














































































































































































not suggest a strong relationship between river width and cloud width at any point in the 

river's life span. There is little apparent correlation between river width and cloud width, 

so using a physical length-based coordinate system with river observations should not be 

greatly affected by river width. This is somewhat apparent in the frequency plots 

presented previously, as the plots in the two coordinate systems are similar in appearance 

despite elimination of river width dependence in one. 

5.3.2 River Width versus Vertical Cloud Extent 

The second scatter plot (Fig. 5.9) compares the width of the river's northern TPW 

gradient with the total height of the cloud band. As before, there is no apparent 

significant correlation between the two variables. 

5.3.3 Maximum TPW versus Horizontal Cloud Extent 

The third scatter plot (Fig. 5.9) compares the maximum TPW value occurring within 

the river with the width of the cloud band. As before, there is no apparent significant 

correlation between the two variables. 

5.3.4 Maximum TPW versus Vertical Cloud Extent 

The fourth scatter plot (Fig. 5.10) compares the maximum TPW value occurring within 

the river with the total height of the cloud band. Previous research has suggested a 

relationship a river 's moisture content and the occurrence of deep convection. If 

this is true, then there may be a relationship between the occurrence of tall deep clouds 
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and TPW values within the river. Once again, such a relationship is not readily apparent 

in the data. 

5.4 Cloud Type Statistics 

The following statistics were created to explore the types of clouds occurring within 

rivers, and possible relationships between TPW values and the occurrence of specific 

cloud types. 

5.4.1 S in~es 

The first set of statistics is the frequency of occurrence of each of the eight cloud types 

within the observed atmospheric rivers. Each frequency is the ratio of the number of 

rivers containing the cloud type in question to the total number of rivers. The region 

defined as "within" the river is centered at the beginning of the TPW gradient, and 

extends one gradient length north and one gradient length south of the origin (from -1 to 

1 in the gradient-based coordinate system). This choice of domain contains the vast 

majority of deep clouds associated with the rivers. The frequency calculations include a 

minimum threshold of number of bins containing each cloud type. The Cloud Class 

algorithm sometimes assigns questionable cloud types to a few bins around the edges of 

clouds (where threshold reflectivity values may confuse the algorithm), so a river must 

contain more than 50 bins of a cloud type in order to be counted as containing that 

specific cloud type. 
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Table 5.1 shows the results of these calculations. Deep convective cloud frequency has 

the strongest dependence on time, occurring most frequently at a river ' s peak and rarely 

during its dissipation. Nimbostratus clouds occur in about half of the cases in each 

category, suggesting that rivers are often capable of producing vertical motion and 

significant precipitation even in their formation and dissipation periods. Shallow 

convection has slight time dependence as well, although it should be noted that shallow 

convection is often "attached" to the leading edge of nimbostratus or deep convective 

cloud bands instead of being isolated. Stratocumulus are a common occurrence, both in 

the form of weakly forced clouds surrounding deep cloud bands and as cold air cumulus 

behind the front. T~e three categories of high clouds have high frequencies of occurrence, 

and this is supported by examination of the individual observations. High clouds are often 

attached to the tops of deep convective and nimbostratus clouds, where updrafts weaken 

considerably and clouds disperse in upper level airflow. 

5.4.1 Combined Cloud T血es

To help remove some of the ambiguity between similar cloud types, the individual 

cloud types can be combined and their frequencies calculated together. For example, both 

deep convective clouds and nimbostratus clouds are fairly similar in properties to the 

point that distinguishing between a weaker convective cloud and a stronger nimbostratus 

cloud may be very difficult. So by combining the deep convective mask with the 

nimbostratus mask, they form one category representing deep cloud formation from 

strong rising motion. Other s画lar cloud types can be combined in the same manner. In 

this project, the following five categories of clouds are used: 
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1) Deep convective and nimbostratus - these are deep clouds that usually 

require strong upwards motion along the polar front through several 如lometers of 

atmosphere to form and persist. 

2) Deep convective and cumulus (congestus)- these are the two convective 

cloud types that may indicate vertical instability, and usually produce the heaviest 

precipitation of the three precipitating cloud types. 

