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Abstract: This brief research report is aimed to make a first approach to the study of the type of 

precipitation associated with a set of atmospheric river (AR) events over the Atlantic region of 

Galicia. Fifteen ARs that made landfall in the Spanish region of Galicia have been analyzed using 

the 2B-GEOPROF and 2C-PRECIP-COLUMN from the CloudSat cloud profiling radar (CPR). An 

estimation of the relative ratio between warm and cold precipitation associated with each event is 

provided. Broadly speaking, cold precipitation accounts for 80% of the total. This value is slightly 

higher than the already stated for Pacific AR events. However, similar mean rain rates (0.35 mm/h 

for the warm precipitation and 1.16 mm/h for the cold counterpart) to those reported by the 

literature have been obtained. In the absence of a more comprehensive and conclusive statistic, it 

seems that cold precipitation is predominant along the central axis of a well-developed AR. In this 

central core of the AR, the bulk of the moisture remains in the lower levels, and the freezing level 

(FL) is low. According to these results, the interaction between the warm conveyor and the cold 

conveyor belt may eventually raise the FL to upper levels, leading the warm fraction to play a more 

important —even though still secondary— role. 
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1. Introduction 

Atmospheric rivers (ARs) are one of the well-recognized precursors of extreme precipitation in 

extensive areas around the globe (e.g. [1], and references therein). The importance of ARs as 

precursors of extreme precipitation has been stated not only for the US West Coast (e.g., [2-4]) or the 

European West Coast (e.g., [5]), but also for diverse regions of varied climatic conditions such as 

Greenland [6], the North-Western Pacific [7], the Antarctica [8], or South Africa [9] among others. 

ARs are not more than coherent structures carrying unusual amounts of moisture, mostly in the warm 

sector of extratropical cyclones and mostly from (sub) tropical to middle latitudes [10]. When such a 

vast amount of moisture contained within the AR is forced to ascend, either due to thermodynamical 

forcings, dynamical mechanism and or due to the interaction with the orography, robust 

condensation processes are enhanced and may trigger anomalous precipitation. 
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On the one hand, in the region of interest for this work (Galicia, NW Spain, Fig. 1), enough 

literature demonstrated the critical role played by ARs in the local hydroclimatology. Even though 

most ARs do not lead to extreme precipitation, most of the extreme precipitation events are preceded 

by —or coincide with— an AR detection [11-14]. This is especially true in the winter months, when 

the number of Atlantic baroclinic structures landfalling on the shore is high. On the other hand, 

satellite radar data and passive imagery have been widely used to analyze AR characteristics over 

the Northeastern Pacific (e.g. [15-17]). Nevertheless, there is still a lack of this analysis over the Eastern 

Atlantic region and, particularly, over the area of interest in this article. Satellite radar data may 

provide the vertical characteristics of the water contained in the column, and therefore allow for an 

independent analysis of the warm and cold precipitation rates. Warm precipitation is associated with 

low-level cloudiness and warmer types of clouds. This kind of cloudiness is accepted to play a 

relevant role in the hydrological cycle and energy budget (e.g. [18]). 

In this connection, Matrosov [19] provided a good estimation for Pacific ARs. Analyzing more 

than 200 case studies, they found that 30% of the ARs could be defined as “warm events". However, 

to the best of our knowledge, no previous research has analyzed the characteristics of the extreme 

rainfall under our region of interest to the date. 

2. Data and Methods  

The AR detections have been retrieved from the AR database (ERA-Interim version) published 

along with Guan and Waliser [20]. This work analyzes all the AR events that occur in coincidence 

with the overpass of the CloudSat satellite [21-22] and that led to anomalous precipitation events over 

the Atlantic region of Galicia, as defined in Lorenzo et al. [23].  2B-GEOPROF and 2C-PRECIP-

COLUMN from the CloudSat cloud profiling radar (CPR), with 125 bins and more than 37000 

profiles, have been used to estimate the freezing level (FL) and classify the precipitation associated 

with the AR event in terms of the warm and cold fraction; following the procedure stated in Matrosov 

[24]. 

According to the methodology stated in Matrosov [24], values of reflectivity in dB above 25 are 

not considered in the analysis in order to filter the ground clutter. Values below 0 are also removed 

in order to filter drizzle. It should be noted that radar reflectivity equal than 0 is assumed with rain 

rate equal 1 mm according to Field and Heymsfield, [25]. In other words, the dBZe greater than 0 is 

certainly rainy [18, 26]. The radar echo corresponding to the certainly rainy profiles of the vertical 

levels (also called “gates”) located above the FL are counted as cold precipitation. The rest of the 

profiles, which are going to be located below the freezing level, are considered as warm precipitation. 

