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Abstract: The accurate representation of precipitation across the Earth’s surface is crucial to furthering
our knowledge and understanding of the Earth System and its component processes. Precipitation
poses a number of challenges, particularly due to the variability of precipitation over time and space
and whether it falls as snow or rain. While conventional measures of precipitation are reasonably
good at the location of their measurement, their distribution across the Earth’s surface is uneven with
some regions having no surface measurements. Spaceborne sensors have the capability of providing
regular observations across the Earth’s surface that can provide estimates of precipitation. However,
the estimation of precipitation from satellite observations is not necessarily straightforward. Visible
and/or infrared techniques rely upon imprecise cloud-top to surface precipitation relationships,
while the sensitivity of passive microwave techniques to different precipitation types is not consistent.
Active microwave (radar) observations provide the most direct satellite measurements of precipitation
but cannot provide estimates close to the surface and are generally not sufficiently sensitive to resolve
light precipitation. This is particularly problematic at mid to high latitudes, where light and/or
shallow precipitation dominates. This paper compares measurements made by ground-based weather
radars, Micro Rain Radars and the spaceborne Dual-frequency Precipitation Radar to study both light
precipitation intensity and shallow precipitation occurrence and to assess their impact on satellites
retrievals of precipitation at the mid to high latitudes.

Keywords: light precipitation; shallow precipitation; rainfall; snowfall; satellite precipitation estima-
tion; micro rain radar

1. Introduction

The estimation of precipitation on a global scale is important for many applications.
Knowing the distribution and quantity of precipitation is crucial to understanding and
quantifying the global water and the associated energy cycle [1] and for better monitoring
water resources that are fundamental to our economic and social wellbeing [2]. Crucially,
at present there is a disparity between the observed and expected global precipitation
totals [3], and despite its importance, the global measurement of precipitation is fraught
with problems. Conventional measurements rely primarily upon rain or snow gauges
which may be considered to be the most direct measure of precipitation at the surface.
However, the accuracy of such measurements is limited by their ability to capture all the
precipitation falling at the gauge location and for that location to faithfully represent the
precipitation of the surrounding area [4,5]. Importantly, the distribution of these gauges
across the Earth’s surface is uneven with large areas having poor or no gauge coverage [6].
Weather radar systems provide frequent spatial measurements of precipitation, but the
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coverage of such measurements is similar to that of the gauges, and imperfect radar
backscatter to precipitation intensity relationships affect their overall accuracy [7]. Satellite-
based sensors have the potential to provide truly global observations of precipitation,
allowing estimates of precipitation to be made where few or no surface measurements
are possible.

Observations made by satellite sensors provide a sample of the precipitation system
at a particular point in time. Visible and infrared (IR) techniques observe the cloud tops
and relate the cloud top characteristics (such as temperature, reflectivity and texture) to the
precipitation at the Earth’s surface [8]. Passive Microwave (PMW) observations respond to
the hydrometeors along the atmospheric path between the Earth’s surface and the satellite
sensor, and although the observation is made instantaneously, the actual measurement
is an integral of the hydrometeors through that atmospheric column [9]. The received
radiation is a mix of an emission signal from liquid hydrometeors (particularly at the lower
frequencies) and/or a scattering signal from frozen hydrometers (at higher frequencies).
Active Microwave sensors (or radars), such as the Global Precipitation Measurement (GPM)
mission [10,11], Dual-frequency Precipitation Radar (DPR) or the CloudSat Profiling Radar
(CPR) [12] provide a vertical distribution of the hydrometeor concentrations, although they
cannot retrieve precipitation close to the surface due to the clutter caused by backscatter
from the surface. This also causes problems in determining the melting layer (where it
exists) in the lowest levels [13]. For such radars, this usually relates to the lowest three to
four range bins, or up to about 1000 m above the surface, although this increases towards
the edge of swath (DPR) due to the inclined intersection of the footprint with the surface.