3) Deep convective, nimbostratus, and cumulus - these cloud types cause 

most of the precipitation within rivers, and are usually indicative of strong forcing 

and rising motion, even if they are incapable of growing vertically. 

4) Stratocumulus and stratus - these are low level clouds, usually not 

associated with any strong forcing or rising motion. Unfortunately, the Cloud 

Class product handles stratus clouds very poorly. 

5) Altocumulus, altostratus, and cirrus - these are high clouds. 

The results are shown in Table 5.2. As seen in the case studies, deep clouds are a very 

common - but not ubiquitous - feature within atmospheric rivers. Most rivers possess 

enough forcing to support strong vertical water vapor transport. Convective activity has 

time dependence, particularly in the river' s later stages when frontal forcing weakens. 

High clouds are very common, as deep clouds (even well-developed shallow convection) 

will often create high clouds around their tops. 

5.4.3 Dee卫 Convection and TPW 

One finding from the CALJET experiment (Ralph 2004) was that the frequency of 

deep convection was related to the maximum TPW values within the rivers. They found 
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that rivers with higher TPW values form convection more often. This finding can be 

tested using CloudSat data. By categorizing the river observations by maximum TPW, 

and then finding the frequency of occurrence of deep convective clouds for each 

category, it is possible to see if the CALJET fmdings are apparent_ in the CloudSat 

dataset. Deep convection should occur most often in rivers with higher TPW (above 

40mm), and less common in rivers with minimal TPW. 

Table 5.3 shows the results of this process. The rivers were binned into four categories 

based on maximum TPW within the river: 20mm-30mm, 3 lmm-40mm, 41mm-50mm, 

and above 50mm. The frequency is the ratio of the number of rivers in each bin 

containing convection with the total number of rivers in that bin. The results indicate that 

convection is indeed probably related to maximum TPW values. Rivers with minimal 

TPW values rarely contain convection, and rivers with extremely high TPW values 

almost always contain convection (the "after" group had no cases of 50mm+ TPW). 
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Cloud Type frequency Cloud Type frequency 
convective 0.336957 conv: 0.361111 
nimbostratus 0 521739 ns: 0.555556 
cumulus 0.271739 cu: 0.333333 
stratocumulus 0.891304 sc: 0.833333 
stratus 。 st: 。altocumul us 0.728261 ac: 0.833333 
altostratus 0.913043 as: 0.972222 
cirrus 0 836957 ci 0.833333 

a) "all" group b) "before" group 

Clou d Type frequency Cloud Type frequency 
conv· 0 541667 conv: 0.15625 
ns : 0.541667 ns : 0.46875 
cu: 0.25 cu: 0.21875 
sc: 0.916667 sc: 0.9375 
st: 。 st: 。ac: 0.583333 ac: 0.71875 
as: 0.958333 1 as: 0.8125 
ci : 0.833333 ci 0.84375 

c) "best" g~oup d) "after" group 

Table 5.1) Frequency of occurrence of the eight cloud types within atmospheric rivers. 

Cloud Group frequencv Cloud Group frequency 
conv/ns: 0 76087 conv/ns: 0.777778 
conv/cu: 0.5 conv/cu: 0.555556 
conv/ns/cu: 0.847826 con v/ns/cu: 0.888889 
sc/st : 0 891304 sc/st· 0 833333 
ac/as/ci: 1 ac/as/ci: 1 

a) "all" gfOUp b) "before" group 

Cloud Group frequency Clou d Group frequency 
conv/ns: 0.916667 conv/ns: 0 625 
conv/cu: 0.625 conv/cu: 0.34375 
conv/ns/cu. 0.958333 conv/ns/cu: 0.71875 
sc/st : 0.916667 sc/st: 0.9375 
ac/as/ci : 1 ac/as/ci : 1 

c) "best" group d) "after" group 

Table 5.2) Frequency of occurrence of the five groups of cloud types within atmospheric 
nvers. 
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TPW bin freque ncv TPW bin freouencv 
conv freq for 20- conv freq for 20-
30mm 0.12 30mm 0.1 
conv freq for 30- conv freq for 30-
40mm 0.431 373 40mm 0.444444 
conv freq for 41- conv freq for 41-
50mm 0 833333 50mm 0.833333 
conv freq above conv freq above 
50mm 0.75 50mm 1 

