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NYTimes: “In a First Study of Pakistan’s Floods, Scientists See 
Climate Change at Work 
A growing field called attribution science is helping researchers rapidly assess the links 
between global warming and weather disasters.”
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Scientific American is much more careful…: “One-third of the country is 
underwater … Pakistan has received almost three times its average annual rainfall. 
Researchers say the catastrophe started with phenomenal heatwaves. …
temperatures above 40 °C for prolonged periods … Warmer air can hold more 
moisture … Scientists say several factors have contributed to the extreme event”
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Floods, Germany 2021. NYTimes: “It Is All Connected:  
Extreme Weather in the Age of Climate Change. The storm that 

brought flooding and devastation to parts of Europe is the latest 
example of an extreme weather event. More are expected.”
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Floods, Libya 2023, failed dams, Wadi Derna, ~20,000 dead

https://www.youtube.com/watch?v=Z12VgscvbTY&t=7s 

Heavy rainfall (up to 414 mm/day!) by storm Daniel led two dams in Libya to 
collapse, killing thousands of people and creating a massive humanitarian disaster. 
Reuters: “Climate change made 2023 Libya flooding 50 times more likely” 
Human error is another major element that led to the severity of the event 
https://abcnews.go.com/International/climate-change-1-main-factors-led-catastrophic-flooding/story?id=103306663 
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(Our focus here is on floods due to extreme precipitation rather than due to sea level rise)
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Outline 

A. Flood basics: types, causes, atmospheric rivers 
B. ➨ A global perspective on changes to the mean 

precipitation patterns in a warmer climate: 
1. Hadley cell weakening and expansion 
2. Wet getting wetter, dry getting drier 

C. ➨ Understanding the expected increase in extreme 
precipitation events in a warmer climate.
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Extreme precipitation and floods

Flooding on Forest Park Parkway in St. Louis after heavy rains.KMOX St. Louis

https://www.nytimes.com/article/flooding-climate-change.html 

“How Is Climate Change Affecting Floods?” 
“While extreme precipitation events are 
increasing due to climate warming, there is 
less evidence for an increase in floods.”

(NYTimes, a thoughtful article this time :-) 

https://www.nytimes.com/article/flooding-climate-change.html
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Ingredients contributing to flood development:  
A. Precipitation (especially intense, persistent, and large-area),  
B. Snowmelt,  
C. Topography (collecting precipitation from large areas and slopes leading to rapid flow), 
D. Soil wetness/saturation in the catchment area,  
E. Land-use changes, including urbanization/paved roads.  
F. Infrastructure failing, e.g., levee/dam breaking.
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How floods are measured 
• Stage height (the height of the water in a river relative to a specific point)  
• Flow rate (how much water passes by a specific location over a particular period). 
• Statistical characterization of the severity of a flood: “a 100-year flood,” a flood that 

has a 1 percent chance of striking in any given year

“How Is Climate Change Affecting Floods?” 
“While extreme precipitation events are 
increasing due to climate warming, there is 
less evidence for an increase in floods.”

(NYTimes, a thoughtful article this time :-) 
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Extreme precipitation and floods

The role of soil moisture in catchment area:  

“The probability of an upper 99th percentile discharge 
event (Q99%)  being associated with an upper 99th 
percentile precipitation event (P99%) across the 
contiguous United States.  

Wet (antecedence) is defined as a soil moisture 
wetness above the median, and dry (antecedence) is 
defined as below the median.” (Sharma et al 2018, 
Ivancic and Shaw 2015).

flooding, this argument clearly must be flawed at some level. Across all
regions in the contiguous United States (Figure 1) the probability of
observing extreme discharge given extreme precipitation is much less
than unity. Aggregated across all sites only 36% of extreme precipitation
events (in a probabilistic sense) lead to a corresponding extreme discharge
(Ivancic & Shaw, 2015). When the precipitation is conditioned on the
catchment being wet before the start of the event, this number increases
to 62% (blue bar), as contrasted with only 13% when the moisture
conditions before the storm are dry (pink bars). Clearly, as should be no
surprise to hydrologists, soil moisture modulates the flood response.
Increases in precipitation do not have to translate to increases in flooding,
and drying soil moisture conditions will reduce flood magnitudes.

2. Mechanisms

The primary problem in the conceptualization that precipitation increases
lead to increased flooding is that it assumes that catchment specific
conditions are invariant and streamflow is generated from precipitation
alone. In fact, floods are influenced by the location, pattern, duration
and rarity of precipitation, as well as the wetness state of the catchment
prior to the event, with the streamflow response dependent on the
hydraulic characteristics of the catchment, among other factors
(Andrés-Doménech et al., 2015; Johnson et al., 2016). Additionally, there
exist multiple flood types, with many of these (such as coastal floods)
attributable to factors independent of precipitation change (Zheng
et al., 2013).

There is evidence that increasing temperatures result in increased periods of drought (Dai, 2012) and drier
soils (Jung et al., 2010; Sheffield & Wood, 2008), reducing soil moisture at the onset of extreme precipitation
events. This would tend to decrease the flood magnitude (or lead to nonflood streamflow even given
extreme precipitation). Decreasing flooding in larger catchments may also be coupled with a shift to more
frequent, higher intensity but shorter convective storms (Lenderink & van Meijgaard, 2008; Molnar et al.,
2015; Wasko & Sharma, 2015), which may have smaller spatial extents (Peleg et al., 2018; Wasko et al.,
2016). Any shift in atmospheric circulation will result in changes in the dominant storm mechanism or
frequency of events, changing persistence characteristics, which will correspondingly change precipitation
extremes and antecedent conditions causing changes in flood magnitude as well (Hirsch & Archfield, 2015;
Lu et al., 2013; Mallakpour & Villarini, 2015; Wasko, Pui, et al., 2015), a point which imparts large uncertainty
in climate model simulations (Shepherd, 2014). Any of the above listed changes will affect flooding irrespec-
tive of the temporal or spatial scale considered (Pathiraja et al., 2012; Saft et al., 2016; Stephens et al., 2018).

Furthermore, warmer temperatures are causing earlier snowmelt (Blöschl et al., 2017; Trenberth, 2011),
which, coupled with decreased snowpack (Hamlet & Lettenmaier, 2007), appear to be associated with
decreases in flood magnitude (Vormoor et al., 2016). There is also evidence of rain on snow events changing
in their behavior, resulting in changed flood characteristics depending on elevation (Musselman et al., 2018).
Warmer temperatures have contributed to shifts in flood timing; for example, earlier seasonal peaks of soil
moisture are correlated to earlier seasonal flooding (Blöschl et al., 2017).

