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Observations of the affects cloud base height, and precipitation 

rate have on the phase of precipitation in near freezing surface 

temperatures  

JAMES FEICCABRINO1 

ABSTRACT  

Surface air (TA), dew-point (TD) and wet-bulb (TW) temperature thresholds are used in 

hydrological models to determine if precipitation is rain or snow. It is preferential to use TA 

thresholds due to the widespread availability of the data compared to TD or TW.  TA, unlike TD 

and TW, does not take into account the important secondary role of humidity in the melting, 

evaporation, and sublimation processes.  However, the height of a cloud base above the ground 

could be used to give the depth of an unsaturated atmospheric layer which has much different 

melting, evaporation, and sublimation rates than a saturated cloud layer.  Cloud base height could 

therefore be used as a proxy for atmospheric humidity when using TA thresholds.  

Using hourly observations from 13 manually augmented meteorological stations in the mid-

western United States, surface TA thresholds were found to decrease as hourly precipitation rates 

increased from 1.1°C TA trace amounts to 0.0°C at 3.5 mm/hr and greater.  Surface AT thresholds 

for the following cloud bases were also found; 0.0°C for under 100 m, 0.6°C for 100 and 200 m, 

1.1°C for 300 and 400 m, 1.7°C for 500 and 600 m, and 2.2°C for 700-1000 m. These cloud height 

TA thresholds reduced misclassified precipitation from a single TA threshold (1.1°C) by 15% from 

14.6% to 12.5% total error. This is with-in 0.4% of TW error, indicating TA thresholds adjusted for 

cloud height may be used in place of TW and TD thresholds or when near surface moisture data is 

not included or available. 
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INTRODUCTION 

Hydrological models use precipitation phase determination schemes (PPDS) to assign 

precipitation measurements into the solid (snow) and or liquid (rain) phase.  There are many 

different PPDS, the most prevalent approach is to use surface air temperature (TA) (e.g. USACE, 

1956) due to TA and precipitation mass often being the only measured variables with  lengthy 

enough historical records, and their availability at most weather stations (Kane and Stuefer, 2015). 

These TA methods are not physically based as they do not incorporate physical processes occurring 

in the atmosphere through which precipitation falls (Thériault and Stewart, 2010) or the effects of 

humidity on latent heat transfer (Stewart, 1992). There are some hydrological models that attempt 

to account for atmospheric moisture in surface-based PPDS.  One approach is to use surface dew 

point temperature (TD) (e.g. Marks et al., 2013), the surface air temperature an air parcel would 

have to be cooled to in order to reach  saturation at a constant pressure without moisture exchange. 
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Another approach is to use surface wet bulb temperature (TW) (e.g. Matsuo et al., 1981), the 

temperature an air parcel would be cooled to by evaporation until saturation without exchange of 

sensible heat. 

This study uses 10 years of hourly precipitation observations from 13 manually augmented 

weather stations in the Great Plains and Mid-West of the United States (Fig. 1).  The weather stations 

were chosen both for having manual augmentation, which is rare in the United States, and for the 

regional landscape.  All stations are upwind or away from major water bodies in relatively flat areas 

in an attempt to limit geographical influences (addressed in Feiccabrino and Grigg, 2016). 
 

Station # Weather Station 

 

1 Columbus 

2 Des Moines 

3 Grand Forks 

4 Indianapolis 

5 Kansas City 

6 Louisville 

7 Madison 

8 Minneapolis 

9 Omaha 

10 Rockford 

11 Sioux Falls 

12 Saint Louis 

13 Wichita 

Figure 1: Weather Station Locations (Great Plains & Mid-West US) 

The parameters available and used from the hourly observations were; cloud height above ground 

(feet, converted to meters), precipitation/weather condition, precipitation mass (measured in inches), 

2 m air temperature (in 1.0°F, converted to °C), 2 m dew point temperature (in 1.0°F, converted to 

°C) and 2 m wet bulb temperature (in 1.0°F, converted to °C), and relative humidity (%).  

Observations were only included if the TA was between -2.2°C and 3.9°C. 

Rather than comparing skill (% of correct prediction compared to observed data), the errors that 

would have resulted from using TA, TD, and TW thresholds will be compared in the hopes of 

reducing future PPDS errors.  For an air temperature threshold (ATT) a snow event (S) is predicted 

for precipitation occurring if the observed temperature (T) ≤ ATT and a rain (R) event is predicted 

if T > ATT  (EQ 1).  In Equation 1, ATT can be substituted for dew-point temperature thresholds 

(DTT) and wet-bulb temperature thresholds (WTT), and T can be TA, TD or TW. 

 

S =1 for T≤ ATT  and  R = 1 for T > ATT EQ 1 
 

When using a PPDS, the modeled snow fraction (SFM) or observed snow fraction (SFO) can be 

calculated for different T using equation 2. 

