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Abstract Rainfall estimates from spaceborne microwave radiometers form the foundation of global
precipitation data sets. Since the beginning of the satellite microwave rainfall estimation era in the 1980s,
the primary signature leveraged over land for these estimates has been the brightness temperature (TB)
depression due to ice particle scattering. Contrary to this practice, time series analyses based on observations
from two spaceborne radars and two spaceborne radiometers reveal a TB increase at H19 due to raindrop
emission as the primary cloud particle signature over desert terrain. Low surface emissivity supports the
use of liquid raindrop emission as the primary signature over desert surfaces. In these regions, the surface
rain rate better correlates with the liquid raindrop emission signal than with the scattering induced by ice
further aloft, suggesting a new potential for improving rainfall estimation over deserts by exploiting the
liquid raindrop emission signature.

Plain Language Summary Global rainfall mapping is a very challenging task since ground-based
observations from radars or rain-gauges are limited or unavailable over many regions (e.g., desert). Satellite
observations provide the unique opportunity to map the rainfall over these regions. Deserts cover about
one third of the Earth's land surface, while the current satellite rainfall estimate techniques over deserts relate
the ice particles aloft with surface rain rates, leading to large estimation uncertainties. This study for the
first time reports the liquid raindrop signature over deserts from the satellite observations, which could
represent a fundamental algorithm change over deserts when estimating rainfall from space.

1. Introduction

Passive microwave radiometers are utilized by meteorological agencies worldwide to remotely sense preci-
pitation from space (Goldberg, 2018; Levizzani et al., 2018; Skofronick-Jackson et al., 2017). More than 30
radiometers onboard satellites from several international agencies have been used for rainfall measurement
since the 1980s, with about 15 currently operational and several follow-on missions being planned
(Goldberg, 2018; Gu & Tong, 2015; Hou et al., 2014; Skofronick-Jackson et al., 2017). Rainfall estimates from
these radiometer observations make it possible to generate the widely used hourly (or half-hour) global pre-
cipitation data sets (Huffman et al., 2007, 2015; Joyce et al., 2004; Kubota et al., 2007; Xie et al., 2017).

Many retrieval algorithms have been developed to estimate rain rates from the radiometer-observed
brightness temperature (TB) fields since the beginning of the satellite microwave rainfall estimation era
(e.g., Aonashi & Liu, 2000; Ebtehaj et al., 2015; Ferraro et al., 1994; Kummerow et al., 1996, 2011; Laviola
& Levizzani, 2011; Sano et al., 2013; Spencer et al., 1989; You et al., 2015). The TB fields observed by the
radiometer are a result of the radiation scattering/emission effects of all the hydrometeors within the atmo-
spheric column in the radiometer field of view (You & Liu, 2012).

Over ocean, retrieval algorithms relate the liquid raindrop emission signatures primarily at the
low-frequency channels (<85 GHz) to surface rain rates with little interference from surface emission
due to the low and relatively uniform oceanic surface emissivity (Aonashi et al., 2009; Kummerow et al.,
2015; Liu & Curry, 1992). In contrast, land surface emissivity is generally rather high and highly
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inhomogeneous (Ferraro et al., 2013; Munchak et al., 2020; Prakash et al., 2018; Prigent et al., 2006; Turk
et al., 2014). It has long been observed that the primary signature over land is the TB depression at the
high-frequency channels (>89 GHz) due to the ice particle scattering (Grody, 1991; Petty, 1995; Wilheit,
1986; You et al., 2015, 2016). Several previous studies also exploited the ice scattering signature at 37 GHz
(Dinku & Anagnostou, 2005; Spencer et al., 1983). Hence, current over-land retrieval algorithms relate the
scattering of radiation by ice particles aloft with the surface rain rate. Because liquid raindrops have a better
correlation with the surface rain rate than the ice particles aloft, previous validation studies have confirmed
that the estimated rain rates over ocean from passive microwave radiometers are more accurate than those
over land (Aonashi et al., 2009; Kummerow et al., 2015; You, Petkovic, et al., 2020; You, Wang, et al., 2020).