Integrated Water Vapor (IWV, equation 1, where g is the gravity force, and q is the specific 

humidity which is integrated in the vertical column throughout all the vertical η model levels) and 

rain rates have been both obtained from the A-Train’s constellation AMSR-E and AMSR-2 products 

[27-28] in order to compare them with ERA-Interim reanalysis [29] in which the AR detection 

algorithm is based on. 
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Figure 1: Regional borders of Galicia highlighted in green 

3. Results 

Figures 2 (day-time) and 3 (night-time) show the 15 AR events analyzed with the methodology 

described in the previous section. Columns a) show the ERA-In IWV and IVT fields together with the 

overpass of the satellite. Columns b) show the same IWV fields observed using the AMSR sensor, 

which also retrieves precipitation rate stated in columns c). Note that even though every AR event 

analyzed in this article led to anomalous precipitation, these values of precipitation rate are not the 

alleged anomalous or extreme accumulated rainfall. These values correspond to the rate of 

precipitation at the precise moment of the overpass. On the one hand, the coincidence between the 

overpass and the AR may occur even 24 hours before or after the AR makes landfall. On the other 

hand, anomalous precipitation events over Galicia usually require large periods of intense 

precipitation (equal to or longer than 24 hours) to occur. Values shown in columns c) just provide a 

snapshot of the precise moment when CloudSat approaches, and not the complete accumulated 

precipitation that has been labeled as anomalous. Finally, columns d) show the vertical overpass 

reflectivity in dBZe, together with the specific time of the data acquisition. The freezing level is also 

displayed in black lines for the last column. All the reflectivity provided by the CloudSat which is 

located above the freezing level is considered cold rain. The reflectivity measured below that level is 

considered as warm rain. 

Table 1 summarizes all the results obtained from the analysis of each event —warm and cold 

fractions are also plotted in Figure 4; these fractions are representative of the reflectivity signal 

observed above and below the freezing level stated in the columns (d) of Figures 2 and 3—. Overall, 

warm rain accounts for roughly 16.5% of the precipitation, while the cold type accounts for the 

remaining 83.5%. The mean precipitation rate is 0.35 mm/h and 1.16 mm/h for warm and cold 

precipitation, respectively. Similar values (0.45 mm/h and 1.40 mm/h) have been calculated by 

Matrosov [19] for eastern North Pacific ARs, with a sample of more than 200 AR events. 

Cold precipitation has a manifest majority presence in our results. However, the variability in 

the fraction of warm rain is substantial. Thus, it is worth it to discuss the results in terms of the sector 

of the AR that has been analyzed for each case. Before discussing the synoptic conditions associated 

with each AR event, some concepts should be clarified. Since there is still some disagreement on what 

can either be considered as an atmospheric river, prefrontal region or warm conveyor belt; the 

description and scheme provided in Dettinger et al. ([10], Figure 1) will be used here. Under this 

frame, the AR is considered as the corridor of enhanced advection and convergence of moisture that 

connects the tropical moisture exports (TME) to the warm conveyor belt (WCB) located at the upper 

end of the cold front and the occluded front. 

On the one hand, only N6 shows warm rain as the dominant type of precipitation. It is important 

to highlight that, in this case, the overpass does not cut the AR’s central axis. Instead, it is coincident 
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with the region of the dynamical structure that can be apparently identified as the WCB. This region 

of the cyclone is usually characterized by the occlusion between the warm and cold conveyor belts, 

with the former tending to be placed overhead to the latter, enhancing the condensation of the 

warmer cells by dynamical uplift, and displacing the freezing level to upper levels. This idea fits well 

with the measurement of enhanced warm rain by CloudSat. Additionally, also D2 and D4 show 

relatively high ratios of warm precipitation. Once again, the overpass is in both cases covering a 

complex region of the cyclone, where the interaction between the warm and cold conveyor belts is 

expected to raise the FL higher levels, leading to more precipitation of the warm branch. On the other 

hand, there is a set of events where the overpass “cuts" the AR by its central axis, oversea (far away 

from orographic uplift interactions), and very likely occurring over a well-developed prefrontal 

region. This is the case od D1 and N1. In these situations, dynamic uplift and adiabatic expansion 

enhanced by convergence along the pre-frontal region will be the main triggering mechanism for 

condensation. Also, the low-level jet will be well developed and enhanced by thermal wind 

temperature gradient. D6, D9, and D8 also show a clear cut of the central axis of their respective ARs, 

but the orographic interaction cannot be ruled out for these cases. All these events show cold rain 

ratios close to —or higher than— 0.8. 

