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Extreme Precipitation

 

 

BOXING DAY FLOODING 2015 

The North of England experienced exceptional levels of rainfall during November and December 

2015. Parts of North West England and South West Scotland had 200% of the average rainfall in 

November (the UK overall figure was 113% of the average) and December was the second wettest on 

record according to the Met Office, with a number of locations having record breaking levels of rain 

Map of December 2015 rainfall showing variation from average  

 

       Source: The Met Office 

Storm Eva hit the UK on Christmas Eve bringing high winds and heavy rain to large areas of the 

Northern UK, further saturating the ground. This was quickly followed by a further Atlantic low 

pressure system (not a named storm) and it was this system which brought the very heavy rain on 

Christmas Day and Boxing Day. 

Position of low pressure system 26.12.15 

 
Source: Met Office 

Storm Eva 

Atlantic Low 

Pressure 

System 

exceptionally heavy rainfall in November and December 2015

26th December
rainfall of up to 120mm fell within 24 hours in the Lancashire
and Yorkshire areas
≈ average rainfall for the entire month of December (145mm)

Boxing-day floods in Leeds
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Extreme Precipitation and Climate Change

Is climate change a contributing factor to extreme precipitation?

How will precipitation extremes respond to future change in
climate?

We can gain some insights by:

1 looking into past: records of observed precipitation

2 predicting the future: model projection
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Analysis of observed precipitation extremes
extremes (“Duration of Precipitation Extremes”). The primary
focus is on the physical factors that control the intensity of
precipitation extremes in different climates. Open questions
are discussed throughout and in the “Conclusions and Open
Questions” section.

Observed Changes in Precipitation Extremes

Records of precipitation that are sufficient to detect long-term
trends in extremes are primarily from rain gauges over land.
Over the available record, there are regions with both increasing
and decreasing trends in precipitation extremes [1, 28], as might
be expected given large internal variability [25], but the grid
boxes or stations with significant increasing trends outnumber
those with significant decreasing trends [23, 91•].
Anthropogenic forcing has been shown to have contributed to
the intensification of precipitation extremes over northern hemi-
sphere land [53••, 95]. Assessments have also been made of the
effect of anthropogenic forcing on the probability of specific
extreme precipitation or flooding events using ensembles of
climate-model simulations [32, 63, 64•].

One approach that reduces the influence of unforced vari-
ability while still distinguishing large-scale variations is to
analyze the sensitivity of precipitation extremes averaged over
all stations or grid boxes in a latitude band [6, 91•]. Figure 1a
shows an example of this type of analysis in which annual-
maximum daily precipitation rates over land from the
HadEX2-gridded dataset [23] have been regressed over the
period 1901 to 2010 against temperature anomalies from
NOAA’s Merged Land-Ocean Surface Temperature Analysis
(MLOST) [80]. The precipitation rates are over land only, but
precipitation extremes do not necessarily scale with the local
land mean temperature because of advection of water vapor
from over the ocean such as in atmospheric rivers [21, 46], and
the temperatures used here are over both land and ocean. For
each grid box with at least 30 years of data, the annual-
maximum daily precipitation rates are regressed against the
global-mean surface temperature anomalies using the Theil-
Sen estimator, and the regression coefficient is divided by the
mean of the annual-maximum daily precipitation rate at the
grid box to give a sensitivity that is expressed in units of
percent per kelvin. The median of the sensitivities is then
calculated for all grid boxes in 15° latitude bands.1 The
resulting sensitivity is positive for most latitude bands, the
90 % confidence interval is above zero for all latitude bands

in the northern hemisphere, and the global sensitivity (averag-
ing over latitude bands with area weighting) is 8 % K−1 with a
90 % confidence interval of 5 to 10 % K−1. These results,
similar to those obtained previously [6, 91•], provide evidence
for an intensification of annual-maximum daily precipitation
as the global-mean temperature has risen over the last century
and at a rate that is roughly consistent with what might be
expected from theory. However, the meridional structure of
the sensitivities within the tropics is sensitive to the details of
the analysis (cf. [6, 91•]).

