a variable surface background. The ongoing work [154,155,156] to try to match the observed vertical profiles of precipitation from satellite-based radars with surface precipitation are prone, by their nature, to encounter significant differences. Moreover, if the satellite radars do not observe precipitation above 1000 m, they will not retrieve any precipitation where shallow precipitation might exist [56]. The ability of the radars to observe shallow precipitation has an impact upon many PMW precipitation retrieval schemes since they are ‘calibrated’ by them. In the case of the GPROF, the DPR–GMI combined product is used to generate the primary a priori database. Surface radars are used to generate the a priori database for the GPROF over colder (ice-covered) regions, but this also cannot observe all shallow precipitation. Furthermore, in many cases, the DPR/CPR will observe the frozen precipitation layer (above the bright band), rather than the liquid precipitation, if it exists below 1000 m. Backscatter–precipitation relationships are very different for frozen/liquid precipitation. Milani et al. [157] showed that the brightness temperatures were mostly able to identify lake-effect shallow snowfall bands over the U.S. Great Lakes region, but the retrieval algorithms such as the GPROF were not able to convert this information into a reliable snowfall retrieval.




5.1.2. Detecting and Quantifying Falling Snow


The presence of snow on the ground and the physical properties of the snowpack can obscure the scattering signature of snowfall [158]. In particular, the snow depth, snow density and grain size of a snowpack on the surface complicates the retrieval of falling snow from passive microwave observations. Takbiri et al. [159] related the precipitation scattering signal to the snow water equivalent of the snow cover and the liquid water path of the atmosphere. They highlighted a blind spot for a snow cover water equivalent above 200 kg m−2 and a liquid water path greater than 100–150 g m−2 where the microwave scattering signal was completely masked by the high emissivity of the surface and the liquid water content in snow clouds. Vahedizade et al. [160] specifically extended the study of this PMW issue to snow-covered sea ice, proposing a retrieval algorithm to address this problem using an active–passive a priori database (CloudSat/GPM).



Snowfall retrievals are not only a challenge in terms of detection, but also for quantification. For active sensors, the reflectivity (Z)-to-snowfall-rate (S) relationship depends on the microphysical characteristics of the ice crystals. Some instruments on the ground, like the Precipitation Imaging Package (PIP), have demonstrated their ability to measure the snowfall rate and density, providing valuable information on the snowfall regime [161,162], albeit through visual identification and processing at a particular location. When combined with radars on the ground, such as the Micro Rain Radar (MRR), PIPs and rain gauges provide key information on the Z–S relationship that can then be used for weather radars or satellite radar retrievals. King et al. [163] calculated the Z–S relationships for several locations and snowfall regimes around the world and used them to train a deep neural network for snowfall retrievals, highlighting the importance to feed the model with a variety of examples to cover most of the precipitation regimes that happen globally.



Passive microwave retrievals from observations with frozen hydrometeors are much more complex than those from liquid particles. Liquid droplets tend to be spherical due to the surface tension of water, although as the drops fall the shape becomes flatter, particularly for the larger drops. In contrast, frozen hydrometers can take on a large range of different shapes due to the different mechanisms related to the growth of the ice crystals [164,165]. Moreover, a precipitation system, while containing primarily spherical water droplets, will contain a large number of ice crystals with various shapes and orientations.



In order to make sense of the MW radiative signal for retrievals and data assimilation, it is important to determine the scattering properties of the hydrometeors [166]. Liquid particles have been studied for a long time and they are fairly well understood and represented. However, the complexity of frozen hydrometeors still represents a challenge [167]. At mid–high latitudes, given the predominance of frozen precipitation, it is crucial to improve the representation of ice particles to correctly quantify the total precipitation, both locally and globally. Several scattering methods have been developed over the years, but many of them have begun to show limitations at high frequencies and for large complex hydrometeors [168]. In order to ensure that the physical properties of the modeled particles match the ones observed in in situ observations, the simulation tools need to handle very complex and computationally expensive structures [169,170,171,172,173]. Once all these tools are put together, the precipitation retrieval algorithms still need to face the issue of choosing the correct ensemble of snow particles for the observed snowfall event or a good compromise of particle types and characteristics when applied on a global scale. A crucial step is the correct representation of the crystal habits (or ensemble of habits) within a satellite footprint. Much of work still needs to be done to create a comprehensive database of scattering properties for melting and rimed particles [174,175,176,177], especially for relating the highly variable population of individual ice crystals to the scale of the satellite observation.