Due to the high and highly inhomogeneous land surface emissivity, the common practice is to utilize the TB
depression primarily at high-frequency channels (>85 GHz) caused by the ice particle scattering. By using
observations from two spaceborne radars and two spaceborne radiometers, we show that the TB increase sig-
nature at low-frequency horizontal polarized channels is apparent in the TB time series over large areas of
some world deserts, owning to the low microwave emissivity at the horizontal polarization for satellite inci-
dence angles close to 50° (Grody & Weng, 2008; Munchak et al., 2020; Prigent et al., 2006; Turk et al., 2014).

Deserts cover about one third of the Earth's land surface, where rainfall estimates from spaceborne radio-
meters have large uncertainties (Dinku et al., 2010; Maggioni et al., 2016; You, Wang, et al., 2020). This study
suggests a new potential for improving rainfall estimation over deserts by exploiting the liquid raindrop
emission signature. We also demonstrate that this TB increase signal correlates more strongly with the liquid
water path and the surface rain rate, compared with the ice water path.

2. Data and Methods
2.1. Two Spaceborne Radars and Two Spaceborne Radiometers

We use the TB observations of Advanced Microwave Scanning Radiometer for the Earth Observing System
(AMSR-E) onboard the Aqua satellite (Kawanishi et al., 2003) and the radar reflectivity of the Cloud
Profiling Radar (CPR) onboard the CloudSat satellite (Stephens et al., 2002) from April 2006 to April 2011
when both instruments functioned normally. Both Aqua and CloudSat are A-Train satellite constellation
members with CloudSat lagging Aqua by at most 2 min (Stephens et al., 2002). Due to the short time differ-
ence (<2 min, within the convective time scale), this study considers the observations from AMSR-E and CPR
as simultaneous. Both satellites are in sun-synchronous orbits, meaning that they pass over a given location
at a fixed time, typically in the morning and then in the evening. We choose the sun-synchronous satellites to
minimize the land surface temperature (LST) influence on the TB observations.

CloudSat makes measurements at nadir (~1.6 km) within the wide AMSR-E swath (~1,450 km), so AMSR-E
TBs can be assigned to any CloudSat profile. For AMSR-E, we use the calibrated TB (Berg et al., 2016) at 10.7
(V/H), 18.7 (V/H), 23.8 (V/H), 36.5 (V/H), and 89.0 (V/H) GHz channels (V/H, vertical/horizontal polariza-
tion). Hereafter, these channels are referred to as V10/H10, V19/H19, V24/H24, V37/H37, and V89/HS89. For
CPR, we use the radar reflectivity (dBZ) at the near-surface level from 2B-GEOPROF (Marchand et al., 2008),
which is about 1.5 km above the ground level.

To more clearly demonstrate the liquid water information, we also use the TB from the Global Precipitation
Measurement (GPM) Imager (GMI) (Draper et al., 2015) and the rainfall-related variables (liquid water path,
surface rain rate, and ice water path) from Ku-band precipitation radar (KuPR) (Hou et al., 2014) from
March 2014 to December 2019. Both GMI and KuPR are onboard the GPM Core Observatory satellite with
a non-sun-synchronous orbit which can fly over a location at any time of the day. For GMI, we use TB at 10.7
(V/H), 18.7 (V/H), 36.5 (V/H), 89.0 GHz (V/H), and 183.3+7 (V). These channels are referred to as V10/H10,
V19/H19, V37/H37, V89/HS89, and V190. We select the high-frequency channel of 89 and 190 GHz, since
channel at 89 GHz is commonly available for many passive microwave radiometers from the beginning of
the satellite rainfall observation era, and V190 channel is the highest frequency available on GMI. Both
channels are primarily sensitive to the ice scattering. For KuPR, we use the liquid water path (i.e., integrated
liquid water content), the ice water path (i.e., integrated ice water content), and the surface rain rate.

The hourly LST at 0.5°Xx0.625° is from the Modern-Era Retrospective Analysis for Research and
Applications-2 (MERRA-2) (Gelaro et al., 2017).
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2.2. Collocation Methods

To mitigate the possible influence of the different footprint sizes, we convolve the AMSR-E higher resolution
observations (37 and 89 GHz) to the resolution of the 19 GHz footprint size (~21 km) as the nominal resolu-
tion. Specifically, the native resolutions are ~11 and ~5 km for 37 and 89 GHz. We average the nearest four
[(21/11)*~4] 37 GHz pixels and the nearest 18 [(21/5)*~18] 89 GHz pixels to roughly match the area of 19
GHz footprint size (i.e., 21 X 21 =441 km?). The spatial resolution at 10 and 24 GHz are about 42 and 26
km, which are kept unchanged. For CPR, we average 11 pixels inside each AMSR-E field of view (FOV).