Extratropical precipitation extremes at a given latitude oc-
cur when the atmosphere is warmer than average and are more
closely tied to mean temperatures somewhat further equator-
ward [21, 61•, 62]. However, they are still expected to respond
primarily to changes in mean temperatures in the extratropics
rather than the tropics, and recent warming has been greater in
the northern extratropics than the tropics. The sensitivities
shown in Fig. 1a are based on global-mean surface tempera-
ture and do not account for the variation in warming with
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Fig 1 Sensitivities of observed annual-maximum daily precipitation over
land (solid lines with circles; dotted lines show the 90 % confidence
interval) in 15° latitude bands relative to a global-mean surface
temperature or b mean surface temperature over the 15° latitude band.
Precipitation is from HadEX2, sensitivities are calculated for grid boxes
with at least 30 annual values, and the median sensitivity is plotted for
each 15° latitude band. Temperatures are over land and ocean from
NOAA MLOST, and for b the temperature time series were smoothed
with a 9-year running-mean filter

1 The circles in Fig. 1 are plotted at the midpoints of the latitude bands.
There are relatively few grid boxes for some latitude bands, and higher-
latitude bands with little data are excluded. Uncertainty is estimated by
bootstrapping the years used at each grid box (1000 bootstrap samples are
generated) and then calculating a 90% confidence interval for the median
sensitivity in each latitude band (or averaged over several latitude bands).
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extremes (“Duration of Precipitation Extremes”). The primary
focus is on the physical factors that control the intensity of
precipitation extremes in different climates. Open questions
are discussed throughout and in the “Conclusions and Open
Questions” section.
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Records of precipitation that are sufficient to detect long-term
trends in extremes are primarily from rain gauges over land.
Over the available record, there are regions with both increasing
and decreasing trends in precipitation extremes [1, 28], as might
be expected given large internal variability [25], but the grid
boxes or stations with significant increasing trends outnumber
those with significant decreasing trends [23, 91•].
Anthropogenic forcing has been shown to have contributed to
the intensification of precipitation extremes over northern hemi-
sphere land [53••, 95]. Assessments have also been made of the
effect of anthropogenic forcing on the probability of specific
extreme precipitation or flooding events using ensembles of
climate-model simulations [32, 63, 64•].

One approach that reduces the influence of unforced vari-
ability while still distinguishing large-scale variations is to
analyze the sensitivity of precipitation extremes averaged over
all stations or grid boxes in a latitude band [6, 91•]. Figure 1a
shows an example of this type of analysis in which annual-
maximum daily precipitation rates over land from the
HadEX2-gridded dataset [23] have been regressed over the
period 1901 to 2010 against temperature anomalies from
NOAA’s Merged Land-Ocean Surface Temperature Analysis
(MLOST) [80]. The precipitation rates are over land only, but
precipitation extremes do not necessarily scale with the local
land mean temperature because of advection of water vapor
from over the ocean such as in atmospheric rivers [21, 46], and
the temperatures used here are over both land and ocean. For
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Sen estimator, and the regression coefficient is divided by the
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grid box to give a sensitivity that is expressed in units of
percent per kelvin. The median of the sensitivities is then
calculated for all grid boxes in 15° latitude bands.1 The
resulting sensitivity is positive for most latitude bands, the
90 % confidence interval is above zero for all latitude bands

in the northern hemisphere, and the global sensitivity (averag-
ing over latitude bands with area weighting) is 8 % K−1 with a
90 % confidence interval of 5 to 10 % K−1. These results,
similar to those obtained previously [6, 91•], provide evidence
for an intensification of annual-maximum daily precipitation
as the global-mean temperature has risen over the last century
and at a rate that is roughly consistent with what might be
expected from theory. However, the meridional structure of
the sensitivities within the tropics is sensitive to the details of
the analysis (cf. [6, 91•]).

Extratropical precipitation extremes at a given latitude oc-
cur when the atmosphere is warmer than average and are more
closely tied to mean temperatures somewhat further equator-
ward [21, 61•, 62]. However, they are still expected to respond
primarily to changes in mean temperatures in the extratropics
rather than the tropics, and recent warming has been greater in
the northern extratropics than the tropics. The sensitivities
shown in Fig. 1a are based on global-mean surface tempera-
ture and do not account for the variation in warming with
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Fig 1 Sensitivities of observed annual-maximum daily precipitation over
land (solid lines with circles; dotted lines show the 90 % confidence
interval) in 15° latitude bands relative to a global-mean surface
temperature or b mean surface temperature over the 15° latitude band.
Precipitation is from HadEX2, sensitivities are calculated for grid boxes
with at least 30 annual values, and the median sensitivity is plotted for
each 15° latitude band. Temperatures are over land and ocean from
NOAA MLOST, and for b the temperature time series were smoothed
with a 9-year running-mean filter