5.1.3. Orographic Precipitation


The complexity of mountain regions introduces an additional layer of uncertainties in precipitation retrievals, primarily due to a greater mix of precipitation types at higher altitudes and higher latitudes. Although the mechanisms of orographic precipitation enhancement are well known, quantifying precipitation in complex terrain is still affected by biases and errors due to the complex spatial and temporal variability of the precipitation microphysics [178] as well as the heterogeneity of the terrain within the field of view of a satellite observation. The increased transport of moisture from the tropics towards higher latitudes and the interaction with orographic terrain often leads to extreme precipitation events that need to be accurately quantified to assess the risks for the populations and infrastructures downstream. From a ground base perspective, it is difficult to capture the very high spatial variability of precipitation systems across varying reliefs. Instruments such as rain gauges that require access for maintenance and data collection are often located in the more accessible regions, such as valleys with higher, more inaccessible locations that are sparsely covered. Surface-based radars are affected by beam blocking and surface clutter caused by the terrain, requiring them to be situated on high ground and leading to radar overshooting or poorly detected low-level precipitation [179,180]. Several attempts to correct radar underestimation in complex terrain have been conducted in the past few years [155,178,181,182].



Satellites have the potential to overcome some of the issues encountered by ground-based instruments and potentially improve the quantification of precipitation over complex terrain. However, they also bring with them other intrinsic biases and errors [183]. When considering satellite radars, bright band detection ambiguity and non-uniform beam filling can lead to errors in light precipitation quantification [184]. Another source of error in satellite radar observations is the so-called ‘dark band’, due to attenuation in the melting layer that is comparable to the attenuation in the underneath liquid layer for radars operating at higher frequencies (e.g., W-band 94 GHz; [185]). While multiple scattering of microwave radiation dominates mesoscale convective systems, leading to an overestimation of the precipitation intensity [184,186,187,188], this may also occur within the precipitation systems over mountainous regions where multi-layered precipitation takes place. The ground clutter issue affecting spaceborne radars is more pronounced over complex terrain due to the variation in the surface elevation within a single field of view of the satellite sensor. Corrections are necessary to avoid an overestimation of precipitation due to ground clutter generating high reflectivity [119,189]. However, these corrections often eliminate the information contained in the lower extent of the observable vertical profile, unless other sources of information are considered [190,191]. IR and PMW, with their global satellite precipitation products, have also helped further the understanding of precipitation over complex terrain. Several evaluation exercises have been conducted to assess the quality of multi-sensor precipitation products, such as the IMERG, GSMaP or CMORPH, among others [183,192,193,194]. Satellite precipitation estimates over mountain regions are typically associated with underestimation during heavy precipitation events [183]. The use of PMW observations for detecting and quantifying precipitation, especially during the cold season and over complex terrain, remains a challenge.





5.2. Challenges Mitigation Strategies


To address these issues, considerable effort had been expended into detailing the sources of errors and uncertainties in precipitation measurements at higher latitudes to improve the representation of precipitation. These can be broadly grouped into two categories; first, improving our knowledge and understanding of the fundamentals of precipitation through precise, fine-scale measurements as gathered from well-defined field campaigns, and second, through the development and deployment of new more capable satellite sensors that can better identify and quantify precipitation.



5.2.1. Field Campaigns


To help resolve many of these challenges and improve our knowledge in the gaps of our understanding, many field campaigns have been devised to provide coordinated surface, airborne and satellite observations and measurements. Ultimately, these field campaigns aim to improve the understanding of the micro- and macro-scale physical processes driving the precipitation events observed by satellites [5]. To address the open challenges, a number of ground/airborne field/validation campaigns have been organized. The GPM mission, before and after launch, organized a series of specific campaigns to collect in situ, ground-based radar, and aircraft data for creating improved a priori databases for the precipitation algorithms, training or ground validation datasets. Airborne measurements usually include a set of observations using radars (W-, Ka- Ku-, X-band frequencies) and PMW radiometer data, traditionally covering the 10 to 183 GHz range but now extended to 684 GHz with the new configuration of the Configurable Scanning Submillimeter-wave Instrument/Radiometer (CoSSIR). The microphysical data are collected using probes that measure a range of particles from aerosols to large hydrometeors directly in the clouds. Other ground-based data include radars (NASA S-band Dual Polarimetric Radar (NPOL), Dual-frequency Dual-polarized Doppler Radar (D3R), MRR, etc.), rain and snow gauges, disdrometers, radiosondes, PIPs and snow video imagers.