While quantitative satellite-based precipitation estimates have a long-established
heritage [14], these products also have their drawbacks relating to the sensitivity of the
observations to the precipitation at, or near, the surface. Many satellite products under-
estimate the precipitation with respect to surface observations, particularly at the mid to
high latitudes [15–17], a result of the different forms and structures of the precipitation
systems between the Tropics and higher latitudes. Behrangi and Yang [18] recently com-
pared the GPM combined product [19] and surface gauge products [20] over the oceans
and found large differences polewards of 40◦N/S. Further studies using data from the
CloudSat mission found that most satellite precipitation products significantly underes-
timate the occurrence of precipitation. Berg et al. [21] found that the Precipitation Radar
(PR) on the Tropical Rainfall Measuring Mission (TRMM) only identified about 40% of the
precipitation occurrences compared with CloudSat over the tropical ocean, while Suzuki
et al. [22] highlighted the issue of the representation of light precipitation in models in their
comparison of the observations from the Moderate Resolution Imaging Spectroradiometer
(MODIS) and the CloudSat Profiling Radar (CPR). Using surface radar over the US, Lin
and Hou [23] found that 43.1% of precipitation occurs at below 0.5 mm/h (the TRMM
PR threshold), while 11.3% occurs at below 0.2 mm/h (the GPM DPR threshold). This
underestimation is likely to be exacerbated, since spaceborne radar cannot observe close to
the surface disproportionately affected higher latitudes where snowfall dominates [24,25],
where shallow precipitation systems dominate [26] or where the precipitation falls as
snow and is shallow [27]. Specific field campaigns, such as those organized through the
GPM-GV [28], have provided a wealth of data to study such issues, although these are of
limited extent, both spatially and temporally. Nevertheless, the retrieval of precipitation
by spaceborne radars has been shown to be the most accurate [29], although often with a
strong seasonal cycle imposed by the nature of the precipitation systems.

The underestimation of precipitation in satellite products can therefore be attributed
to the sensitivity of the observations to light precipitation, the representation of snow (or
mixed-phase) precipitation and the inability to retrieve near-surface/shallow precipitation
or a combination of these. Since not all observing systems are affected to the same degree by
each of these issues, the final products will be impacted differently. Moreover, deficiencies
in these retrievals are often masked by their adjustment to better reflect the accumulations
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from surface observations. Clearly, no single set of observations can adequately capture
the full gamut of the characteristics of precipitation.

The purpose of this paper is therefore to better identify and quantify the contribution
of light and/or shallow precipitation at the mid and high latitudes and the impact this has
upon the spaceborne radar precipitation measurements. An initial analysis concentrates
upon a comparison between the surface radar and satellite radar estimates to assess the con-
tribute of light precipitation, followed by an analysis of data from two Micro Rain Radars
(MRRs) to investigate the contribution of light precipitation in the vertical dimension.

2. Methodology

Three different radar datasets are used in this study to investigate the representation
of the precipitation intensities and the vertical distribution of the precipitation from the
surface upwards, particularly focusing upon light precipitation and the “blind zone” that
the satellite precipitation radars encounter close to the surface. Surface based rainfall radar
data are used to assess and quantify the large-scale contributions of light precipitation
with those observed by the satellite-based observations, while measurements made by
the MRRs are used to investigate the vertical distribution of precipitation and assess the
impact upon the retrievals of precipitation from the GPM DPR, TRMM PR and CloudSat
CPR close to the surface.

2.1. Data Sets

The three main datasets used in this analysis: surface weather radar, satellite-based
DPR data and MRR observations.

2.1.1. Surface Weather Radar Data

Surface-based (weather) radars are now the mainstay of national and international
precipitation measurements in many countries. They provide fine spatial and temporal
scale measurements with good sensitivity to precipitation across all intensities. These radar
measurements rely upon the backscatter of the radar signal by precipitation-size particles,
although the properties of the backscatter-to-precipitation intensity varies, particularly
between rainfall and snowfall. In addition, since the radar beams are elevated above the
surface to avoid surface clutter, the altitude of the beam increases with increasing range
from the radar (a 0.5-degree elevation results in the beam being approximately 2 km above
the surface at a 200-km range). The precipitation products are usually available for a
composite of radars that have been merged by the respective meteorological agencies and
undergone quality control and calibration against rain gauge data to ensure consistency.

