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Extreme precipitation scaling with 
temperature depends on precipitation type

• Clausius Clapeyron (CC) relation shows how 
the saturation vapour pressure increases 
with temperature at a rate of ~7%/K.
• 99th percentile precipitation scales at ~ CC 

rate when the precipitation is stratiform
• Scaling is much higher when precipitation is 

convective.

From Park and Min 2017



Frequency of weather systems and their 
importance to extreme precipitation vary regionally

The proportion of 99th

percentile extreme 
precipitation events 
associated with fronts.

From Catto and Pfahl
(2013).

CATTO AND PFAHL: FRONTS AND PRECIPITATION EXTREMES

a)

b)

Figure 4. The proportion of 6-hourly ERA-Interim extreme precipitation events associated with fronts
(1979–2011) for (a) JJA and (b) DJF. Regions where the link between fronts and precipitation is not
statistically highly significant for that season are blanked out in white and high orography is blanked out
in grey.

high values seen in the SPCZ region that are not reflected
in the Northern Hemisphere. The ratio of warm and cold
front events is approximately 0.7 or 0.8 in most regions. The
midlatitudes have the highest proportion of extreme precip-
itation events associated with fronts at 76%, and the tropics
have the lowest at 31% as expected from the frequency of
fronts identified in these regions [Catto et al., 2012].

[17] In order to calculate the seasonal proportions of
extreme precipitation events associated with fronts, the 99th
percentile of precipitation is calculated for the seasons indi-
vidually. This gives only 120 extreme events per grid box
per season, making the field rather noisy. The proportion of
extreme precipitation events associated with fronts during
June, July, and August (JJA), and December, January, and
February (DJF) are shown in Figures 4a and 4b, respectively.
In the Northern Hemisphere the proportion of extreme pre-
cipitation events associated with fronts is much lower in JJA
than in DJF, as to be expected from the more frequent occur-
rence of fronts during the winter. The equatorward shift of
the extratropical storm tracks during the winter means there
is also a much larger proportion of extreme precipitation
events affected by fronts closer to the equator in the Northern
Hemisphere during DJF. The wintertime equatorward shift

of the maxima can also been seen in the Southern Hemi-
sphere in JJA (Figure 4a). In this season the SPCZ region
is a more prominent feature and there are high values to the
northwest of Australia. During summer (DJF), over much
of the Southern Ocean, the proportion of extreme precipi-
tation events associated with fronts is still as high as 90%,
similar to JJA. This is consistent with the observations that
the Southern Hemisphere storm tracks have much weaker
seasonality than in the Northern Hemisphere [Hoskins and
Hodges, 2005]. Over Australia, there is a higher proportion
of extreme precipitation events associated with fronts dur-
ing DJF than JJA, suggesting that fronts are a much more
important factor in extreme precipitation events during the
summer than winter.

3.3. Fronts Related to Extreme Precipitation Events
[18] The preceding analysis has shown that fronts are

important for extreme precipitation events. But how many
fronts have an influence on the extreme events? Figure 5
shows the proportion of fronts that influence extreme precip-
itation events. In the midlatitudes where the front frequency
is highest, only about 5–10% of fronts contribute to extreme
precipitation events (Figure 5a). A larger proportion of
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Does the extreme precipitation scaling with 
temperature depend on the storm type?

• Cyclones
• Identified using closed contours of MSLP (following 

Schwierz and Wernli)

• Fronts
• Based on Berry et al 2011/Hewson 1998 Thermal 

front parameter method.
• Now can be used on higher resolution datasets.
• Built in R and soon available to share.

• Thunderstorm proxy:
• Combine convective available potential energy 

(CAPE) and bulk wind shear from 0–6 km (S06)  -
Dowdy 2020. Trained on the WWLLN dataset.

• These three systems combined to give 7 weather system 
types from ERA5.

L
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combinations considered throughout this study (i.e., CO, FO, TO, CF, CT, FT and CFT). Occurrence frequencies 
for each of the storm combinations are shown, as well as how often they occur at the same location as an extreme 
precipitation or wind speed event. All analyses are based on 6-hourly values during the period 2005–2015, using 
a spatial grid of 0.75° throughout the region 70°N–70°S in latitude and globally in longitude. Precipitation and 
wind speed (wind gust at 10 m) are obtained from ERA-Interim reanalysis39, with extreme values defined here as 
being greater than the 99th percentile (calculated individually for each grid-cell using all available times). Further 
details on data and methods are provided in the Methods section.

The triple storm type (i.e., CFT) is the rarest of the seven different storm combinations (Fig. 1a), with the dou-
ble storm types also occurring relatively infrequently (7.7% for CF, 2.0% for CT and 3.0% for FT) as compared to 
the single storm types (8.8% for CO, 20% for FO and 9.8% for TO). However, even given the scarcity of the triple 
and double storms, these concurrent storm types collectively account for 50% of all extreme precipitation events 
(Fig. 1b) and 35% of all extreme wind events (Fig. 1c), highlighting the importance of the combined influence of 
different phenomena in causing extreme weather events.