 

   𝑺𝑭𝑴(𝑻) =
𝑺

𝑷𝑹+𝑺
                                                 EQ 2 

  
 

Finally, the % error (ƐTot) for a given PPDS can be found using equation 3. 

 



 

 

91 

 

 
EQ 3 

 

  

Figure 2: Red bars represent percent error for 
single air temperature thresholds 

Figure 3: Green bars represent percent error for 
single air temperature thresholds 

  

Figure 4: Blue bars represent percent error for 
single air temperature thresholds 

Figure 5: Percent error for each meteorological 
station (Fig 1) for ATT (red), DTT (green), and WTT 

(blue). 

When comparing ATT (Fig. 2), DTT (Fig. 3), and WTT (Fig. 4), TA and TD PPDS methods 

would result in very similar total error, while a TW method in this area would have just over 2% 

less misclassified precipitation than TA and TD methods.  In fact, WTT resulted in less misclassified 

precipitation than ATT and DTT for all 13 weather stations (Fig. 5). 

Unfortunately, TW and relative humidity, needed to calculate TW, are often not reported in 

observations. Therefore, it would be advantageous to find a method which uses the commonly 

reported TA value teamed with proxy values to imply what is most likely occurring in the lower 

atmosphere.  The possibilities tested in this study are 1.) if hourly precipitation rate, or 2.) if an 

increase or decrease of the depth of an unsaturated layer between the cloud and ground will affect 

the likelihood of snow at a given TA. 

RESULTS 

As the depth of the unsaturated layer between the cloud and ground increases, the ATT, or 

likelihood of snow in warmer temperatures increases (Table 1).  There is a fairly uniform increase 

in ATT with cloud height above the ground at least up to 800 m for all weather stations (Fig. 6). 

Above 800 m the fairly uniform increase in ATT is replaced by both an increase in uncertainty for 

ATTs between weather stations, and a general decrease in ATTs for these deeper unsaturated layers. 
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Table 1. Percent misclassified precipitation (% error) for air temperature thresholds (ATT) at given 

cloud base heights above the ground level.  Greyed in blocks indicate the ATT with the lowest % error, 

multiple shaded blocks for a given height indicate that there was less than 1% difference between the 

ATT with the lowest % error and another ATT. 

Cloud Ht in Ft -0.6°C 0.0°C 0.6°C 1.1°C 1.7°C 2.2°C 

100 9.09 6.23 11.95 23.64 39.48 50.39 

200 16.10 9.66 12.20 23.22 30.17 36.95 

300 23.82 16.05 12.07 20.46 31.16 37.99 

400 27.73 18.74 12.94 17.99 24.01 30.63 

500 32.16 24.46 16.07 18.05 24.27 28.93 

600 28.30 19.13 11.80 11.92 17.40 23.80 

700 29.08 19.96 14.70 12.82 17.86 23.18 

800 28.10 19.12 13.21 13.15 17.27 22.24 

900 31.12 21.79 14.52 13.00 14.58 18.21 

1000 28.76 19.04 15.38 13.38 15.25 19.37 

1100 30.25 19.85 15.76 12.71 15.44 18.28 

1200 29.74 18.95 14.77 11.56 11.27 15.55 

1300 30.40 22.51 14.86 11.43 11.31 14.17 

1400 30.55 21.79 14.19 9.29 10.11 12.21 

1500 31.15 22.66 15.18 10.86 8.85 10.86 

1600 35.84 25.41 19.29 12.67 8.69 9.35 

1700 34.18 25.86 18.44 13.02 10.67 12.30 

1800 35.19 26.39 17.38 11.59 9.23 10.30 

1900 36.25 26.75 19.75 13.50 11.75 10.75 

2000 34.93 25.34 16.44 12.79 9.82 8.45 

 

At individual stations, with the exception of weather station #2, ATT adjusted for cloud heights 

are improved from the % misclassified precipitation resulting from the use of a single unadjusted 

ATT (Fig. 7).  At 5 of 13 stations ATT adjusted for cloud heights results in less misclassified 

precipitation than the use of a WTT.  When looking at the average % misclassified precipitation for 

the 13 weather stations (Fig. 8), ATT adjusted for cloud height has the lowest standard deviation 

error bars indicating consistent results for all stations with only slightly more (0.4%) average 

misclassified precipitation than WTT. 

 

Figure 6: ATTs for individual stations in color with a thick black line indicating the ATT for a dataset of all 

precipitation events at all stations. 
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Figure 7: Percent misclassified precipitation for Air 

Temperature (red), Wet-Bulb (blue) and Air Temperature 

adjusted for Cloud Height (grey) thresholds compared for 

each of the 13 weather station (Fig 1). 

Figure 8: Average and standard deviations of 

% misclassified precipitation for air 

temperature, wet-bulb, dew-point, and air 

temperature adjusted for cloud height 

thresholds for 13 weather stations (Fig 1). 