1 The circles in Fig. 1 are plotted at the midpoints of the latitude bands.
There are relatively few grid boxes for some latitude bands, and higher-
latitude bands with little data are excluded. Uncertainty is estimated by
bootstrapping the years used at each grid box (1000 bootstrap samples are
generated) and then calculating a 90% confidence interval for the median
sensitivity in each latitude band (or averaged over several latitude bands).
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(O’Gorman 2015)

data from rain gauges over land stations from 1910 to 2010

maximum daily precipitation rate at each grid box (station) for each
year in the record, Pmax(x, y, t)

global-mean surface temperature anomaly ∆T(t) from 1910 to 2010

regress Pmax(x, y, t) against ∆T(t), regression coefficient = m(x, y)

Sensitivity = m(x, y)/〈Pmax(x, y, t)〉t × 100%

averaged over the 15◦ latitude bands (median)
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Climate model prediction
humidity, with relatively small contributions from changes
in vertical velocities and precipitation efficiency [56, 70,
77]. The same behavior is found when convection is orga-
nized in a squall line [55•]. However, for temperatures be-
low 295 K, the precipitation efficiency can change substan-
tially with warming and the scaling of precipitation ex-
tremes then depends on the accumulation period considered
[77], as discussed in the “Duration of Precipitation
Extremes” section.

Climate-Model Projections

Climate models provide global coverage for precipitation ex-
tremes [39•, 84] and more detailed coverage on regional scales
[8•, 22, 36, 37]. They may be applied to different emissions
scenarios or individual radiative forcings [18, 35•, 38], and
they allow relatively straightforward investigations into the
role of dynamics and other factors that contribute to precipi-
tation intensity [24, 61•, 65, 83]. Important limitations in the
ability of current models to simulate precipitation extremes
have also been recognized and are related in part to the use
of parameterized convection [38, 43, 58, 89, 93].

Global models precipitate too frequently with too low a
mean precipitation intensity [20, 82], but this does not neces-
sarily mean that they underestimate the intensity of precipita-
tion extremes. For example, in an analysis of 30-year return
values of daily precipitation over the conterminous USA, most
global climate models were found to overestimate or roughly
agree with observations that were conservatively interpolated
to the model resolution for comparison [17]. (Appropriate
interpolation of precipitation is important because of mis-
matches in time and space scales between models and obser-
vations.) One exception was the Community Climate Model
System 3 which underestimated the 30-year return values
[17], and increased horizontal resolution [90] or use of
superparameterization [49] has been shown to improve the
representation of the intensity distribution of precipitation in
the Community Atmosphere Model versions 2 and 3. The
model bias of too-frequent precipitation mentioned above will
affect percentiles calculated over only wet days rather than all
days [9], even if the extreme events are properly simulated,
which suggests that calculating extremes using all days (or all
hours) is preferable for comparison of precipitation extremes
between models and observations.

Projections of twenty-first-century climate change with
global climate models show a general increase in the intensity
of precipitation extremes except in some regions in the sub-
tropics [38, 39•]. To illustrate basic features of the response,
Fig. 2 shows the sensitivity of the 99.9th percentile of daily
precipitation to warming as a function of latitude in simula-
tions with 15 global climate models from the Coupled Model
Intercomparison Project phase 5 (CMIP5). Sensitivities for

climate change (% K−1) are calculated as the change in the
99.9th percentile between the final two decades of the twenti-
eth century in the historical simulations and the final two
decades of the twenty-first century in the warmer RCP8.5
simulations, normalized by the value in the historical simula-
tions and the change in global-mean surface air temperature.2

Note that the sensitivities from observations in Fig. 1 and from
simulations in Fig. 2 should not be compared in detail, be-
cause of the different time periods, geographic coverage, and
measure of extreme precipitation used. We first discuss
the simulated response of extratropical precipitation ex-
tremes, followed by tropical precipitation extremes and
the use of observed variability to better constrain the
intermodel spread.