Several campaigns have been dedicated to high-latitude and cold-season precipitation to provide a better understanding of snowfall and shallow and light precipitation. The Light Precipitation Validation Experiment (LPVEx) [195,196] was dedicated to high-latitude cold precipitation over ocean and land surfaces and took place over the Helsinki testbed region. The LPVEx provided a quantitative assessment of the detection characteristics of precipitation from satellite-based rainfall sensors in shallow freezing level environments and helped assess the uncertainties in the rainfall intensity estimates. The measurements also provided an archive of high-quality microphysics and rainfall intensity measurements of the high-latitude precipitation systems to improve the underlying assumptions in the satellite rainfall algorithms and facilitate the development of algorithms for future sensors. The GPM Cold Season Precipitation Experiment (GCPEx) [197], held north of Toronto, Canada, tackled cold-season mid-latitude synoptic and lake-effect snowfall systems. A total of 25 lake-effect snowfall events were detected during the campaign between February and March 2012, allowing for the collection of the snowfall regime microphysics characteristics and relating them to the satellite observations and model simulations.



To investigate the cold-season precipitating systems, this time over orographically complex terrain, the Olympic Mountains Experiment (OLYMPEX) [198,199] was conducted. Cold-season orographic and oceanic rainfall and snowfall were measured during the winter season from 2015–2016 over the Olympic Peninsula on the West coast of the United States. The physical and hydrological ground validation was provided for the GPM mission, specifically to study how the mid-latitude frontal systems interacted with a coastal mountain area. Other field campaigns have been conducted specifically to study orographic precipitation, not only cold-season precipitation. These campaigns included, for example, the Integrated Precipitation and Hydrology Experiment (IPHEx) [200,201], which investigated warm-season orographic precipitation and performed hydrologic validation over the Southern Appalachians, and the Monsoon Himalaya Orographic Precipitation Experiment (MHOPrEx) [202], which studied the nocturnal maximum in rainfall during monsoons.



The most recent NASA field campaign dedicated to frozen precipitation, completed in March 2023, was the Investigation of Microphysics and Precipitation for Atlantic Coast-Threatening Snowstorms (IMPACTS) [203], which investigated wintertime snowstorms on the East Coast of the United States. The goals of the IMPACTS were to characterize the spatial and temporal scales and structures of snow bands, understand their dynamical, thermodynamical, and microphysical processes and apply this understanding to improve remote sensing and modeling of snowfall. The IMPACTS data have already been widely used by scientists in extracting key information that will help improve remote sensing algorithms of precipitation and atmospheric components, including the ice water path, liquid water path and electric fields [204,205,206].




5.2.2. New Satellite Observations


Observations from recently available satellite sensors are being exploited to improve our knowledge and understanding of precipitation characteristics at higher latitudes. Building upon previous research, Heuscher et al. [74] explored the physical relationship between lightning and precipitation in mid–high latitudes using the GLM and GPM observations. They found that while the (PMW) brightness temperature characteristics of the electrically active convective precipitation features were largely insensitive to the synoptic-scale proxies of convective strength and organization, they were highly correlated to the radar-derived ice mass. The low-flash-density convective precipitation features (cPFs) tended to be more sensitive to synoptic-scale instability and shear than the high-flash-density cPFs. More importantly, they found that the lightning–precipitation relationships derived over tropical regions were maintained at the mid–high latitudes, although regional nuances were found for deep convection. The mid–high-latitude convection was characterized by colder, 30 dBZ echo top heights (indicating stronger updrafts) and a smaller range of microwave brightness temperatures when compared to the tropics.