Similar downgrading strategies are applied to the GMI frequencies and KuPR observations. The footprint
sizes are 25, 15, 12, 7, and 6 km for 10, 19, 37, 89, and 190 GHz, respectively. We take 19 GHz (15 km) as
the nominal resolution. The footprint sizes from 10 and 37 GHz remain unchanged, while we average the
nearest 5 [(15/7)*~5] 89 GHz pixels and 7 [(15/6)*~7] 190 GHz pixels to roughly match the area of 19 GHz
footprint size. For KuPR-related variables with a 5.2km footprint size, we average the nearest 9 [(15/
5.2)*~9] KuPR pixels to roughly match the area of the 19 GHz footprint size. Since GMI has a much larger
swath width (904 km) than KuPR (245 km), only the GMI observations with KuPR coverage are selected in
this study.

For MERRA-2 LST, we use the nearest grid cell to match the satellite observations at the closest time.

3. Results
3.1. TB Increase at H19 Due To the Raindrop Emission

This section begins with a time series case study analysis of 19 GHz TB observations, which shows that over
desert terrain, H19 indicates an unexpected warming signature between subsequent overpasses. Our ana-
lyses reveal this signal to be associated with liquid water emissions from cloud and precipitation particles
rather than increases in the surface emissivity or LST. This finding provides a new opportunity to improve
our understanding of the frequency and magnitude of precipitation over large desert regions.

Figure 1a shows the time series from AMSR-E TB observations at the vertically and horizontally polarized
19 GHz (V19 and H19) channels and the MERRA-2 LST time series in 2009 for a 0.25° degree grid box
(21.5-21.75°N, 14.5-14.75°E) in the Sahara Desert around local midnight (00:40). We choose this grid box
since there is a coincident raining event observed by the spaceborne CPR at this location. The geospatial dis-
tribution of all the similar cases is shown in Figure 2.

The most prominent features are H19 TB increases of about 10, 18, 8, and 14 K on 10 April 2009, 7 May 2009,
24 June 2009, and 1 September 2009, respectively, relative to the same overpass on the preceding day at the
same time (indicated by black crosses on Figure 1a). There are three possible reasons why H19 TB can
increase by this magnitude: the surface emissivity increase, LST increase, and the liquid water emission.
First, we can rule out the surface emissivity increase since the surface in this remote Sahara Desert location
is sand and bare rock throughout the year. The normalized difference vegetation index (NDVI) indicates no
vegetation growth in this location throughout 2009. Second, LST on these four occasions varies less than 3 K
compared with their preceding days at 00:40, shown in the LST time series (Figure 1a). Radiation at 19 GHz
can penetrate the land surface to several centimeters below the surface and is more sensitive to the soil tem-
perature within that layer. The MERRA-2 soil temperature shows an even smaller temporal variation below
the surface, consistent with previous studies (Grody & Weng, 2008; Norouzi et al., 2012). We hypothesize
that emission from liquid raindrops is the best explanation for an increase in H19 of the magnitude shown
in Figure 1a. CPR observed surface rainfall with radar reflectivity of —4.1 dBZ on 1 September (indicated by a
purple circle on Figure 1a). There are no coincident CPR observations for the other three events.