Changes in catchment characteristics can also reduce the streamflow response to a given precipitation event.
Increases in temperature can increase canopy storage capacity (Klamerus-Iwan & Błońska, 2018). Changes in
land cover (Liu et al., 2015) may lead to increased evapotranspiration (Huntington, 2006) in nonmoisture
limited environments (Huntington, 2006; Johnson & Sharma, 2010) and change the surface properties of
the catchment changing the conveyance of rainfall through the catchment. Urbanization not only changes
precipitation characteristics (J. M. Shepherd et al., 2002) but also changes catchment imperviousness and
roughness and hence the response to rainfall, which may lead to changes in flooding in a future climate.
For instance, in a study of changing flood response of over 14,000 U.S. catchments (Vogel et al., 2011), while

Figure 1. The probability of an upper 99th percentile discharge event (Q99%)
being associated with an upper 99th percentile precipitation event (P99%)
across the contiguous United States. Wet (antecedence) is defined as a soil
moisture wetness above the median, and dry (antecedence) is defined as
below the median. Reproduced from Ivancic and Shaw (2015).
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attributable to factors independent of precipitation change (Zheng
et al., 2013).

There is evidence that increasing temperatures result in increased periods of drought (Dai, 2012) and drier
soils (Jung et al., 2010; Sheffield & Wood, 2008), reducing soil moisture at the onset of extreme precipitation
events. This would tend to decrease the flood magnitude (or lead to nonflood streamflow even given
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2015; Wasko & Sharma, 2015), which may have smaller spatial extents (Peleg et al., 2018; Wasko et al.,
2016). Any shift in atmospheric circulation will result in changes in the dominant storm mechanism or
frequency of events, changing persistence characteristics, which will correspondingly change precipitation
extremes and antecedent conditions causing changes in flood magnitude as well (Hirsch & Archfield, 2015;
Lu et al., 2013; Mallakpour & Villarini, 2015; Wasko, Pui, et al., 2015), a point which imparts large uncertainty
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tive of the temporal or spatial scale considered (Pathiraja et al., 2012; Saft et al., 2016; Stephens et al., 2018).

Furthermore, warmer temperatures are causing earlier snowmelt (Blöschl et al., 2017; Trenberth, 2011),
which, coupled with decreased snowpack (Hamlet & Lettenmaier, 2007), appear to be associated with
decreases in flood magnitude (Vormoor et al., 2016). There is also evidence of rain on snow events changing
in their behavior, resulting in changed flood characteristics depending on elevation (Musselman et al., 2018).
Warmer temperatures have contributed to shifts in flood timing; for example, earlier seasonal peaks of soil
moisture are correlated to earlier seasonal flooding (Blöschl et al., 2017).

Changes in catchment characteristics can also reduce the streamflow response to a given precipitation event.
Increases in temperature can increase canopy storage capacity (Klamerus-Iwan & Błońska, 2018). Changes in
land cover (Liu et al., 2015) may lead to increased evapotranspiration (Huntington, 2006) in nonmoisture
limited environments (Huntington, 2006; Johnson & Sharma, 2010) and change the surface properties of
the catchment changing the conveyance of rainfall through the catchment. Urbanization not only changes
precipitation characteristics (J. M. Shepherd et al., 2002) but also changes catchment imperviousness and
roughness and hence the response to rainfall, which may lead to changes in flooding in a future climate.
For instance, in a study of changing flood response of over 14,000 U.S. catchments (Vogel et al., 2011), while

Figure 1. The probability of an upper 99th percentile discharge event (Q99%)
being associated with an upper 99th percentile precipitation event (P99%)
across the contiguous United States. Wet (antecedence) is defined as a soil
moisture wetness above the median, and dry (antecedence) is defined as
below the median. Reproduced from Ivancic and Shaw (2015).
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Figure 1. (a) Regional mean North American Drought Atlas (NADA) PDSI for Central and Southern California (33◦N to
38◦N and 118◦W to 125◦W; black line) and instrumental June through August NOAA Climate Division 4–7 PDSI (solid
red line) for the observational period 1895 to 2014 [Vose et al., 2014]. The JJA season is chosen to match the NADA
reconstruction target. Uncertainty (1𝜎) calculated as the root-mean-squared error from the residual fit of the NADA to
the instrumental series shown as the shaded gray region. The red line and star indicate the 2014 value. (b) Distribu-
tion of the composite NADA-NOAA JJA PDSI values for the period 800 to 2014. The 2014 value is indicated by the red
line and is labeled. (c) Long-term (800 to 2014) composite NADA-NOAA (black line) and instrumental (solid red line)
PDSI. The horizontal dashed red line and star indicate the 2014 value. Uncertainty on the composite calculated as the
root-mean-squared error from the residual fit of the NADA to the NOAA instrumental series shown as light (2𝜎) and dark
(1𝜎) shaded gray regions.

most of California below 38◦N and south of San Francisco Bay and has experienced the most historically
severe drought conditions (Figure S2). The first reconstruction is the North American Drought Atlas (NADA)
[Cook et al., 2004, 2010], a 2.5◦× 2.5◦ gridded continental-scale reconstruction of the June through August
(JJA) Palmer Drought Severity Index (PDSI) based on an extensive network of nearly 2000 tree ring chronolo-
gies. PDSI integrates precipitation and temperature into an estimate of available soil moisture. For the
western United States in particular the NADA displays strong calibration and verification statistics and
resolves between ∼40 and 60% of the variance in the target PDSI series over California [Cook et al., 2010]. We
extend the NADA tree ring PDSI reconstructions for Central and Southern California through the present by
using the latest NOAA climate division instrumental PDSI [Vose et al., 2014]. We also develop new tree ring
estimates of water year (October through June) precipitation in Central and Southern California through the
2014 growing season using updated and existing blue oak (Quercus douglasii) tree ring chronologies from
four sites. Blue oak tree ring chronologies have one of the strongest moisture signals of all the species used
for dendroclimatology [St. George, 2014], can resolve more that 80% of the local variability in precipitation
[Meko et al., 2011; Stahle et al., 2013], and reflect coherent large-scale rainfall anomalies over hundreds of
kilometers [Meko et al., 2011]. The data from the NADA provides a longer-term, highly replicated and inte-
grative moisture perspective on California drought, while the blue oak data are a unique and up-to-date
proxy source of local, precise, and highly sensitive precipitation information.