The surface radar data used in this paper is derived from the UK Met Office NIMROD
product covering the United Kingdom and Ireland composited from 15 C-band rainfall
radars and processed by the very short-range forecasting system [30]. The product is
processed directly from the individual radar’s polar (600 m × 1 degree) rain rate estimates
to a 1 × 1 km grid with a temporal resolution of 5 min and quantitative resolution of
1/32 mm/h. The radar data undergoes basic quality control to account for the fundamental
radar artefacts, quality control and calibration against the surface gauge data [31–33]. The
1 × 1 km data used here is also averaged over a 5× 5 km area to better match the resolution
(and precipitation characteristics) of the DPR. A total of 157,680 and 446,760 5-min surface
radar samples were used for the PML and SSY locations, respectively.

2.1.2. DPR Radar

The DPR [34] on the GPM core satellite [11], launched in 2014, is the second spaceborne
precipitation radar, following the TRMM PR. The DPR consists of Ku-band (13.6 GHz) and
Ka-band (35.5 GHz) channels, which allow better estimates of rainfall and snowfall rates
and, in particular, the particle size distributions and the phase (i.e., liquid or frozen) of the
precipitation. The DPR provides precipitation estimates over both land and ocean across a
swath of 245 km (Ku and Ka after 21 May 2018) and 125 km (Ka-only prior to 21 May 2018),
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with an effective range resolution of 250 m. The ‘near-surface’ DPR measurements within
25 km of the principle MRR locations were extracted from the Level 2A V05 product (freely
available from https://pmm.nasa.gov/data, accessed on 27 April 2021) and used at their
native resolution of 5.4 × 5.4 km, with 31,425 and 47,564 samples available over the PML
and SYY sites, respectively. The phase classification [33] was not used here, with the values
deemed to be liquid water equivalent to match that of the MRR data. Note that, while
the CPR has proved useful at identifying light precipitation, it has not been included in
this study, since the nadir-only tracks of the sensor are not close to the MRR locations, and
like the PR/DPR, the CPR too cannot retrieve shallow precipitation due to the limitation
imposed by ground clutter.

2.1.3. MRR Data

MRRs are inexpensive ground-based vertically pointing radars [35]. Two main ver-
sions are currently available, the MRR-2 and MRR-Pro. The MRR-2 provides vertical
measurements averaged over 1 min for 31 range bins, which can be set from 35 m through
to 200 m, providing a total possible range of between 1085 m to 6200 m. The MRR-Pro
provides 10 s measurements over 64, 128 or 256 of range bins, with the range bins set to
between 10 m and 200 m. The radars operate at 24.1 GHz, with Doppler capability. By
measuring the strength and the Doppler frequencies of the backscattered return signal, the
fall velocities and size distribution of the droplets can be determined. Importantly, since
the radar MRR is vertically pointing there is little surface clutter, although, typically, the
very lowest range bins are usually avoided, and in this study, we used bins 2 (100–200 m)
and above. Crucially, MRR observations are very sensitive to light precipitation and are
available at fine resolution time scales.

Three mid-latitude coastal MRR sites were available for this study, located at the
University of the Highland and Islands at Lewis Castle College in Stornoway (SYY),
Scotland, at the Plymouth Marine Laboratory (PML) in Plymouth, UK and at Met Éireann,
Valentia Observatory, Ireland (see Table 1). However, for the detailed analysis below, only
the MRR-2 at the SYY site in NW Scotland and the PML MRR-Pro sited in SW England
were used, since they currently provide multi-year observations. The SYY MRR provided
more than 2M min of data from 15 June 2015 through 3 September 2019, while the PML
MRR provided in excess of 800k min of data from 15 August 2019 to 22 February 2021,
respectively.

Table 1. MRR locations used in this study.