We also notice a clearly evident TB depression at V19 on 1 September, though the TB depression magnitude
(5K) compared with the preceding overpass is smaller than the H19 increase (14 K). The fundamental reason
why the liquid raindrop emission leads to an opposite response at H19 (increase) and V19 (decrease) lies in the
large emissivity difference between H19 and V19. In other words, the small surface emissivity at H19 (close to
0.8) provides a colder land surface emission background so that the “raindrop” emission (which can be
approximated as the mean temperature from the melting level to the surface) appears “warmer,” leading to
aTBincrease at H19. In contrast, the large surface emissivity at V19 (close to 1.0) provides a warmer land sur-
face emission background so the “raindrop® emission appears “colder,” leading to a TB depression at V19.
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Figure 1. (a-d) Time series at the location of (21.5-21.75°N,14.5-14.75°E) in the Sahara desert around midnight (00:40)
for V19, H19, LST, V89, H89, and PD89. The black crosses indicate the four occasions on 10 April 2009, 7 May 2009,
24 June 2009, and 1 September 2009. The purple circle on panels (a) and (b) indicates that CPR observed surface rainfall
with radar reflectivity of —4.1 dBZ on 1 September 2009. (e-h) Same as the first column except around noon (12:40).

Rainfall can increase the surface soil moisture quickly and dramatically (Yin et al., 2019), leading to an emis-
sivity drop at both V19 and H19 (Jackson, 1993; Li & Min, 2013; Munchak et al., 2020; You et al., 2014).
However, this emissivity drop is entirely consistent with our hypothesis that emission from liquid raindrops
is responsible for the TB increase at H19. The smaller surface emissivity itself due to the rainfall impact
would result in a TB decrease at H19. Therefore, the observed TB increase at H19 is most likely caused by
the liquid raindrop emission. In this case, the smaller land surface emissivity makes the liquid raindrop

YOU ET AL.

4 0f9



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL088656

20S -

40S -

GOS 1 1 1
180 120W 60W 0 60E

L
120E 180

Figure 2. The location where PD19 monthly anomaly drops at least 10 K when CPR indicates the surface rain rate.

emission signature even more evident at H19 (similar to over ocean). Whether we can observe the liquid
raindrop emission signal (causing TB increase) depends on how low the emissivity can become under the
raining condition. For V19, it is unlikely that the emissivity becomes low enough (from close to 1 to close
to 0.9) for the aforementioned cases so that the liquid raindrop emission signal is observable. However,
the lower emissivity due to the rainfall impact may also contribute to the TB drop at V19.

The polarization difference (PD) between V19 and H19 (PD19 = V19 — H19) is used to minimize the LST
seasonal variation and to better capture the TB increase signature. The PD19 time series clearly indicate that
PD19 remains at 42 K with an abrupt drop on the previously mentioned four days at 00:40 (Figure 1b). The
PD19 drops from 42 to 35, 20, 34, and 21 K. As discussed earlier, the most likely explanation for these sharp
drops is the liquid raindrop emission (essentially unpolarized) causing the H19 to increase, which reduces
the strong PD between horizontal and vertical polarized channels from the land surface. This feature
(raindrop emission leading to the PD drop) is commonly observed over ocean. In this sense, the strongly
polarized desert surface is similar to the ocean surface. CPR observations also confirm the presence of the
liquid raindrops on 1 September (purple circle in Figure 1b).

In this desert location, the relatively low surface emissivity at H19 allows identification of the TB increases
related to liquid raindrop emissions (sudden PD19 drops). Radiative transfer model simulations have pro-
vided insight into this phenomenon. Spencer et al. (1989) has shown that over the oceans, where surface
emissivity is low (~0.50), the H19 can increase as much as 50 K due to the raindrop emission. You et al.
(2018) showed that the H19 increase is evident when the land emissivity is less than 0.9 and the rainfall
intensity is less than 4 mm/hr over the Southern Great Plains. Similarly, Munchak et al. (2020) demonstrated
that the liquid water clouds can increase TB when emissivity is less than 0.9 and can decrease TB when emis-
sivity is greater than 0.95. Although most land surfaces have microwave emissivities in or near this range
(greater than 0.90 while less than 0.95), rendering liquid clouds and rain undetectable by microwave TB,
deserts have H19 emissivities of about 0.80 (Norouzi et al., 2012; Prigent et al., 2006). Although these model
simulations predict a liquid raindrop emission signature under the low surface emissivity background, this
study for the first time (to the best of our knowledge) reports the liquid raindrop signal over such large areas
(desert) over land from satellite observations.