2. Methods

From the North American Drought Atlas [Cook et al., 2004, 2010] we extracted all the terrestrial grid points
in the range 33◦N to 38◦N and 118◦W to 125◦W for 800 to 2006 [Cook et al., 2004] and calculated the area
mean June through August (JJA) PDSI value. In order to maintain consistency with the NADA and make valid
seasonal comparisons to the current drought, we averaged California’s NOAA Climate Division 4 though 7
PDSI data [Vose et al., 2014] for June through August and scaled the NADA time series by the mean of the
observations and verified their standard deviations. Even prior to adjustment, these two time series are
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Figure 1. Topographic map of the western United States showing Pliocene lakes and other

sites where lacustrine deposits or fossil finds indicate wetter environments than today. Pollen

and megaflora fossils call for a drier environment than today at Oak Grove, but wetter at Cache

Valley and Sonoma (e.g., Minnich, 2007; Thompson, 1991; Thompson & Fleming, 1996; Wolfe,

1990). Abundant lacustrine sediment with fish fossils and pollen suggestive of moist environments

attest to a large lake, Lake Idaho, that had formed before 3.7 Ma and lingered until ⇠3 Ma (e.g.,

Forester, 1991; Leopold & Wright, 1985; G. R. Smith, 1987; G. R. Smith & Patterson, 1994;

Thompson, 1996). Diatoms, pollen, and ostracods attest to a wetter environment in Tulelake

than today (Adam et al., 1989, 1990; Thompson, 1991), but ostracods and other organisms in

lacustrine sediment dated to 4.8 at Alturas suggest little di↵erence from today (Forester, 1991).

Pliocene lacustrine sediment, in some cases with pollen, mega-plant fossils, and fossils of animals,

suggestive of environments wetter than those today, have been reported from numerous inland

sites: the Salt Lake Formation in Lake Bonneville cores (Davis & Moutoux, 1998; Kowalewska &

Cohen, 1998; Thompson, 1991) and Cache Valley (Brown, 1949; Thompson, 1991; Wolfe, 1990);

Rhodes Salt Lake, Clayton Valley, and Lakes Russell and Rennie (Reheis et al., 2002); Verde

Valley (Forester, 1991; Thompson, 1991); Donnelly Ranch (Hager, 1974; Thompson, 1991), Santa

Fe Group in the Rio Grande Rift (Bartolino & Cole, 2002; Brister & Gries, 1994; Connell et al.,

2013; Galusha & Blick, 1971)), and Hueco Bolson (Collins & Raney, 1994; Stuart & Willingham,

1984). Hay et al. (1986) used the chemistry of caliche and related deposits to infer marshland

and ponds in the Amargosa Desert, as did G.A. Smith (1994; G. A. Smith et al., 1993) for the

San Pedro Valley. A large lake occupied the Alamosa Basin throughout much of Pliocene and

Quaternary time (Machette et al., 2013). Knott et al. (2018) showed shorelines of a number of

Pliocene Lakes in the Death Valley-Owens Valley region: Lake Russell, the predecessor to Mono

Lake, Lake Manley, Owens, China, Searles Lakes, and other small lakes. Spencer et al. (2013)

reported widespread lacustrine sediment that seemed to occupy a series of early Pliocene lakes

(Blythe, Mojave, Havaus, and Hulapai) along the modern Colorado River valley in California-

Arizona. Petrified wood from the Anza Borrego Desert suggests a wetter climate there (Remeika

et al., 1988).
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Topographic map of the western US showing Pliocene lakes and other sites where lacustrine deposits or fossil finds indicate wetter 
environments than today. Pollen and megaflora fossils call for a drier environment than today at Oak Grove, but wetter at Cache Valley and 
Sonoma. Abundant lacustrine sediment with fish fossils and pollen suggestive of moist environments attest to a large lake, Lake Idaho, that had 
formed before 3.7 Ma and lingered until ~3 Ma. Diatoms, pollen, and ostracods attest to a wetter environment in Tulelake than today, but 
ostracods and other organisms in lacustrine sediment dated to 4.8 at Alturas suggest little difference from today. Pliocene lacustrine sediment, in 
some cases with pollen, mega-plant fossils, and fossils of animals, suggestive of environments wetter than those today, have been reported 
from numerous inland sites: the Salt Lake Formation in Lake Bonneville cores and Cache Valley; Rhodes Salt Lake, Clayton Valley, and Lakes 
Russell and Rennie; Verde Valley; Donnelly Ranch, Santa Fe Group in the Rio Grande Rift, and Hueco Bolson. The chemistry of caliche and related 
deposits were used to infer marshland and ponds in the Amargosa Desert, and for the San Pedro Valley. A large lake occupied the Alamosa Basin 
throughout much of Pliocene and Quaternary time. Shorelines of a number of Pliocene Lakes in the Death Valley-Owens Valley region: Lake 
Russell, the predecessor to Mono Lake, Lake Manley, Owens, China, Searles Lakes, and other small lakes. Widespread lacustrine sediment that 
seemed to occupy a series of early Pliocene lakes (Blythe, Mojave, Havaus, and Hulapai) along the modern Colorado River valley in California- 
Arizona. Petrified wood from the Anza Borrego Desert suggests a wetter climate there.
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Floods and Atmospheric Rivers (e.g., California 2023)
Wikipedia: “Atmospheric rivers are narrow corridors or filaments of concentrated moisture in the 
atmosphere. Typically thousands of km long and only a few hundred km wide. A single one can 
carry a greater water flux than the Earth’s largest river, the Amazon. There are typically 3–5 of 
these present within a hemisphere at any given time.” (https://en.wikipedia.org/wiki/Atmospheric_river)

FIG. 2. (a) Satellite-observed IWV and (b) GFS-analyzed IVT over the northeastern Pacific Ocean and western 
United States at 1800 UTC 8 Jan 2017. (c) Rainfall category (R-CAT; Ralph and Dettinger 2012) precipitation 
totals during 6–8 Jan 2017 and (d) USGS streamflow percentiles at 1500 UTC 9 Jan 2017.
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Ralph et al 2019Defining/ quantifying ARs: 

• IVT: vertically integrated water vapor transport  
• IWV: vertically integrated water vapor (precipitable water, the depth of water in a column of the 

atmosphere, if all water were precipitated as rain)  
An atmospheric river is, by definition, IVT ≥ 250 kg m−1s−1 and IWV ≥ 2.0 cm.