Location Abbreviation Latitude Longitude Type

Stornoway (Scotland) SYY 58◦12′50.45′′N 6◦23′54.41′′W MRR-2

Plymouth (UK) PML 50◦21′57.60′′N 4◦08′57.71′′W MRR-Pro

Valentia (Ireland) VAL 51◦56′18.04′′N 10◦14′27.93′′W MRR-2

Figure 1 below shows a typical example of a precipitation system as measured by
the MRR at Valentia in SW Ireland. Covering a 24-h period from noon 31 August to noon
1 September 2020, this example shows a period of moderate precipitation, as shown by
the higher precipitation intensities and faster fall velocities. After this, the precipitation
is generally much lighter (<1 mm/h) and below 1 km in altitude. Clearly, while the
spaceborne precipitation radars are likely to be able to detect the initial period of the
precipitation, the later portion of the precipitation system would be more challenging.

https://pmm.nasa.gov/data
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Figure 1. Retrieval of the fall velocity and rain intensity during a precipitation event over the Valentia (SW Ireland) MRR site
for 31 August through 1 September 2020. Note the vertical scale, from 0 to 1.04 km, showing that much of the precipitation
was below 1 km, with a dominance of light rain intensities of 1 mm/h or less.

2.2. Data Processing

Processing of the different data sets aims to provide, where possible, near coincident
data to ensure that similar precipitation systems were being observed and measured. The
surface radar data, available at 1-km 5-min resolution, was also subsampled to 5-km resolu-
tion to a similar resolution to that of the DPR and, thus, provided 1-km and 5-km resolution
measurements of (near) surface precipitation. The SYY MRR was located ca.13 km from
the UK Met Office C-band radar at Druim a Starraig near Stornoway on the Isle of Lewis,
Scotland, while the PML MRR is located about 87 km and 83 km from the Predannack
and the Cobbacombe Cross radars in England, respectively. Assuming a 0.5-degree beam
elevation, this equates to the beam being approximately 0.12, 0.76 and 0.72 km above the
surface for each of the three radar sites, respectively. The data from the PML MRR-Pro was
available at 25- and 35-m range gate resolution every 10 s: this data was averaged into
100-m bins over 60 s to better match the range and temporal sampling of the SYY MRR-2.
The data from the DPR instrument was extracted for an area 25 km around each of the
MRR locations to ensure sufficient observations were available to make useful comparisons
due to the limited sampling of the DPR as a result of the orbital characteristics.

3. Results
3.1. Occurrence of Precipitation

The occurrence of precipitation was analyzed using a cumulative distribution plot, as
shown in Figure 2. Here, the cumulative log distributions of the intensities were presented
for the MRR, DPR and the surface radar at 1-km and 5-km resolutions for both the PML
(continuous line) and SYY (dashed line) locations. The poor sensitivity of the DPR to light
precipitation is clearly shown, with the instrument identifying virtually no precipitation
below about 0.2 mm/h. This contrast with an occurrence of 30% for the 1-km surface
radar data and between 40% and 50% for the 5-km surface radar and MRR measurements.
Given that the 5-km resolution product from the surface radar is close to that of the DPR
footprints (5.4 × 5.4 km), it is clear that the sensitivity of the DPR is crucial, since it only
identified about half of the precipitation of the surface radar. Even at 0.5 mm/h, the DPR
identified 25–30% of the precipitation compared with 55–72% of that identified by the
surface radar and MRR measurements.
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Figure 2. Occurrence of precipitation as observed at the PML (continuous lines) and SYY (dashed lines) locations for the
MRR (red), DPR (yellow), 1-km radar (green) and 5-km radar (blue).

Considering the measurements made by the individual instruments, the 1-km surface
radar distributions are virtually identical between the PML and SYY sites, suggesting
only small differences between their precipitation regimes at this scale. While, at 5-km,
there are small differences between the two sites, these are minor and, when combined
with the 1-km resolution data, might suggest subtle differences in the spatial extent of
the precipitation systems between the two sites. The light rain rate differences between
the DPR measurements at PML and SYY are negligible, although the differences increase
with the increasing intensity. The MRR measurements differ between the two sites at
intensities at or above about 1 mm/h. It should be noted that the greater occurrence of
moderate-to-heavy precipitation seen by the PML MRR is likely to be due to a combination
of the point measurements of the MRR and precipitation characteristics. Although quite
large differences are apparent between the MRR and DPR distributions, at least these are
consistent between the SYY and PML distributions.