Extratropical Precipitation Extremes

The multimodel-median sensitivity is shown by the green line
with circles in Fig. 2, and the multimodel median of the sen-
sitivity averaged over the extratropics is 6 % K−1. A slightly
lower extratropical sensitivity of 5 % K−1 is obtained if it is
normalized by the change in extratropical-mean surface tem-
perature rather than global-mean surface temperature. The
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Fig 2 Sensitivity of the 99.9th percentile of daily precipitation to global-
mean surface temperature for climate change under the RCP8.5 scenario
in CMIP5 global climate-model simulations. Shown are the multimodel
median (green line with circles) and the full model range (dotted lines).
Also shown are sensitivities inferred by constraining the model
sensitivities using observations of tropical variability (black line) with a
90 % confidence interval obtained by bootstrapping as in [58] (gray
shading)

2 The model names and the exact time periods used are given in [58]. The
daily precipitation rates are first conservatively interpolated [17] to an
equal-area grid with constant spacing in longitude of 3°. Following
[61], the precipitation extremes in a given climate are calculated by ag-
gregating daily precipitation rates (over both land and ocean and includ-
ing dry days) at a given latitude and then calculating the 99.9th percentile.
Calculating the change in precipitation extremes at each grid box and then
taking the zonal average has been found to give similar results [65]. The
sensitivities are averaged over 10° latitude bands for presentation in
Fig. 2.
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(O’Gorman 2015)

climate-model simulations using a projected scenario of
greenhouse gas concentration into the 21st century (RCP8.5)

compare results across many different climate models (CMIP5)

large inter-model scatter in the Tropics⇒ results unreliable!
tropical precipitation depends strongly on small-scale processes
that are not resolved in model
results sensitive to parametrization of these subgrid-scale processes
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Parametrization

atmospheric states: continuous fields governed by differential
equations — describe motions on all scales. For example,

specific humidity field q(~x, t):
∂q
∂t

+~u·∇q = κ∇2q+S−C

weather/climate models: numerical solutions of a discrete version of
the governing differential equations on a grid
⇒ cannot describe processes below the grid scale
subgrid-scale processes affect the atmospheric state on large-scales

Parametrization: technique to represent the statistical effects of
subgrid-scale processes in terms of the resolved scales
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Subgrid-scale processes

typical resolution of climate models: horizontal ∼ 100 km
vertical ∼ 10 km

subgrid-scale processes
convective cloud ∼ 1 km
small-scale turbulent mixing ∼ 1 mm − 1 m
raindrops ∼ 1 mm
cloud droplets (form by condensation) ∼ 1 µm

(ECMWF)

Clic
k t

o b
uy N

OW
!PD

F-XChange Viewer

w
w

w.docu-track.c
om Clic

k t
o b

uy N
OW

!PD

F-XChange Viewer

w
w

w.docu-track.c

om

http://www.pdfxviewer.com/
http://www.pdfxviewer.com/


Condensation of water vapour

specific humidity of an air parcel:

Q =
mass of water vapor

total air mass

saturation specific humidity, qs(T)

Q =

{
qs if Q > qs (excessive moisture condensed)
Q if Q 6 qs

qs(T) decreases with temperature T , hence position dependent
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An idealised atmosphere

bounded domain: [0, π]× [0, π], reflective boundaries

qs(y) = qmax exp(−αy): qs(0) = qmax and qs(π) = qmin

resetting source: Q = qmax if parcel hits y = 0

large-scale cellular flow: ψ = sin x sin y; (u, v) = (−ψy, ψx)

small-scale turbulence: Brownian motion

qs(y)qmax qmin x

S : Q→ qmax
0 π

π
y
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Relative humidity

snapshot of parcels “Observation”
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relative humidity =
Q
qs

Observation: divide the domain into small bins and average over
parcels in each bin
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Parametrization of condensation

Governing equation for the specific humidity field q(x, y, t):

∂q
∂t

+ ~u · ∇q = κ∇2q + S− C

Numerical solution on a grid: q(i, j, tn) represents the average of
the many parcels within a grid box.
What should be the form of the condensation term C?

1 coarse-grained:

Cavg =
1
τ

[
q(i, j, t)− qs(j)

]
2 stochastic:

Cstoc =
1
τ

∫ qmax

qs(j)
(q′ − qs)Φ0(q′|i, j; tn) dq′
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Comparison of parametrization schemes: relative humidity

snapshot of parcels “Observation”
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