 

When looking at changes in ATT with precipitation rate (Table 2) it is noticeable that 1.) As the 

precipitation rate increases, ATT decreases closer to 0.0°c. 2.) From the data, there is a much larger 

sample size of precipitation events resulting in 0.02 inches or less water equivalent per hour than 

for greater precipitation rates. 3.) Percent misclassified precipitation is much higher for the set of 

events with low hourly precipitation rates. 

 

Table 2. Percent misclassified precipitation (% error) for air temperature thresholds (ATT) for given 

hourly precipitation rates.  Greyed in blocks indicate the ATT with the lowest % error, multiple 

shaded blocks for a given precipitation rate indicate that there was less than 1% difference between the 

ATT with the lowest % error and another ATT. 

Inches / Hour -2.2°C -1.7°C -1.1°C -0.6°C 0.0°C 0.6°C 1.1°C 1.7°C 

0.00 58.3 49.2 40.2 32.0 23.1 18.2 16.3 17.0 

0.01 52.8 46.0 37.0 27.8 19.1 13.3 12.5 15.6 

0.02 51.7 45.9 37.6 30.6 21.2 11.8 11.0 14.9 

0.03 47.8 43.8 36.9 30.3 21.4 14.1 13.8 18.7 

0.04 43.5 39.9 34.5 27.8 20.2 11.7 11.9 16.8 

0.05 41.5 38.8 35.0 28.1 18.6 9.9 10.7 16.5 

0.06 38.9 34.6 30.6 24.1 16.8 11.8 12.9 18.8 

0.07 40.1 37.0 31.5 25.2 17.5 11.1 13.2 19.0 

0.08 37.9 34.8 31.4 29.0 18.8 11.9 13.3 17.4 

0.09 30.8 29.5 24.2 20.3 13.2 8.4 12.8 20.3 

0.10 34.3 29.1 26.0 22.4 13.1 9.0 10.1 16.8 

0.11 31.7 29.2 26.0 20.2 16.3 11.9 18.3 25.3 

0.12 26.8 23.9 19.6 19.6 13.8 11.6 15.9 26.8 

0.13 27.8 25.0 23.1 19.4 12.0 8.3 11.1 19.4 

0.14 25.9 25.9 22.4 17.8 12.1 13.2 15.5 21.3 

0.15 18.2 17.1 17.1 13.5 11.2 12.4 15.9 22.9 

0.16 31.0 31.0 31.0 23.8 11.9 19.0 19.0 19.0 

0.17 25.0 22.6 20.2 17.9 10.7 13.1 10.7 13.1 

0.18 34.2 34.2 32.5 28.9 13.2 13.2 13.2 18.4 

0.19 16.7 13.9 11.1 11.1 11.1 19.4 19.4 25.0 

0.20 18.2 18.2 18.2 13.6 9.1 0.0 18.2 22.7 
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DISCUSSION 

Most PPDS in hydrological models oversimplify or ignore the physical processes (e.g. collision 

and coalescence, evaporation, sublimation…) in the atmosphere that are important to both the 

forming and changing of phase of hydrometeors as they fall to the earth’s surface (reviewed in 

Feiccabrino et al., 2015).  These physical properties are often accounted for in the microphysical 

schemes used in meteorological models.  However, they are calculation intensive and much more 

atmospheric datum would need to be added if attempting to calculate these processes in a 

hydrological model.  Therefore, it would be useful apply the available surface data in a way that 

could give information about what is most likely happening in the lower atmosphere. 

In this study a useful relationship between ATT and the depth of the near surface unsaturated 

layer (the distance between cloud and ground) was found.  ATT was found to increase with 

increasing cloud base height from the surface (fog) to a depth of 800 m.  In prior studies e.g. Matsuo 

et al. (1981), ATT was found to increase as the relative humidity decreased.  In other words, the 

drier the atmosphere, the greater the chance of snow at warmer temperatures.  These two findings 

could be linked, as the greater the depth of the unsaturated layer between cloud and ground, the drier 

you would expect that atmospheric layer to be. 

The finding that ATT warms with increasing cloud base height also indicates that there are very 

different atmospheric processes controlling phase change between a saturated in cloud environment 

and an unsaturated environment between the cloud and ground.  Finding the reasoning and 

confirming that it agrees with current microphysical schemes in meteorology will take further work. 

Finding that ATT adjusted for cloud height lowered the misclassified precipitation from ATT to 

that of WTT is very useful.  It allows another option for improved PPDS in hydrological models.  

While reported cloud height measurements from weather station might be as scarce as relative 

humidity measurements, a nearby cloud height measurement could be applied to a station 

(depending on local topography) for the use of this method in the same way that Wayand et al. 

(2016) used mountain top air temperature measurements to correct PPDS in nearby mountain 

valleys. 

One unexpected finding in this work was the decrease in ATT with increased precipitation rates.  

Many papers report heavy snow possible in warm temperatures, but this finding went against the 

majority of papers written on the subject.  Perhaps the air temperature decreases quickly enough 

from evaporative processes to keep this from being noticed at the hourly scale. 
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