3.2. Accumulation of Precipitation

The accumulation cumulative distribution curves shown in Figure 3 show the cumu-
lative proportion of the precipitation that contributes to the total precipitation. Here, all
the distributions, except the MRR measurements, are reasonably similar, although the DPR
tends to be on the low side at light intensities. At 0.2 mm/h, the precipitation contribution
to the DPR total precipitation is essentially zero, while at 0.5 mm/h, the DPR accumulation
is between 5% (at PML) and 10% (at SYY). The light rain contribution measured by the
surface radar, for comparison, is between 10% and 15% for the 1- and 5-km resolutions.
The significant divergence of the MRR distribution at the higher precipitation intensities
is, however, evident. This is likely to be due to the at-surface point-resolution of the MRR
data being more likely to measure high intensity events than the area-averaged 1-km or
5-km footprints of the surface radar and DPR data. The differences between the 1-km and
5-km resolution radar products are small, since they are generated from the same dataset,
and therefore, the total precipitation should be the same, regardless of the resolution.
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Figure 3. Accumulation of precipitation as observed at the PML (continuous lines) and SYY (dashed lines) locations for the
MRR (red), DPR (yellow), 1-km radar (green) and 5-km radar (blue).

3.3. Impact of Spatial Resolution Using Surface Radar

Although the resolution is a key factor in determining the identification of precipita-
tion within a radar or satellite sampling area (i.e., footprint), the scale relationship is not
straightforward, not least since it depends upon the spatial heterogeneity of the precipi-
tation system being observed. While, in Figures 2 and 3, the surface radar observations
at 1 km and 5 km were similar, if the two different resolutions are compared substantial
differences can be seen. This is particularly noticeable for the cumulative occurrence and
accumulation of precipitation at different rain/no-rain thresholds, as shown in Figure 4.

Considering the occurrence of precipitation first, it can be seen from Figure 4a–c that
at the 0.2-mm/h threshold differences between the 1-km radar and 5-km radar resolutions
are relatively small, with the trend lines close to the 1:1 line. However, at the SYY location,
a good number of the monthly values are below the 1:1 line, suggesting more variability
than that experienced at the PML site. Increasing the threshold to 0.5 mm/h results in a
greater separation of the 1-km to 5-km relationship of the PML and SYY locations, while at
1 mm/h, the SYY 1-km resolution occurrence is markedly greater than the 5-km resolution
occurrence, a consequence of the ‘beam-filling’ effect over a larger footprint. It can be seen
that the 1-km to 5-km relationship over the PML location is fairly consistent, with the 5-km
occurrence being slightly higher than that of the 1-km observations.

In terms of accumulation (Figure 4d–f), the contribution of light precipitation below
the different thresholds shows a different distribution to that shown by the occurrence of
precipitation. At the 0.2-mm/h threshold, there is some divergence in between the PML
and SYY trends, which increases at the 0.5- and 1.0-mm/h thresholds. At the 1.0-mm/h
threshold, there is a clear difference in the relationship between the contributions made to
the accumulation for the SYY and PML sites. While differences are possible between the
two MRR systems, these have been calibration, and past intercomparisons have shown a
good degree of consistency in their measurements. Another possible explanation is that
the size of precipitation systems seen over the PML location are larger. Conversely, over
the SYY site, such systems are smaller and of light precipitation, such that when averaged
over a 5 × 5-km area, they do not meet the higher rain/no-rain threshold.
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Figure 4. Comparison of the 1-km and 5-km surface radar resolution datasets showing the %
occurrence of precipitation (a–c) above and proportion of the accumulation (d–f) below the thresholds
set at 0.2, 0.5 and 1.0 mm/h. Dots represent the data for Plymouth (PML) and the crosses for
Stornoway (SYY), while the dotted lines present the linear trend lines of each dataset. Each point
represents the occurrence or accumulation calculated for each month from 2014 to 2020.

3.4. Representation of Light Precipitation with Height

While the occurrence and accumulation are important for understanding the char-
acteristics of the precipitation of the different sites being studied, the characteristics of
the precipitation with height are crucial to understand what the spaceborne precipitation
radars should observe and retrieve. Consequently, the MRR datasets were processed to
extract the occurrence of precipitation at different rain rate threshold at different heights to
simulate the retrieval capabilities of the DPR. The results are presented in Table 2 below.
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Table 2. Occurrence of precipitation by profile for SYY and PML. (Note the ‘at-surface’ precipitation is deemed to be
precipitation in range bin 2 covering the 100–200-m altitude).