In cases where precipitation systems have weak ice scattering signatures and light rainfall, the signal from
raindrop emission at H19 may be more apparent than the signal from ice scattering at 89 GHz. Figure 1c con-
firms that the ice scattering signature at the high-frequency channel (89 GHz) is weak. From the time series
of both V89 and H89, there is no evident TB depression signal on the previously mentioned four occasions.
Specifically, TB at V89 drops about 4, 2, 2, and 8 K, respectively, on the previously mentioned four occasions
(marked as the black crosses in Figure 1c) compared with their preceding day overpasses, while TB at H89
varies about 6, 10, 1, and —6 K. Since ice particle scattering cross sections are much smaller at 19 GHz than
89 GHz (Liu, 2008), we conclude there is little impact of ice scattering on the TB or PD on these days at 19
GHz. The PD at 89 GHz (PD89) shows a noticeable drop on 7 May and 1 September, but its magnitude is
much smaller than that from PD19 (cf. Figures 1b and 1d).

Similarly, the TB observations at the same location in the afternoon (12 hr later at 12:40) also show clear H19
increase (Figure 1e) and PD19 decrease (Figure 1f) on 10 May and 25 June but of different magnitudes—
indeed, the 10 April event (occurred in the morning around 00:40) is barely discernible. This also suggests

YOU ET AL.

50f9



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL088656

that the PD19 drop is due to the microwave emission of the falling raindrops, which is a short-lived event and
not an effect of rain on the surface, which would have a more persistent impact. As expected, the liquid rain-
drop emission signature on these two occasions is not captured by V89, H89, or PD89 (Figures 1g and 1h),
which primarily respond to the ice particle scattering signature.

Time series analyses at 10, 24, and 37 GHz also reveal evident PD drop on the aforementioned four days,
though the magnitude of the drop is not as large as that from 19 GHz. For 10 GHz, its longer wavelength
makes it not as sensitive as 19 GHz to the liquid raindrop emission, though the PD from 10 GHz itself
(PD10 =V10 — H10) is larger than PD19. Compared with 19 GHz, the relatively smaller PD drop from 24
and 37 GHz on the aforementioned four days is because both frequencies are less strongly polarized than
19 GHz, reducing the potential to increase horizontal polarized TB and decrease PD via microwave emission
by the falling rain.

The following analysis uses PD19, instead of H19 or V19, to mitigate the LST influence. For example, both
V19 and H19 at 00:40 are consistently 20 K colder than those at 12:40 (c.f., Figures 1a and 1e) due to the LST
diurnal cycle. The large TB difference at different times of day is mitigated by using PD19, which is about 42
and 45K at 00:40 and 12:40 under no-rain conditions (cf. Figures 1b and 1f).

3.2. Where the Liquid Raindrop Signal Exists

To find where this liquid raindrop signal exists, we check the PD19 monthly anomaly based on AMSR-E
observations for all raining observations indicated by the CPR reflectivity greater than —15dBZ over the
CPR observation domain (82°S to 82°N, except over the snow-covered regions). For each raining observa-
tion, we compute the difference between PD19 and the monthly mean PD19 at that location.

The locations of all PD19 decreases of at least 10K show strong coincidence with large desert regions
(Figure 2). In these desert regions, liquid raindrop emissions increase H19 and decrease V19 (leading to a
sharp PD19 drop), as shown in the case study (Figure 1). The fundamental reason why the liquid raindrop
information can be captured by the microwave radiometer over deserts is because the surface emissivity
at H19 over many types of desert surfaces is low (~0.8) (Grody & Weng, 2008; Munchak et al., 2020;
Prigent et al., 2006) and remains relatively constant. Therefore, the radiometrically warm raindrop signal
is evident compared to those desert surface types that are radiometrically cold at H19. In contrast, the surface
emissivity over other types of land surface, particularly surfaces with vegetation, are radiometrically warm in
the same channels, with emissivities close to 1, therefore masking out the warm raindrop signal.

3.3. PD19 Anomaly Correlates With Rainfall-Related Variables

To offer additional evidence that PD19 captures the liquid raindrop emission signature, we calculate the cor-
relation between PD19 (derived from GMI observations) and precipitation properties (derived from KuPR).
The correlation is calculated only when the raining sample size is greater than 30 in a certain 0.25° grid box.