a) "all" group ) "before" group 

TPW bin frequency TPW bin frequency 
conv freq for 20- conv freq for 20-
30mm 0.2 30mm 0.1 
conv freq for 30- conv freq for 30-
40mm 0.666667 40mm 0.222222 
conv freq for 41- conv freq for 41-
50mm 0 666667 50mm 1 
conv freq above conv freq ab ave 
50mm 1 50mm 。

c) "best" group d) "after" group 

Table 5.3) Frequency of occurrence of deep convective clouds by maximum river TPW. 
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Figure 5.3) The average cloud mask for all 92 river observations. 
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Figure 5.4) The average cloud mask for the 36 "before" observations. 
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Figure 5.6) The average cloud mask for the 32 "after" observations. 
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Figure 5. 7) Scatter plot of the width of the northern TPW gradient versus the horizontal 
width of the cloud band. 
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Figure 5.8) Scatter plot of the width of the northern TPW gradient versus the vertical 
height of the cloud band. 
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Figure 5.9) Scatter plot of the maximum TPW occurring within the river cross-section 
versus the horizontal width of the cloud band. 
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Figure 5.10) Scatter plot of the maximum TPW value within the river cross-section 
versus the vertical height of the cloud band. 
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6. CONCLUSIONS AND SUGGESTED FUTURE WORK 

6.1 Conclusions 

Atmospheric rivers are important meteorological features that affect both local weather 

and global climate. Though many river characteristics have already been studied 

extensively, such as wind patterns and moisture transport, cloud structure within rivers is 

less well understood. The goal of this proj ect was to examine vertical cloud structures 

within atmospheric rivers and their relationships with other meteorological variables. 

Knowledge of cloud structure would provide additional sources of verification for 

researchers and modelers, and may give operational forecasters another tool to 

distinguish between typical landfalling polar fronts and major record-setting precipitation 

events. 

From CloudSat observations, we find that the typical cloud structure within an 

atmospheric river is a spatially-enhanced variant of the classic "comma cloud" tail 

associated with midlatitude cyclones over land. While the high level cloud bands are 

similar in spatial extent in both rivers and land-based cyclones, the river's low-level 

cloud band is usually wider than the classic cyclone pre-frontal cloud band. The 

atmospheric river often contains regions of heavy precipitation and convection more than 

100km in horizontal extent. The majority of the convection takes the form of large 

thunderstorm clusters much wider than typical linear convective systems (typically about 
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10km in horizontal extent), though linear convection can also occur. Occasionally 

atmospheric rivers fail to produce deep clouds (greater than 5km in vertical extent) at any 

point in their life spans. This failure may often be related to the river' s moisture content, 

but there is at least one case of a river with average TP\V values failing to produce deep 

clouds. These cases will still produce at least a band of shallow convective clouds or mid­

level nimbostratus during ma皿i.ty. There were no cases of a river failing to produce 

clouds above the boundary layer at any time in their life spans. 

The cloud structure within atmospheric rivers changes over its lifespan of about three 

to five days. Unfortunately there may not be enough information in the present study to 

characterize clouds at the beginning of a river' s lifespan, but it is fairly clear that deep 

cloud formation occurs most frequently when the river is most intense; that is, when the 

river possesses its 比ghest TPW values (typically above 40mm) and well-defined 

moisture gradients (about 5mm/100km or greater). Late in the river' s lifespan the deep 

cloud band will erode, usually leaving a low level cloud band and sometimes a layer of 

high clouds composed of remnant lifted moisture. It should be noted that atmospheric 

rivers almost always possess some form of cloud features occurring within the river' s 

moisture axis. A completely cloud free river seems to be very rare at most. However, 

rivers do not always possess high-level cloud bands, even when the river is well­

developed and possessing high TPW values. 
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6.2 Suggested Future Work 