SYY
16-05-2015:03-09-2019

PML
15-08-2019:22-02-2021

Number of
Profiles

% of All
Profiles

% of Raining
Profiles

Number of
Profiles

% of All
Profiles

% of Raining
Profiles

Number of all valid
profiles 2,132,508 100.0% 748,179 100.0%

Profiles with > 0.0 342,385 16.1% 100.0% 117,818 15.7% 100.0%
Profiles with ≥0.2 264,014 12.4% 77.1% 87,107 11.6% 73.9%
Profiles with ≥ 0.5 209,544 9.8% 61.2% 73,777 9.9% 62.6%

Profiles with > 0.0
above 1000 m 276,400 13.0% 80.7% 92,722 12.4% 78.7%

Profiles with ≥ 0.2
above 1000 m 218,874 10.3% 63.9% 72,657 9.7% 61.7%

Profiles with ≥ 0.5
above 1000 m 176,572 8.3% 51.6% 62,600 8.4% 53.1%

Profiles with > 0.0
above 1500 m 220,513 10.3% 64.4% 76,267 10.2% 64.7%

Profiles with ≥ 0.2
above 1500 m 173,054 8.1% 50.5% 61,784 8.3% 52.4%

Profiles with ≥ 0.5
above 1500 m 138,985 6.5% 40.6% 53,267 7.1% 45.2%

In terms of sensitivity to precipitation (>0.0 mm/h), the two sites are similar with
16.1% of all profiles at SYY having precipitation at the surface, compared with 15.7% of
PML profiles. Of these raining profiles, above the 0.2-mm/h threshold, SYY (PML) has
77.1% (73.8%), and above 0.5 mm/h, SYY (PML) has 61.2% (62.6%). Taking the lowest
altitude that the DPR can provide clutter-free data [36], the occurrence of the precipitation
fell to 80% (SYY) and 78.7% (PML) at 1000 m or 64% and 64.7% at 1500 m, respectively.
Crucially, when the height and sensitivity (the no-rain/rain threshold) were combined,
these values fell to 63.9% (SYY) and 61.7% (PML) at 1000 m and 0.2 mm/h and 51.6% and
53.1% at 1000 m and 0.5 mm/h, respectively. Given the minimum detectable precipitation
and lowest altitude retrieval, this implies that the DPR is only capable of identifying and
retrieving about 50% of the precipitation that occurs at these mid-latitude locations. It
should be noted, however, that the MRR measurements are made at a point location.
Nevertheless, as shown in Figure 2, at the DPR resolution there appears to have relatively
small differences in the identification of precipitation between the 5-km (DPR resolution)
surface radar and MRR.

4. Discussion

The results shown above indicate that the representation of the occurrence of light
precipitation is impacted by the rain/no-rain sensitivity of the observing system, although
less so in terms of the accumulation of the ‘at-surface’ precipitation. However, analyzing
the MRR data, the impact of the occurrence of shallow precipitation is significant when
accounting for the sensitivity at the height at which the satellite precipitation radars
are able to provide their retrievals. Although there are issues with scale mismatches
necessitating caution when interpreting the results, they show that the observation of
precipitation occurrence across different scales is fairly robust and probably more so than
that of precipitation accumulation.

The initial results show that light and shallow precipitation are under-represented by
the current satellite-based precipitation radar observations. The impact of this becomes
increasingly significant at the mid and high latitudes, where the light and shallow precipi-
tation systems dominate. Further studies are needed to better quantify the magnitude of
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this, both regionally and temporally. Crucially, knowing how much precipitation is not
being observed is important in improving the retrieval schemes for precipitation both over
these regions and globally. In addition, it is also important any corrections are correctly
applied to avoid introducing poorly constructed adjustments.