Figure 3a shows the correlation between the PD19 monthly anomaly with liquid water path at each 0.25 grid
box over the desert regions. Evidently, the PD19 anomaly has a stronger correlation with the liquid water
path, compared with either V89 (Figure 3b) or V190 (Figure 3c). V89 is a channel common to most passive
microwave radiometers, and V190 is the highest available channel from GMI. Both channels primarily cap-
ture the ice scattering signature.

Since the PD19 anomaly captures the liquid water information, we expect that it has a better correlation with
the surface rain rate. Indeed, Figure 3d shows that the PD19 anomaly correlates more strongly with the sur-
face rain rate, compared with either V89 (Figure 3e) or V190 (Figure 3f). V89 and V190 are primarily sensi-
tive to the ice particles aloft, which is confirmed by the much larger correlation between V89 and ice water
path and between V190 and the ice water path, compared with that from the PD19 anomaly (cf. Figures 3h
and 3g and Figures 3i and 3g).

4. Discussion

It has long been believed that the TB depression due to the ice scattering at the high-frequency channels
(=85 GHz) is the primary signature over land for rainfall estimation. This study presents observations show-
ing the contrary over some desert regions: The raindrop emission, leading to the H19 increase and the PD19
sharp drop, is the primary signature. This raindrop emission signature can be well captured by analyzing the
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Figure 3. (a, d, g) Correlation between PD19 anomaly and the liquid water path, between PD19 anomaly and the surface rain rate, and between PD19 anomaly
and the ice water path. (b, e, h) Same as panels (a), (d), and (g) except for V89. (c, f, i) Same as panels (a), (d), and (g) except for V190.

PD19 time series. The better correlation between PD19 monthly anomaly and the liquid water path (or the
surface rain rate) further confirms that rain can be directly detected via the PD19, rather than inferred from
higher-frequency (e.g., V89 and V190) scattering, which is a proxy for the ice water path. Our study has
shown potential to improve rainfall estimation over desert by identifying surfaces where exploiting the
rain drop emission signature is possible. Over these arid regions, previous validation studies consistently
showed poor rainfall retrieval performance from the microwave radiometer due to the weak scattering
signature (Dinku et al., 2010; Maggioni et al., 2016; You, Wang, et al., 2020). This study also highlights the
importance of analyzing TB time series in precipitation estimation work (You et al., 2017, 2018).

This study demonstrates a new idea to observe rainfall over some deserts where microwave emissivity is low
enough (~0.8) so that the liquid raindrop signature can be captured by the PD temporal variation. While
rainfall is less frequent and often lighter in deserts compared to other regions, Kelley (2014) documented
an apparent rainfall seasonal variation even over the driest part of the Sahara Desert. Further, rainfall shapes
the biodiversity distribution over deserts by maintaining the delicate balance between the plant
growth/availability and the abundance of herbivores (Marshal et al., 2002; Vale & Brito, 2015). Previous stu-
dies demonstrated that desert-adapted species are disproportionately vulnerable to changes in precipitation
in a warming climate (Nafus et al., 2017; Vale & Brito, 2015). This study has the potential to improve rainfall
estimates from satellite observations and thus enable us to better monitor and assess the impacts of changes
in rainfall on desert biodiversity.

Finally, it should be noted that the spaceborne radar provides the near-surface observations (about 1.5 km
above the ground), due to the clutter contamination at the range gates closer to the ground. These observa-
tions are often taken as the “reference” in the precipitation estimation community. Considering the intense
under-cloud evaporation in the dry desert climate, some of these raindrops may not reach the ground, lead-
ing to the so-called “virga” precipitation (Wang et al., 2018). Nevertheless, liquid raindrops in the air are
more closely related to the surface rain rate, compared to the ice particles further away from the surface.
Future plans include (1) to compare this emission signature from PD19 and the scattering signature from
high frequency channels (e.g., V190) relative to the in-situ gauge/radar observations over desert regions at
the monthly scale and (2) to search this emission signature over other land surfaces with emissivity at
H19 close to 0.8 due to the previous rainfall events.

Data Availability Statement

GPM and AMSR-E data are downloaded from NASA Precipitation Processing System (PPS) website (https://
storm.pps.eosdis.nasa.gov/storm/). CloudSat data are downloaded from Cloudsat Data Processing Center
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