IVT = ∫ uq ρdz = − ∫ uq dp/g

IWV = ρ−1
w ∫ ρaq dz

https://en.wikipedia.org/wiki/Atmospheric_river
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Floods and Atmospheric Rivers (e.g., California 2023)
https://earthobservatory.nasa.gov/images/150804/atmospheric-river-

Jan 4, 2023

https://earthobservatory.nasa.gov/images/150804/atmospheric-river-lashes-california 

“pineapple express”

Atmospheric rivers occur regularly in wintertime, and 
they account for up to 50 percent of all rain and 
snow that falls in the western United States. 12 of 
them hit California in March 2023, causing floods 
and drought relief.

https://earthobservatory.nasa.gov/images/150804/atmospheric-river-lashes-california
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Atmospheric rivers occur regularly in wintertime, and 
they account for up to 50 percent of all rain and 
snow that falls in the western United States. 12 of 
them hit California in March 2023, causing floods 
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https://oceanservice.noaa.gov/facts/pineapple-express.html

https://earthobservatory.nasa.gov/images/150804/atmospheric-river-lashes-california
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Outline 

A. Flood basics: types, causes, atmospheric rivers 
B. ➨ A global perspective on changes to the mean 

precipitation patterns in a warmer climate: 
1. Hadley cell weakening and expansion 
2. Wet getting wetter, dry getting drier 

C. ➨ Understanding the expected increase in extreme 
precipitation events in a warmer climate.
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Climatological annual mean precipitation 
(mm/day) for 1979-2010.  
Global mean = 2.67 mm/day. (Climate Data Guide; D. Shea)

https://climatedataguide.ucar.edu/climate-data/gpcp-monthly-global-precipitation-climatology-project

Mean precipitation patterns & the Hadley circulation
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Climatological annual mean precipitation 
(mm/day) for 1979-2010.  
Global mean = 2.67 mm/day. (Climate Data Guide; D. Shea)

https://climatedataguide.ucar.edu/climate-data/gpcp-monthly-global-precipitation-climatology-project

Mean precipitation patterns & the Hadley circulation

Global map of Annual mean 
Evaporation minus precipitation 
ERA-40 Atlas; NASA & ECMWF

https://commons.wikimedia.org/wiki/File:Latitude_Longitude_Evaporation_minus_precipitation.jpg
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Mean precipitation patterns & the Hadley circulation

Global map of Annual mean 
Evaporation minus precipitation 
ERA-40 Atlas; NASA & ECMWF

https://commons.wikimedia.org/wiki/File:Latitude_Longitude_Evaporation_minus_precipitation.jpg

https://www.researchgate.net/figure/Schematic-of-the-Hadley-circulation-
Abbreviations-TTL-Tropical-tropopause-layer_fig1_322886947

The Hadley Cell/Circulation

The downward branch is 
associated with dry areas

https://www.researchgate.net/figure/Schematic-of-the-Hadley-circulation-Abbreviations-TTL-Tropical-tropopause-layer_fig1_322886947
https://www.researchgate.net/figure/Schematic-of-the-Hadley-circulation-Abbreviations-TTL-Tropical-tropopause-layer_fig1_322886947
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196 Chapter 12. Droughts

implications to global precipitation patterns.
Figure 12.6 shows contours of the streamfunction of the annually-

averaged, zonally-averaged meridional atmospheric circulation. The zonally-
averaged flow occurs along these contour lines. Blue/red colors show the
stream function evaluated for 1920–1940 and gray contours show it for
an RCP8.5 scenario, averaged over 2080–2100. Blue colors (and dash
gray contours) indicate counterclockwise flow and red shades (solid gray
lines) clockwise, so that the figure represents air rising over the equator and
sinking at around 30° north and south. The mass transport carried by the
atmospheric circulation between two streamfunction contours is equal to
the difference in the contour values. Therefore the total transport carried in
the southern hemisphere at about 12°S between a height of 2.5 km and 15
km is about 100 Sv, with a similar transport carried by the northern Hadley
cell.

Figure 12.6: Projected Hadley cell expansion under global warming. The
color shadings show the zonally-averaged atmospheric meridional overturn-
ing circulation evaluated by a climate model for 1920–1940. The contour
shading levels indicate the transport in Sverdrups (Sv, defined here as 109

kg/s). The gray lines show the same quantity for an RCP8.5 scenario,
averaged over 2080–2100. The solid black contour is the zero contour of
the 1920–1940 streamfunction, and the dashed black contour is that for
2080–2100.

Two main results are apparent when comparing the shading and gray
contours. First, the circulation is projected to weaken. The maximum and
minimum streamfunction values during 1920–1940 are 70 and �92 Sv,

Weakening and poleward expansion of the Hadley circulation 
Textbook section 12.6.1 (notes 12.3.1)

Figure 12.6: Projected Hadley cell expansion under global warming. Color shadings: the zonally-
averaged atmospheric meridional overturning circulation evaluated by a climate model for 1920–
1940. Contour shading levels: transport in Sverdrups (Sv, here 109 kg/s). Gray lines: same 
quantity for RCP8.5, averaged over 2080–2100. Solid black contour: zero contour of the 1920–
1940 stream-function, & dashed black contour is that for 2080–2100. 
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Weakening and poleward expansion of the Hadley circulation 
Textbook: “Hadley cell expansion and weakening”

Hadley weakening
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Weakening and poleward expansion of the Hadley circulation 
Textbook: “Hadley cell expansion and weakening”

Hadley weakening
The tropical near-surface atmospheric humidity increases by 6% per 1 °C of surface 
warming, assuming the relative humidity does not change, or by about 20% for a 3 °C 
warming. ➨ a moister boundary layer air ➨ the present-day upward tropical air mass 
transport would carry 20% more moisture out of the boundary layer. The surface evaporation 
rate is less sensitive to warming ➨ The boundary layer would dry out unless the Hadley cell 
transport weakens.
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Weakening and poleward expansion of the Hadley circulation 
Textbook: “Hadley cell expansion and weakening”

Hadley weakening
The tropical near-surface atmospheric humidity increases by 6% per 1 °C of surface 
warming, assuming the relative humidity does not change, or by about 20% for a 3 °C 
warming. ➨ a moister boundary layer air ➨ the present-day upward tropical air mass 
transport would carry 20% more moisture out of the boundary layer. The surface evaporation 
rate is less sensitive to warming ➨ The boundary layer would dry out unless the Hadley cell 
transport weakens.

The poleward expansion of the Hadley cells
An air parcel rising in the present climate at the equator and traveling poleward at an altitude 
of a few km is shifted by the Coriolis force to the right in the Northern Hemisphere, creating 
the subtropical upper-level westerly (eastward) tropospheric jet. The jet becomes stronger 
the further the air moves poleward, eventually becomes unstable, and breaks into weather-
scale motions, not allowing the jets to strengthen further and setting the poleward edge of 
the Hadley cell. The tropical lapse rate weakening in a warmer climate allows the Hadley cell 
to further expand poleward before becoming unstable. 
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Weakening and poleward expansion of the Hadley circulation 
Textbook: “Hadley cell expansion and weakening”

Hadley weakening
The tropical near-surface atmospheric humidity increases by 6% per 1 °C of surface 
warming, assuming the relative humidity does not change, or by about 20% for a 3 °C 
warming. ➨ a moister boundary layer air ➨ the present-day upward tropical air mass 
transport would carry 20% more moisture out of the boundary layer. The surface evaporation 
rate is less sensitive to warming ➨ The boundary layer would dry out unless the Hadley cell 
transport weakens.