The development of new satellite observing systems with precipitation capabilities is constantly evolving and incorporating new technologies. Significant progress has been made in the development of passive microwave sensors for use on smallsats and cubesats. The ability to develop and fly these smaller satellites, with lower associated costs, will help address the issue of temporal sampling, which greatly impacts the estimation of satellite-derived precipitation on a sub-daily to multi-day basis. Cubesats in LEO, such as the TROPICS mission [207], are currently in operation and have the potential to provide useful precipitation estimates [208]. The TROPICS mission currently consists of a pathfinder mission, launched in June 2021 into a polar orbit, together with four cubesats launched into low-inclination orbits in May 2023. For mid-to-high-latitude precipitation retrievals, the pathfinder mission is of particular interest, especially since the TROPICS Millimeter-wave Sounder (TMS) carries the first PMW sensor with a frequency above 183.31 GHz (204.8 GHz). Precipitation retrieval schemes for the TROPICS mission are currently being developed and validated, and early investigations show that the 204.8 GHz channel is particularly useful for separating falling snow from snow on the ground. The details of the usefulness of these microwave and sub-mm wave sensors can be found in Accadia et al. [209]. The development of these cubesat/smallsat technologies is ongoing and these new systems are being exploited by some commercial entities, such as tomorrow.io, which will launch and operate constellations of smallsat/cubesats with the aim of improving near real-time weather forecasting and monitoring.



The EUMETSAT European Polar Systems Second Generation (EPS-SG) series of satellites will be launched shortly [210,211], building upon the success of the current operational MetOp series. These satellites will carry several passive microwave sensors, a microwave sounder (MWS) operating at 23.8–229 GHz, a microwave imager (MWI) operating at 18.7–183.31 GHz and the Ice Cloud Imager (ICI) operating at 183.31–664 GHz. The addition of the high-frequency channels will greatly enhance the ability to delineate the precipitation features at higher latitudes. The observations from the EPS-SG will complement those provided by the current operational NOAA JPSS program. In addition, the Arctic Weather Satellite (AWS, or EPS-Sterna) is a prototype microsatellite mission for an operational constellation of microwave sounders [212] that carries a cross-track scanning radiometer operating in the 54, 89, 183 and 325 GHz bands. The proposed AWS constellation would complement the existing meteorological sounders, providing better temporal coverage over the polar regions. NOAA is also planning a QuickSounder mission that will carry an ATMS sensor on a small satellite, complementing the larger JPSS satellites. Another mission of interest is the Earth Cloud Aerosol and Radiation Explorer (EarthCARE, [213]), an ESA/JAXA mission to explore the effect of clouds and aerosols on solar radiation. The satellite is planned to launch in 2024 and will include a Cloud Profiling Radar (CPR), operating at a 94 GHz W-band with Doppler capabilities.



In 2018, the U.S. National Academies of Sciences published the 2017–2027 Decadal Survey for Earth Science and Applications from Space [214], which included two “targeted observable” recommendations for “clouds, convection and precipitation (CCP)” and “aerosols”. Since the publication of the survey, the former recommendation has been developed into the Atmosphere Observing System (AOS), which aims to study and improve our knowledge and understanding of the precipitation processes and the impact of aerosols on those processes. While the final mission architecture is currently being refined, the system is likely to be an international multi-satellite/sensor mission with passive microwave sounders, cloud profiling and precipitation radars and profiling lidars [215]. A full discussion on the future of these precipitation sensors may be found in Kummerow et al. [216].



While the current operational geostationary systems have provided frequent observations based on their equatorial positions, higher latitudes suffer from poor spatial coverage. However, the Russian Arctica satellites, such as the hydrometeorological satellite Arctica-M N1 that launched on 28 Feb 2021 [217], are placed in a highly elliptical Molniya orbit. This orbit provides quasi-geostationary-like imagery over the northern higher latitudes while the satellite is over the pole. At the furthest extent of the orbit, the satellite travels relatively slower, allowing it to provide frequent imagery. Any changes in position due to its constant movement and subsequent geo-registration is relatively simple to compute. However, since the satellite is continuously moving, typically three satellites are required to ensure continuous coverage.