Of the seven different types of storm combinations, the highest risk of an extreme precipitation event occur-
ring is associated with the triple storm type (CFT), given that they account for 8.7% of all extreme precipitation 
events despite occurring only 1.4% of the time. Similarly, the highest risk of an extreme wind event occurring is 
also associated with the triple storm type (CFT), accounting for 5.2% of all extreme winds events.

Variation with latitude. There is considerable variation with latitude in the occurrence frequencies of the 
storm combinations and their associated extreme weather events, as shown by the zonal-mean values presented 
in Fig. 2. The most common type of storm combination in the tropics is TO, while at higher latitudes the most 
common type is FO with the exception of the region around 60°S (near the Southern Hemisphere storm tracks 
around Antarctica) where the CO and CF types frequently occur (Fig. 2a).

Extreme precipitation (Fig. 2b) and wind speeds (Fig. 2c) are most frequently associated with the TO type in 
the tropics. In midlatitude regions, extreme precipitation and wind speeds are frequently caused by a wide range 
of different types (including CT, FT and CFT), despite the fact that the FO type occurs more frequently than any 
other storm type at these latitudes (Fig. 2a). At higher latitudes, the extreme weather events are most frequently 
associated with the CF type, particularly in the Southern Hemisphere, noting that extreme winds in the region 
50°S–60°S are also frequently associated with the CO type.

Environmental characteristics. Figure 3 examines the characteristics of the storm combinations as repre-
sented by frequency distributions of three atmospheric measures (based on ERA-Interim reanalyses39 as detailed 
in the Methods section): the Laplacian of geopotential at the 500 hPa pressure level (LapG500), the magnitude 
of the temperature gradient at the 700 hPa pressure level (GradT700) and convective available potential energy 
based on near-surface air parcels (CAPE). These atmospheric measures represent conditions that can indicate 
the potential occurrence of the three phenomena (i.e., LapG500 for cyclones, GradT700 for fronts and CAPE for 
thunderstorms) and are used here to examine the environmental conditions in the vicinity of cyclones, fronts and 
thunderstorms as represented by the seven different storm combinations.

The frequency distributions of the three atmospheric measures show clear variations between the different 
storm combinations, including for the concurrent storm types (i.e., the double and triple storm types). The upper 

Figure 1. Storm combinations and associated extreme weather. Occurrence frequencies of the seven 
different storm combinations are shown (a), as well as the proportion of extreme precipitation events associated 
with each storm combination (b) and the proportion of extreme wind events associated with each storm 
combination (c). The values shown (in %) represent the mean for the entire study region (70°N–70°S in latitude, 
globally in longitude) and time period (2005–2015), with the size of the coloured area shown for each storm 
combination being proportional to these values.



A quantile regression model is used to estimate scaling of 
99th percentile precipitation with dew point temperature

• Estimate scaling of 99th percentile of maximum 1-h precipitation within 6 hours from ERA5 with 
dew point temperature 

• Perform quantile regression for each storm type simultaneously. 
• Using DJF 1979-2020.

time
0h +6h-6h -3h +3h

precipitation

temperature

Mean dew point 
temperature over 6 hours

storm 
location



Scaling of precipitation extremes varies 
regionally and reveals land/sea contrasts
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Pink and red show where the 
scaling is above 10.2%/K.

Yellow where it is below 
3.4%/K.

Relatively high frequency of the 
front-only weather type over 
the North Atlantic and 
northwest Europe.



Thunderstorm extreme precipitation events 
scale at higher rate than others

−40 −30 −20 −10 0 10 20 30 40

40

50

60

DJF scale factor: TO

<

−6.8

−3.4

0.0

3.4

6.8

10.2

13.6

17.0

>

Sc
al

e 
fa

ct
or

 (%
/K

)

−40 −30 −20 −10 0 10 20 30 40

40

50

60

DJF frequency: TO & precip > 0.1mm

0

1

2

4

8

16

32

Fr
eq

ue
nc

y 
(%

)

−40 −30 −20 −10 0 10 20 30 40

40

50

60

DJF Scaling of {CT,FT,CFT,TO} vs. {CO,FO,CF}

−13.6

−6.8

0

6.8

13.6

Sc
al

e 
fa

ct
or

 (%
/K

)

−40 −30 −20 −10 0 10 20 30 40

40

50

60

DJF t−test: Scaling of {CT,FT,CFT,TO} vs. {CO,FO,CF}

0

0.1

1

5

10

100

p−
va

lu
e 

(%
)



Storm type is an important consideration in 
extreme precipitation scaling and impacts
• By using objective identification of a number of storm 

types we have shown that the scaling with dew point 
temperature of extreme precipitation depends on the 
storm type associated with the precipitation events.
• Need to further understand some of the patterns and 

differences.
• Next steps:

• Compare with the IMERG data
• Consider footprints of precipitation and the total 

volume associated with different storm types
• Consider future changes in the storms versus the 

precipitation scaling for the changes in precipitation 
extremes in future climates
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