Table 1. Measured values of integrated water vapor (mm), rain rate (mm/h), accumulated 

precipitation (mm) and fraction of warm and cold precipitation for each AR event. 

Event Date IWV(m

m) 

rr(mm/

h) 

accum.pre

cip 

Warm 

ratio  

Cold 

ratio 

N1 2007-11-20-night 30 0.26 74.3 0.24 0.76 

D1 2007-11-20-day 30.4 0.2 74.3 0.21 0.79 

N2 2007-12-20-night 22.2 0.31 36.5 0.05 0.95 

N3 2008-12-31-night 31.1 0.62 19.65 0.05 0.95 

D2 2008-12-31-day 23.4 0.08 19.65 0.39 0.61 

N4 2009-01-22-night 27.3 0.08 41.4 0.03 0.97 

D3 2009-01-22-day 28.5 0.36 41.4 0.08 0.92 

N5 2010-02-27-night 29.4 0.96 47.61 0.01 0.99 

D4 2010-02-27-day 32.9 0.09 47.61 0.33 0.67 

N6 2010-12-21-night 23.5 0.24 40.61 0.54 0.46 

D5 2010-12-21-day 24.4 0.86 40.61 0.06 0.94 

D6 2012-10-18-day 29.3 0.89 46.13 0.02 0.98 

D7 2012-12-14-day 31.7 0.92 86.52 0.15 0.85 

D8 2013-12-24-day 29.5 4.23 43.45 0.09 0.91 

D9 2014-10-08-day 34.2 3.49 44.88 0.23 0.77 
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Figure 2. Global panel for day-time events. a) IWV and IVT data from ERA-In at the moment of the 

AR landfall event in kg.m2.  b) IWV fields from AMSR products in kg.m2. c) Accumulate 

precipitation in mm/hr. d) Vertical column reflectivity in dBZ. 
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Figure 3. Same as figure 2 but for night-time events. 

 

Figure 4. Fraction of cold rain (blue) and warm rain (red) measured for each AR event. 

4. Discussion 
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Lower precipitation rates are usually associated with coalescence processes in shallow 

precipitating clouds. Higher precipitation rates are usually associated with processes arisen from 

synoptic forcing, in deeper cloud layers, and even convective mechanisms (e.g. [30-31]). 

In the absence of a more comprehensive and conclusive statistic, it seems that warm precipitation 

plays a secondary role along the axis of a well-developed AR, where the bulk of the moisture remains 

in the lower levels. In this region of the system, it is the cold precipitation that plays the main role. It 

seems to be precisely within the interaction between the warm conveyor and the cold conveyor belt, 

at the upper end of of the AR structure, where the FL may eventually raise upper vertical levels, and 

subsequently, where warm precipitation can play a more important role. 

Even though precipitation rates associated with each type of precipitation are similar to those 

already reported in the literature, the relative presence between warm precipitations observed in this 

analysis is lower than that reported by Matrosov [19] for the US Pacific Coast. In this experiment, the 

authors took the maximum possible number of events with a clear interaction between the CloudSat 

overpass and an AR that led to anomalous precipitation over Galicia. Still, we recognize that this 

experiment is fairly limited in the size of the sample. However, this research is not intended to 

provide final conclusions or climatological rates of warm rainfall versus the cold counterpart. This 

paper aims to provide a first approach to the issue that will be further extended in the future by 

extending the area of study, and expanding the analysis to the summer months. This database can 

also be extended or contrasted to that obtained using the Ku/Ka-band dual-frequency precipitation 

radar (DPR, [32]). This sensor is aboard the Global Precipitation Measurement (GPM) satellite and 

may be used in the future to update and improve the results presented here. 

5. Conclusions 

This analysis provides an account of the ratio of warm precipitation versus cold precipitation 

analyzed from satellite data for 15 AR events landfalling the Spanish region of Galicia in the winter 

season. Even showing a substantial variability between events, the warm precipitation has shown to 

be secondary, accounting for less than 20% of the measured rainfall.  

Only 3 out of the 15 events show warm ratios higher than 30%. These three events have the 

peculiarity that the overpass measurements have not been carried out over the central axis of the AR. 

On the contrary, the satellite’s overpass analyzed a region closer to the dynamic core of the cyclone, 

which is usually characterized by the interaction between the warm and the cold conveyor belts. In 

this region, the warm conveyor belt tends to overlap the cold conveyor belt, ascending to higher levels 

and consequently raising the freezing level. In the remaining events, both in which the overpass 

clearly cuts the AR, and also in those that occur in different regions of the dynamic system (or 

overland, where orographic interactions cannot be discarded), cold rain ratios are close or higher to 

0.8. 
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