The poleward expansion of the Hadley cells
An air parcel rising in the present climate at the equator and traveling poleward at an altitude 
of a few km is shifted by the Coriolis force to the right in the Northern Hemisphere, creating 
the subtropical upper-level westerly (eastward) tropospheric jet. The jet becomes stronger 
the further the air moves poleward, eventually becomes unstable, and breaks into weather-
scale motions, not allowing the jets to strengthen further and setting the poleward edge of 
the Hadley cell. The tropical lapse rate weakening in a warmer climate allows the Hadley cell 
to further expand poleward before becoming unstable. 

Caveat:
These mechanisms for both the weakening and expansion of the Hadley cell in warmer 
climates are partial and oversimplified. Additional factors in play in the Hadley cell weakening 
and expansion include changes to the atmospheric lapse rate, tropopause height, and more. 
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Mean precipitation  and evaporation  as 
a function of latitude. 
https://www.gfdl.noaa.gov/blog_held/13-the-strength-of-the-hydrological-cycle/

P E

Mean precipitation trends: Wet getting wetter, dry getting drier 
Textbook section 12.6.2 (notes 12.3.2)

https://www.gfdl.noaa.gov/blog_held/13-the-strength-of-the-hydrological-cycle/
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using the local rather than global-mean temperature
responses, but it is apparent that the CC increase in
vapor determines the basic structure of the response.

An increasing poleward moisture flux with increasing
temperature is explicitly assumed or is implicitly gen-
erated in most simple energy balance climate models in
which one tries to include the poleward moisture flux
(e.g., Nakamura et al. 1994) and has been remarked
upon in GCM global warming simulations since the in-
ception of this field (Manabe and Wetherald 1975). It is
reassuring but not surprising to find this behavior in the
comprehensive AR4 models as well.

The result for precipitation minus evaporation is

!!P " E# $ "! · !"!TF#. !5#

If one can remove %T from the derivative, assuming
that P " E has more meridional structure than %T, then
P " E itself satisfies CC scaling:

!!P " E# $ "!T!P " E#. !6#

The pattern of P " E is simply enhanced, becoming
more positive where it is already positive and more
negative where it is negative.

One expects this simple balance to be most relevant
over the oceans, where low-level relative humidity is
strongly constrained, as well as over well-watered land
regions. Over arid or semiarid land surfaces, changes in
mean low-level relative humidity are not constrained to
be small. In these regions, it is, rather, the runoff, P "
E, and the flux divergence that are constrained to re-
main small. The approximation in (5) can potentially
predict the unphysical result that P " E & 0 over land;
the modified version (6) has the accidental advantage in
this regard that it predicts that P " E will simply remain
small where it is already small.

Figure 6 shows the composited change in the zonal-
and annual-mean P " E and the change predicted by
(6). We use the zonal- and annual-mean change in the
surface air temperature, and simply assume that ' $
0.07 K"1 to predict a %(P " E) distribution for each

FIG. 6. The zonal-mean %(P " E) from the ensemble mean of
PCMDI AR4 models (solid) and the thermodynamic component
(dashed) predicted from (6). Results are shown from simulations
using the (a) 20C3M, (b) SRES A1B, and (c) 2(CO2 slab equi-
librium forcing scenarios.
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FIG. 6. Projected zonal mean change 
 from AR4 models (solid) and the 

thermodynamic component (dashed) 
predicted from (6). From simulations using 
the SRES A1B.  Held & Soden 2006

Δ(P − E)
Mean precipitation  and evaporation  as 
a function of latitude. 
https://www.gfdl.noaa.gov/blog_held/13-the-strength-of-the-hydrological-cycle/

P E

Mean precipitation trends: Wet getting wetter, dry getting drier 
Textbook section 12.6.2 (notes 12.3.2)
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➨Rich get richer, poor get poorer
IPCC AR5: The ‘wet-get-wetter’ and ‘dry-get-drier’ response that is evident at large scales over 
oceans can be understood as a simple consequence of a change in the water vapor content 
carried by circulations, which otherwise are little changed. Wet regions are wet because they 
import moisture from dry regions, increasingly so with warmer temperatures. section 7.6.2

Mean precipitation trends: Wet getting wetter, dry getting drier 
Textbook section 12.6.2 (notes 12.3.2)
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Figure 12.7: The ``wet getting wetter, dry getting dryer'' response to a warming
scenario.
(a) Zonally averaged surface temperature as a function of latitude during 1920–1940 (blue)
and 2080–2100 (red) in the RCP8.5 scenario. (b) The net surface warming as a function of
latitude. (c) Zonally averaged P� E for the same year ranges. (d) The change in P� E (solid)
vs its predicted structure based on equation 12.2 (dashed).

over-simplification of the fuller explanations explored in the recent scientific lit-
erature. Additional factors in play in the Hadley cell weakening and expansion
include changes to the atmospheric lapse rate, tropopause height, and others.

12.3.2 ``Wet getting wetter, dry getting drier'' projections

Figure 12.7c shows the time-mean zonally averaged precipitation minus evapo-
ration (P� E) as a function of latitude estimated for 1920–1940 (blue). It also
shows (red) the zonally averaged precipitationminus evaporation, projected for
the end of the 21st century, in response to the warming shown in panels a and b
under the RCP8.5 scenario. The general pattern is that in latitudes where P� E
is positive in the preindustrial climate, it becomes even more positive in the
warmer climate (“wet getting wetter”), while where it is negative, it becomes
even more so (“dry getting drier”).

DROUGHTS AND PRECIPITATION j 229

Why is the change to precipitation-evaporation in a warming scenario proportional to its mean 
value: ?δ(P − E) = αccδT × (P − E)

Global projections: Wet getting wetter, dry getting drier

rich

poor poor

mean precipitation                     expected change

Textbook section 12.6.2 (notes 12.3.2)
(Following Held and Soden, 2000)
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Why is the change to precipitation-evaporation in a warming scenario proportional to its mean 
value: ?δ(P − E) = αccδT × (P − E)

The two factors:
•  Northward moisture flux: the poleward air velocity times the atmospheric moisture times 

air density, integrated over height, in kg moisture per second per (east-west) meter. 
F(y)

•  precipitation minus evaporation, in kg moisture per second per m2P − E

are related via:   .  This is derived from the moisture budget of a slice of air: 

.