While the numbers shown above are summaries of aggregated data, the users should
bear in mind the observational capability of the instruments in relationship to what is being
measured. Like Figure 1 above, Figure 5 shows an example of the MRR data from the PML
site for 29–30 January 2021. During the initial period of precipitation, the DPR should have
no problem in identifying and retrieving precipitation, since there is moderate-to-heavy
liquid precipitation at and above 1.4 km, well within the capabilities of the DPR instrument.
Later on, however, after 0900UTC on 30 January, the freezing/melting level dropped to
about 1.4 km. While the DPR might be able to see this precipitation at nadir, towards
the edge of its swath, the liquid precipitation may not be within the 1500-m minimum
detectable height, with only frozen hydrometeors providing any backscatter signal. After
about 1300UTC, although the precipitation intensity remains between about 2–4 mm/h, the
depth of the precipitation is largely below 1.4 km, while after 1400UTC, the precipitation is
very light <0.5 mm/h and below about 800 m. It is clear, therefore, that the DPR will see
some, but not necessarily all, of the precipitation.

Figure 5. Example of a plot of data for 18:00 UTC on 29 January 2021 through to 18:00 UTC on 30 January 2021. The top plot
shows the fall velocity, the middle plot the rain intensity and the bottom plot the radar reflectivity. The temporal sampling is
10 s, with 128 range bins with a range resolution of 35 m. The height of the melting layer is easily discernible by the change
in the fall velocities and high rain rates and reflectivities about 1.4 km above the surface.

5. Conclusions

This paper presented a comparison and assessment of the precipitation characteristics
over a mid-latitude region. Data from both satellite estimates and ground-based mea-
surements have been compared, showing that the satellite estimates underestimate the
true precipitation occurrence and accumulation. Based upon the measurements from the
surface-based MRR data, these can be summarized as:
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(i) Spaceborne radar systems are limited by the current technology and trade-offs be-
tween resolution, power and sensitivity [37]. The TRMM PR had a rain/no-rain
sensitivity of about 0.5 mm/h, while the GPM DPR, more relevant for mid-latitude
studies, had a nominal rain/no-rain sensitivity of about 0.5 mm/h for the Ku-only or
0.2 mm/h for the combined Ka/Ku retrievals. The impact of sensitivity alone means
that the DPR would only see about 75% of the precipitation occurrence for the Ka/Ku
retrievals, falling to about 62% for the Ku retrieval alone.

(ii) At-surface retrievals from spaceborne radars are limited by the surface return or
clutter. In the case of the PR and DPR, this is about 1000 m at nadir, increasing to
about 1500 m at the edge of the radar swath or higher in regions with high relief
or varied terrain. If rainfall as identified by the MRR at the surface is considered,
typically, only in 80% of the cases is there precipitation at or above 1000 m or 64% at
or above 1500 m.

(iii) Combining the effects of sensitivity and height, if both the sensitivity and height
criteria are analyzed, then in only about 62% to 63% of cases, where precipitation is
seen at the surface, is precipitation present above 1000 m at intensities at or above
0.2 mm/h, falling to about 52% to 53% at or above 0.5 mm/h.

The implications of these findings are that, at mid to high latitudes, the spaceborne
radar may not be able to observe about half of all precipitation occurrences. Furthermore,
since retrieval schemes such as the Goddard Profiling scheme (GPROF) and products such
as the GMI-DPR combined rely upon the DPR information ultimately for their retrievals, if
the DPR does not see precipitation, neither do they. The GPROF scheme has attempted to
rectify this by incorporating surface radar (from over the US), but the implementation of this
is limited to cold surface types and not more generally across the mid and high latitudes.

Crucially, it is vital that the spatial and temporal scales of the observations are clearly
identified, since these often dictate the characteristics of precipitation, such as the occur-
rence. This is a multi-faceted problem, since, while the occurrence of precipitation will
increase with larger footprints, the mean rain rate will decrease; thus, a larger footprint will
require greater sensitivity to identify the precipitation. For example, the CloudSat CPR has
a 1.4 × 1.7-km footprint compared to the GPM DPR with 5.4 × 5.4 km: the DPR should see
a higher occurrence of precipitation, but a lower sensitivity (Ku 15 dBZ and Ka 14–19 dBZ
vs. CPR < −29 dBZ) means that it is less likely to capture the light precipitation.

The results of this paper exemplify the complexities when trying to relate satellite
observations to the characteristics of the precipitation at the surface. Ultimately, to better
understand these precipitation characteristics, it is necessary that the spatial and temporal
resolutions of the observations are commensurate with those of the precipitation.
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