6. Conclusions


Providing precipitation measurements at the mid-to-high latitudes is a challenge. Fundamentally, the characteristics of precipitation in these regions, in terms of the occurrence, intensity and (water/ice) phase, together with the characteristics of the meteorological systems in which precipitation forms, are very varied. Conventional measurements, particularly at high latitudes, tend to be sparse. Due to the limited accessibility and where the measurements are made, the accuracy is often comprised by the measuring instrument. Providing measurements from satellite observations is as difficult. Passive microwave observations provide the main source of observations for generating precipitation retrievals, especially due to a reasonable precipitation-to-observation relationship. The characteristics of the observed precipitation are very variable. Over the tropics, a classical convective model is often used with distinct liquid and solid phases, but at higher latitudes, the range and combination of the liquid/ice phases is much less distinct. Nevertheless, significant progress in our knowledge and understanding of precipitation at these higher latitudes has been gained from missions such as the GPM and CloudSat which will, no doubt, be the focus of future missions, such as the EPS-Sterna and EPS-SG.



The key drivers for improving precipitation retrievals focus on a better appreciation and understanding of the observation of precipitation at mid-to-high latitudes rather than applying tropics-based schemes over these regions. In addition, better surface observations are needed, not only to provide accurate at-surface measurements but also for the calibration/validation of the satellite products. It is important to note that such measurements need to reach the surface to better represent the shallow and multi-phase precipitation systems. Ultimately, such improvements will likely need a combination of observing systems to properly resolve such measurements, whether through improved satellite radar systems, surface radar, vertically pointing radars or conventional gauge/particle-size measurements.
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	MHS
	Microwave Humidity Sounder



	MIT
	Massachusetts Institute of Technology



	MRMS
	Multi-Radar Multi-Sensor



	MRR
	Micro Rain Radar



	MSI
	Multi-spectral Imager



	MTG
	Meteosat Third Generation



	MWI
	Microwave Imager



	MWS
	Microwave Sounder



	NASA
	National Aeronautics Space Administration



	NOAA
	National Oceanic and Atmospheric Administration



	NPOL NASA
	S-band Dual Polarimetric Radar



	OLYMPEX
	Olympic Mountains Experiment



	OPERA
	Operational Programme for the Exchange of Weather Radar Information



	PIA
	Path-Integrated Attenuation



	PIP
	Precipitation Imaging Package



	PMW
	Passive Microwave



	PPS
	Precipitation Processing System



	PR
	Precipitation Radar



	QPE
	Quantitative Precipitation Estimation



	SAPHIR
	Sondeur Atmospherique du Profil d’Humidite Intertropicale par Radiometrie



	SMMR
	Scanning Multichannel Microwave Radiometer



	SPEI
	Standardized Precipitation and Evapotranspiration Index



	SSM/I
	Special Sensor Microwave/Imager



	SSMIS
	Special Sensor Microwave Imager Sounder



	STP-H8
	Space Test Program—Houston 8



	SWP
	Snow Water Path



	TEMPEST-H8
	Temporal Experiment for Storms and Tropical Systems Technology—Houston 8



	TMI
	TRMM Microwave Imager



	TMS
	TROPICS Millimeter-wave Sounder



	TPW
	Total Precipitable Water



	TRMM
	Tropical Rainfall Measuring Mission



	TROPICS
	Time-Resolved Observations of Precipitation Structure and Storm Intensity with a Constellation of Smallsats



	VIIRS
	Visible Infrared Imager Radiometer Suit



	Vis
	Visible



	WMO
	World Meteorological Organization



	XCAL GPM
	Intersatellite Calibration Working Group
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Figure 1. The latitudinal occurrence of the different light intensity (<1 mm h−1) precipitation types as a percentage of the total precipitation occurrence derived from shipborne observations (1958–1991). Liquid precipitation is represented by blue shading, frozen precipitation by dark grey shading and mixed precipitation by light grey shading. (Source: Chris Kidd ESA. EGPM—European Contribution to Global Precipitation Measurement; ESA SP-1279(5); ESA: Noordwijk, The Netherlands, 2004; p. 60 [11]). 
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Figure 2. Distribution of the WMO GTS stations that report precipitation. 
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Figure 3. The average number of overpasses per day over the polar regions provided by the 10 passive microwave radiometers of the GPM constellation (GPM GMI, GCOMW1 AMSR2, F16/17/18 DMSP SSMIS, NOAA19/MetOp-B/MetOp-C MHS and NPP/NOAA20 ATMS). 
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Figure 4. Frequency of occurrence of frozen precipitation (snowfall) in 2022, derived from the GPROF Level 2 data using AMSR-2 observations. 
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Figure 5. CloudSat frequency of occurrence of frozen precipitation (snowfall) from 2006–2010. 
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Table 1. Satellites and sensors currently contributing to the GPM constellation, together with the two active microwave precipitation/cloud radars. The retrieval resolution relates to all scan positions at the surface except for ‘$’ which is at nadir only, while ‘#’ denotes the vertical resolution. (Note, only the frequencies routinely used for precipitation retrievals are shown. Additional frequencies are available, such as 50–60 GHz, on the SSMIS and ATMS sensors, which could be exploited).
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Sensor