(P − E) = −
dF
dy

F(y) − F(y + Δy) − (P − E)Δy = 0

Global projections: Wet getting wetter, dry getting drier

-1---
0---

+1---

y + Δyy

F(y) F(y + Δy)
ocean

atmosphere

P − E

Figure 12.8: Atmospheric meridional moisture
flux and precipitation.
A schematic of moisture budget of a slice of the
atmosphere bounded by two latitudes y and yC �y,
used to derive the relation (12.1) between precip-
itation minus evaporation (green arrows) and the
convergence of the polewardmoisture fluxF.y/ (red).

To understand this interesting pattern of projected precipitation response
to warming, we examine the poleward transport of moisture by the atmosphere,
and its dependence on warming, and for now ignore zonal variations in the
related atmospheric variables. First, the precipitation minus evaporation as a
function of the northward distance y (say measured in m from the equator) is
related to the atmospheric polewardfluxofmoistureperunit distance in the east-
west direction, F.y/.This moisture flux is calculated as the poleward air velocity
times the atmospheric moisture times air density, integrated over height, and is
given in units of kilograms of moisture per second per meter. The relationship
between this moisture flux and precipitationminus evaporation (P� E, in units
of kg moisture per second per m2; when plotted as in Figure 12.7, one often
divides this flux by water density to convert the units to those of velocity, say
mm/day) may be written as

.P� E/ D �dF
dy

: (12.1)

This may be understood via Figure 12.8, describing the moisture budget of a
slice of atmosphere extending from y to yC �y. The moisture flux out of the
slice due to precipitation minus evaporation, per unit distance in the east-west
direction, is .P� E/�y. For the moisture content of the slice to be in a steady
state, the moisture flux carried by poleward winds into the slice at y, minus that
out of the slice at yC �y, minus the flux out of the slice due to precipitation
minus evaporation from the underlying ocean or land surface, should vanish.
This impliesF.y/ � F.yC �y/ � .P� E/�yD 0, and dividing by�y and using
the definition of a derivative, we find equation (12.1).

The poleward moisture flux F per unit distance in the east-west direction
is largely due to a poleward air volume flux per unit distance in the east-west
direction (m2 per second) in the lower atmosphere, where most of themoisture
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Figure 12.7: The ``wet getting wetter, dry getting dryer'' response to a warming
scenario.
(a) Zonally averaged surface temperature as a function of latitude during 1920–1940 (blue)
and 2080–2100 (red) in the RCP8.5 scenario. (b) The net surface warming as a function of
latitude. (c) Zonally averaged P� E for the same year ranges. (d) The change in P� E (solid)
vs its predicted structure based on equation 12.2 (dashed).

over-simplification of the fuller explanations explored in the recent scientific lit-
erature. Additional factors in play in the Hadley cell weakening and expansion
include changes to the atmospheric lapse rate, tropopause height, and others.

12.3.2 ``Wet getting wetter, dry getting drier'' projections

Figure 12.7c shows the time-mean zonally averaged precipitation minus evapo-
ration (P� E) as a function of latitude estimated for 1920–1940 (blue). It also
shows (red) the zonally averaged precipitationminus evaporation, projected for
the end of the 21st century, in response to the warming shown in panels a and b
under the RCP8.5 scenario. The general pattern is that in latitudes where P� E
is positive in the preindustrial climate, it becomes even more positive in the
warmer climate (“wet getting wetter”), while where it is negative, it becomes
even more so (“dry getting drier”).
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Why is the change to precipitation-evaporation in a warming scenario proportional to its mean 
value: ?δ(P − E) = αccδT × (P − E)

The two factors:
•  Northward moisture flux: the poleward air velocity times the atmospheric moisture times 

air density, integrated over height, in kg moisture per second per (east-west) meter. 
F(y)

•  precipitation minus evaporation, in kg moisture per second per m2P − E

are related via:   .  This is derived from the moisture budget of a slice of air: 

.

(P − E) = −
dF
dy

F(y) − F(y + Δy) − (P − E)Δy = 0
Also, assume  so thatδF/F = δq*/q* = αCCδT

.   Then,δF = αCCδT × F
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Figure 12.8: Atmospheric meridional moisture
flux and precipitation.
A schematic of moisture budget of a slice of the
atmosphere bounded by two latitudes y and yC �y,
used to derive the relation (12.1) between precip-
itation minus evaporation (green arrows) and the
convergence of the polewardmoisture fluxF.y/ (red).

To understand this interesting pattern of projected precipitation response
to warming, we examine the poleward transport of moisture by the atmosphere,
and its dependence on warming, and for now ignore zonal variations in the
related atmospheric variables. First, the precipitation minus evaporation as a
function of the northward distance y (say measured in m from the equator) is
related to the atmospheric polewardfluxofmoistureperunit distance in the east-
west direction, F.y/.This moisture flux is calculated as the poleward air velocity
times the atmospheric moisture times air density, integrated over height, and is
given in units of kilograms of moisture per second per meter. The relationship
between this moisture flux and precipitationminus evaporation (P� E, in units
of kg moisture per second per m2; when plotted as in Figure 12.7, one often
divides this flux by water density to convert the units to those of velocity, say
mm/day) may be written as

.P� E/ D �dF
dy

: (12.1)

This may be understood via Figure 12.8, describing the moisture budget of a
slice of atmosphere extending from y to yC �y. The moisture flux out of the
slice due to precipitation minus evaporation, per unit distance in the east-west
direction, is .P� E/�y. For the moisture content of the slice to be in a steady
state, the moisture flux carried by poleward winds into the slice at y, minus that
out of the slice at yC �y, minus the flux out of the slice due to precipitation
minus evaporation from the underlying ocean or land surface, should vanish.
This impliesF.y/ � F.yC �y/ � .P� E/�yD 0, and dividing by�y and using
the definition of a derivative, we find equation (12.1).

The poleward moisture flux F per unit distance in the east-west direction
is largely due to a poleward air volume flux per unit distance in the east-west
direction (m2 per second) in the lower atmosphere, where most of themoisture
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and 2080–2100 (red) in the RCP8.5 scenario. (b) The net surface warming as a function of
latitude. (c) Zonally averaged P� E for the same year ranges. (d) The change in P� E (solid)
vs its predicted structure based on equation 12.2 (dashed).
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erature. Additional factors in play in the Hadley cell weakening and expansion
include changes to the atmospheric lapse rate, tropopause height, and others.
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shows (red) the zonally averaged precipitationminus evaporation, projected for
the end of the 21st century, in response to the warming shown in panels a and b
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and its dependence on warming, and for now ignore zonal variations in the
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function of the northward distance y (say measured in m from the equator) is
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minus evaporation from the underlying ocean or land surface, should vanish.
This impliesF.y/ � F.yC �y/ � .P� E/�yD 0, and dividing by�y and using
the definition of a derivative, we find equation (12.1).
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Figure 12.7: Attempting to explain the global response of precipitation minus evaporation to a 
warming scenario. (a) Zonally-averaged surface temperature as a function of latitude during 1920–
1940 (blue) and 2080-2100 (red) in the RCP8.5 scenario. (b) The net warming as a function of 
latitude. (c) Zonally averaged P − E for the same year ranges. (d) The change in P − E (solid) vs 
its predicted structure based on equation 12.2 (dash). 
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Figure 12.7: The ``wet getting wetter, dry getting dryer'' response to a warming
scenario.
(a) Zonally averaged surface temperature as a function of latitude during 1920–1940 (blue)
and 2080–2100 (red) in the RCP8.5 scenario. (b) The net surface warming as a function of
latitude. (c) Zonally averaged P� E for the same year ranges. (d) The change in P� E (solid)
vs its predicted structure based on equation 12.2 (dashed).