The most obvious method of improving the results of this project would be adding 

more observations to the current dataset. Adding more observations would give a better 

representation of variability occurring across multiple rivers. As shown in the case 

studies, rivers do not have a universal cloud structure, and the variability is highly 

noticeable even with the 22 river events during 2006/2007. There may be multiple 

different modes of cloud structure that could be identified with more sampling. This 

would also reduce biases caused by CloudSat' s narrow field of view, caused by poor 

representation of "lumpiness" in the cloud bands. More observations could also aid the 

time-evolution partitioning of the data. CloudSat sometimes misses rivers that are not 

oriented to intersect its field of view. This occurs most frequently with developing rivers, 

which can be little more than 2000km long and easily slip between CloudSat passes. In 

addition to this, observations of rivers in other ocean basins may help identify similarities 

or differences between atmospheric rivers occurring in places other than the northern 

Pacific. 

This project used AMSR-E derived precipitation as a complement to cloud 

measurements, but it is also possible to use the CPR measurements themselves to 

estimate precipitation occurring within rivers. The AMSR-E precipitation product has a 

25km or so spatial resolution, and this may miss very heavy localized precipitation 

common in convective systems. The CPR has a resolution on the order of a kilometer, so 

CloudSat would be able to detect heavy localized precipitation occurring along its orbital 

track. There was no CPR-derived precipitation available at the beginning of the project, 
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but at present there is such a product in the experimental phase. It should be available 

operationally in the near future. 

It would also be useful to add a wind component to the moisture and cloud 

observations. Atmospheric rivers are most importantly regions of high water vapor 

transport, and moisture transport requires both moisture and wind. Unfortunately, wind is 

a difficult meteorological variable to measure remotely, particularly in areas where thick 

precipitating clouds frequently occur over the feature of interest. Measuring surface 

winds near the river might be useful as a proxy for low level convergence along the polar 

front, but surface winds may not be indicative of the strength of the low level jet. The 

best way to obtain wind information would be the use of reanalyses and numerical 

models. There is currently work being done to retrieve wind within rivers, so it should be 

possible to include reliable wind estimates with moisture in the near future. 

The next useful step beyond simple cross-section averages would be expanding the 

preliminary river-relative coordinate systems presented in this project in order to place 

CloudSat observations in a better spatial and temporal context. The spatial coordinate 

system currently only covers the river 's cross-section, with little regard for positioning 

along the length of the moisture axis. However, as seen in the case studies, atmospheric 

rivers are not symmetric along their lengths. In particular, river cloud structure can be 

different at the river' s southern end, at the jun~tion between the river and the surface low, 

and near land. A spatial coordinate system along the river ' s length could help better 

separate observations so that different cloud-producing processes occurring along the 

river' s length are not crossed. The current temporal system has little regard for a river 's 

lifespan, and so it is probably biased by long-living rivers that receive more CloudSat 
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observations. A more useful temporal coordinate system would divide a river's lifespan 

into formation, maturity, and dissipation stages that use the river's features to divide up 

the data set (similar to how severe weather researchers currently classify tornadoes). This 

system should remove bias from long-lived rivers by normalizing for lifespan. 

This new coordinate system could be used in con」unction with other meteorological 

instruments to provide coverage of the river' s cloud structure between CloudSat' s 

observations. For example, the GOES imagers would be very useful in this respect. 

CloudSat can help interpret features appearing in the GOES imager data, and in tum 

GOES cah identify cloud features outside of CloudSat' s field of view. GOES could be 

used for identifying thunderstorm clusters which CloudSat might miss because of its 

narrow field of view and its 12hr temporal coverage (Aqua suffers the timing issue as 

well). It may also be possible to use GOES to link cloud structure within atmospheric 

rivers to the extratropical cyclone attached with the river. As stated previously, there is an 

observed com汜ction between latent heat within atmospheric rivers and the intensity of 

the cyclone itself, and the river's cloud structure may provide some insight into that. 

GOES may be able to detect potential river-induced intensification on a time-scale that is 

operationally useful. In the same way, other instruments can benefit from CloudSat 

observations and in turn fill the gaps in CloudSat's observations. 
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