	
SSMIS

	
AMSR2

	
GMI

	
MHS

	
ATMS

	
DPR

	
CPR






	
Type

	
Conical

	
Conical

	
Conical

	
Cross-track

	
Cross-track

	
Cross-track

	
Nadir only




	
Satellite(s)

	
DMSP-F16

DMSP-F17

DMSP-F18

	
GCOMW1

	
GPM

	
NOAA-19

MetOp-B

MeOp-C

	
SNPP

NOAA-20

NOAA-21

	
GPM

	
CloudSat




	
Frequencies (GHz)

	
-

	
6.925/7.3 VH

	
-

	
-

	
-

	
-

	
-




	
-

	
10.65 VH

	
10.65 VH

	
-

	
-

	
13.8

	
-




	
19.35 VH

	
18.70 VH

	
18.70 VH

	
-

	
-

	
-

	
-




	
22.235 V

	
23.80 VH

	
23.80 V

	
-

	
23.8 QV

	
-

	
-




	
37.0 VH

	
36.5 VH

	
36.5 VH

	
-

	
31.4 QV

	
35.5

	
-




	
91.65 VH

	
89.0 VH

	
89.0 VH

	
89 V

	
87–91 QV

	
-

	
94.05




	
150 H

	
-

	
165.5 VH

	
157 V

	
164–167 QH

	
-

	
-




	
183.31 H

	
-

	
183.31 V ×2

	
183.31 H ×2

	
183.31 QH ×5

	
-

	
-




	
-

	
-

	
-

	
190.31 V

	
-

	
-

	
-




	
Along/

Cross-track resolution

	
12.8

×

12.6 km

	
4.7

×

4.3 km

	
5.1

×

13.2 km

	
16.9

×

17.6 km

	
16.1

×

17.7 km

	
5.4

×

5.4 km

	
3.5

×

1.4 km




	
Retrieval resolution

	
50 × 40 km

	
19 × 11 km

	
16 × 10 km

	
16 × 16 km $

	
16 × 16 km $

	
5.4 × 5.4

km

250 m #

	
3.5 × 1.4

km

500 m #











 





Table 2. GPM and CloudSat precipitation products.
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	Precipitation

Products
	Description
	Sensor(s)
	Inputs





	2AGPROF
	PMW precipitation
	GMI, AMSR2, SSMIS, MHS, ATMS
	Brightness temperatures and model environmental information



	2ADPR
	AMW precipitation
	DPR
	Radar backscatter and model environmental information



	2BCMB (CORRA)
	Combined AMW/PMW precipitation
	DPR, GMI
	Brightness temperatures, radar backscatter and model environmental information



	IMERG L3A
	Mapped multi-satellite merged precipitation
	GMI, AMSR2, SSMIS, MHS, ATMS, GEO-IR
	GPROF L2A, CPC gauges, GPCP, GEO IR, CORRA, CMORPH, PERSIANN-CCS and snow/sea ice cover



	GSMaP
	Mapped multi-satellite merged precipitation
	PMW sensors on multiple LEO satellites, GEO-IR
	Brightness temperatures, GEO-IR, radar backscatter, CPC gauges and NOAA snow/sea ice cover



	2C-SNOW-PROFILE
	AMW snowfall
	CPR
	Radar backscatter and model environmental information



	2C-RAIN-PROFILE
	AMW rainfall
	CPR
	Radar backscatter and model environmental information
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