over-simplification of the fuller explanations explored in the recent scientific lit-
erature. Additional factors in play in the Hadley cell weakening and expansion
include changes to the atmospheric lapse rate, tropopause height, and others.

12.3.2 ``Wet getting wetter, dry getting drier'' projections

Figure 12.7c shows the time-mean zonally averaged precipitation minus evapo-
ration (P� E) as a function of latitude estimated for 1920–1940 (blue). It also
shows (red) the zonally averaged precipitationminus evaporation, projected for
the end of the 21st century, in response to the warming shown in panels a and b
under the RCP8.5 scenario. The general pattern is that in latitudes where P� E
is positive in the preindustrial climate, it becomes even more positive in the
warmer climate (“wet getting wetter”), while where it is negative, it becomes
even more so (“dry getting drier”).
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The change to precipitation-evaporation in a warming scenario proportional to its mean value: 
δ(P − E) = αccδT × (P − E)

δT

(P − E) δ(P − E)
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Outline 

A. Flood basics: types, causes, atmospheric rivers 
B. ➨ A global perspective on changes to the mean 

precipitation patterns in a warmer climate: 
1. Hadley cell weakening and expansion 
2. Wet getting wetter, dry getting drier 

C. ➨ Understanding the expected increase in extreme 
precipitation events in a warmer climate.
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6 (b) Extreme precipitation in weather station data

Discuss attribution consequences of workshop results
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Increase in extreme precipitation events in warmer climate 
Textbook section 12.6.3 (notes 12.3.3)

Estimate the increased precipitation rate in extreme events, : (O’Gorman & Schneider, 2009) Pe
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• As an air parcel rises beyond the lift condensation level (LCL) a further decrease in the 
saturation specific humidity leads to condensation whose rate is equal to the rate of decrease 
in the saturation specific humidity of the parcel, . −dq*/dt

• The contribution to surface precipitation rate is , where  is the “precipitation 
efficiency,” the fraction of the condensed water that precipitates to the ground, vs re-
evaporated or horizontally transported away.
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Estimate the increased precipitation rate in extreme events, : (O’Gorman & Schneider, 2009) Pe

• As an air parcel rises beyond the lift condensation level (LCL) a further decrease in the 
saturation specific humidity leads to condensation whose rate is equal to the rate of decrease 
in the saturation specific humidity of the parcel, . −dq*/dt

• The contribution to surface precipitation rate is , where  is the “precipitation 
efficiency,” the fraction of the condensed water that precipitates to the ground, vs re-
evaporated or horizontally transported away.

−ϵpdq*/dt ϵp

• Next, . Denote  (negative for a rising air). 
Remember that as the moisture in the parcel condenses, latent heat is released and moist 
static energy is conserved, so we need to take the derivative  at a constant MSE. 

dq*/dt = (dq*/dp) × (dp/dt) ω = dp/dt

dq*/dp
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• The total extreme precipitation rate at the surface is then the vertical integral over the 
precipitation efficiency times the condensation rate, written as
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• As an air parcel rises beyond the lift condensation level (LCL) a further decrease in the 
saturation specific humidity leads to condensation whose rate is equal to the rate of decrease 
in the saturation specific humidity of the parcel, . −dq*/dt

• The contribution to surface precipitation rate is , where  is the “precipitation 
efficiency,” the fraction of the condensed water that precipitates to the ground, vs re-
evaporated or horizontally transported away.
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• Next, . Denote  (negative for a rising air). 
Remember that as the moisture in the parcel condenses, latent heat is released and moist 
static energy is conserved, so we need to take the derivative  at a constant MSE. 

dq*/dt = (dq*/dp) × (dp/dt) ω = dp/dt

dq*/dp

• The total extreme precipitation rate at the surface is then the vertical integral over the 
precipitation efficiency times the condensation rate, written as
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dq*(T, p)

dp
MSE

{ ⋅ }
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➨Three possible factors can lead to a change in extreme precipitation in a warmer climate. 
First, the precipitation efficiency may change due to cloud microphysical effects.
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➨Three possible factors can lead to a change in extreme precipitation in a warmer climate. 
First, the precipitation efficiency may change due to cloud microphysical effects.
Second is the vertical velocity during extreme precipitation events (dynamical component). It may 
be due to wind over a mountain, to vertical velocities in mid-lat weather systems, or to updrafts in 
convection with a small horizontal length scale of a few hundred meters to a few kilometers.
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then the vertical integral over the precipitation efficiency times the condensation rate,

, where  and  is the precipitation efficiencyPe = − ϵp × ω ×
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ω = dp
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➨Three possible factors can lead to a change in extreme precipitation in a warmer climate. 
First, the precipitation efficiency may change due to cloud microphysical effects.
Second is the vertical velocity during extreme precipitation events (dynamical component). It may 
be due to wind over a mountain, to vertical velocities in mid-lat weather systems, or to updrafts in 
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Third is the thermodynamic component, which may be written somewhat less cryptically as
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∂p

MSE

.
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The final factor here is related to the moist adiabatic 
lapse rate  taken at a constant MSE,               ∂T/∂z

where  can be calculated from the exponential dependence of the pressure on height.∂z /∂p

∂T
∂p

MSE

=
∂T
∂z

MSE

∂z
∂p

,
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The final factor here is related to the moist adiabatic lapse rate @T=@z taken at a
constant MSE, which was calculated in section 7.2,

@T
@p

ˇ̌
ˇ̌
MSE

D @T
@z

ˇ̌
ˇ̌
MSE

@z
@p

;

where@z=@p can be calculated from the exponential dependence of the pressure
on height (section 7.2).

Figure 12.10 compares the above two attempts to estimate changes to
extreme precipitation rates as a function of warming: the saturation specific
humidity (blue) and the thermodynamic component of the above estimate,
dq⇤.T; p/=dp at a constant MSE (orange), both drawn as a function of tem-
perature. The thermodynamic component clearly shows a smaller sensitivity to
temperature than the straightforward scaling based on the saturation specific
humidity.This explains whymodel projections for extreme precipitation events
away fromthe tropics seemtobe somewhat less dramatic thanmightbe expected
from pure Clausius-Clapeyron scaling (red vs gray curves in Figure 12.9d).
Recent studiesmaking amore careful use of expression 12.3, by carrying out the

Figure 12.10: Two estimates for the dependence of extreme precipitation rates on
temperature.
One is based on the saturation specific humidity (Clausius-Clapeyron scaling, blue) and the
otheron the thermodynamic componentof the estimate fromequation (12.3).Theorange curve
is scaled by a constant factor to have the same value as the blue one at the lowest temperature
plotted.

DROUGHTS AND PRECIPITATION j 237

Figure 12.10: Two estimates for the dependence of extreme precipitation rates on temperature. 
One is based on the saturation specific humidity (Clausius-Clapeyron scaling, blue) and the other on 
the thermodynamic component of the estimate from equation (12.3). The orange curve is scaled by a 
constant factor to have the same value as the blue one at the lowest temperature plotted. 

Clausius-Clapeyron

O’Gorman-Schneider
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Figure 12.10: Two estimates for the dependence of extreme precipitation rates on temperature. 
One is based on the saturation specific humidity (Clausius-Clapeyron scaling, blue) and the other on 
the thermodynamic component of the estimate from equation (12.3). The orange curve is scaled by a 
constant factor to have the same value as the blue one at the lowest temperature plotted. 

Clausius-Clapeyron

O’Gorman-Schneider

Bottom line: the amplitude of extreme precipitation 

events varies with Clausius Clapeyron at ~6% per degree 

warming or slower. At 3 °C and beyond, this can lead to a 

>20% effect and be very significant. However, with 1.2 °C 

warming so far, this is not a huge effect, and, therefore, 

cannot be expected to be the reason for every major flood 

that is being observed.
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The SREX (Seneviratne et al., 2012) assessed low confidence for observed changes in the 
magnitude or frequency of floods at the global scale. This assessment was confirmed by AR5 
(Hartmann et al., 2013). The SR1.5 (Hoegh-Guldberg et al., 2018) found increases in flood 
frequency and extreme streamflow in some regions, but decreases in other regions. While the 
number of studies on flood trends has increased since AR5, and there were also new analyses 
after the release of SR1.5 (Berghuijs et al., 2017; Blöschl et al., 2019; Gudmundsson et al., 2019), 
hydrological literature on observed flood changes is heterogeneous, focusing at regional and 
subregional basin scales, making it difficult to synthesize at the global and sometimes regional 
scales. The vast majority of studies focus on river floods using streamflow as a proxy, with limited 
attention to urban floods. Streamflow measurements are not evenly distributed over space, with 
gaps in spatial coverage, and their coverage in many regions of Africa, South America, and parts 
of Asia is poor (e.g., Do et al., 2017), leading to difficulties in detecting long-term changes in floods 
(Slater and Villarini, 2017). 

Peak flow trends are characterized by high regional variability and lack overall statistical 
significance of a decrease or an increase over the globe as a whole. Of more than 3500 
streamflow stations in the USA, central and Northern Europe, Africa, Brazil, and Australia, 7.1% 
stations showed a significant increase, and 11.9% stations showed a significant decrease in 
annual maximum peak flow during 1961–2005 (Do et al., 2017). This is in direct contrast to the 
global and continental scale intensification of short-duration extreme precipitation (Section 11.4.2).
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plt.plot([PRECT_percentile_2080_2100,PRECT_percentile_2080_2100],[0,120] \
,color="r",lw=1)

plt.xlim(-10,140);
plt.ylim(75,101)
plt.grid(lw=0.25)
plt.xlabel("Precipitation (mm/day)")
plt.ylabel("CDF (%)")
plt.title("(c)",loc="left",fontsize=fontsize)

# ---------------------------------------------------------------------
# plot fractional extreme precipitation change per degree warming:
# ---------------------------------------------------------------------
plt.subplot(2,2,4)

mygray=[0.7, 0.7, 0.7]
DeltaP_percent=100*(extreme_precip_avg_2080_2100-extreme_precip_avg_1920_1940) \

/extreme_precip_avg_2080_2100
plt.plot(lat,DeltaP_percent/Delta_extreme_TS,color="r",lw=1,label="RCP8.5")
p_s=1013
dT_warming=1
dq_sat_dT_CC_percent=calc_dq_sat_dp_CC_percent(extreme_precip_avg_TS_2080_2100)
plt.plot(lat,dq_sat_dT_CC_percent,color=mygray,linestyle="-",label="C-C")

plt.xticks(np.arange(-90,120,30))
plt.xlim(-75,75)
plt.ylim(2,11)
plt.grid(lw=0.25)
plt.ylabel("Precipitation change (% K$^{-1}$)");
plt.xlabel("Latitude");
plt.legend(loc="upper left")
plt.title("(d)",loc="left",fontsize=fontsize)

plt.tight_layout(pad=0);
plt.subplots_adjust(hspace=0.25,wspace=0.25)

(d) Optional extra credit: Plot the Clausius-Clapeyron scaling for the expected increase in
extreme precipitation rates with temperature, based on the dependence of the saturation
specific humidity on temperature T, from 230 K to 320 K. Superimpose the dependence of
the thermodynamical component of equation 12.3, normalized to have the same value as the
Clausius-Clapeyron scaling at T =230 K. Discuss the difference between the two estimates.
Why are these estimates less relevant in the tropics?

[9]: # calculate two scaling for a linear range of temperature to compare to
# OGorman and Schneider 2009 Fig 6:
def calc_dq_sat_dp_MSE(TS):

# calc O'Gorman and Schneider scaling as function of TS:
dq_sat_dp_MSE=0.0*TS
dp=-1 # hPa (same as mb)

plt.legend()
plt.xlim(230,320)
plt.grid(lw=0.25)
plt.xlabel("Temperature (K)")
plt.tight_layout();

8. Bucket model for soil moisture:
(a) Run the bucket model with a precipitation rate of P1 =2.2 m/yr and then P2 =1.8 m/yr.
Plot W(t) and P−E as a function of time. Why doesn’t the soil completely dry when the
precipitation rate is decreased from the value P1 that led to the first equilibrium to the lower
value P2? Describe and explain the stages seen in the solution time series.

[10]: ########################################################################
# functions
########################################################################

# saturation specific humidity:
def q_sat(T,P):

# saturation specific humidity (gr water vapor per gram moist air):
# inputs:
# T: temperature, in K
# P: pressure, in mb

R_v = 461 # Gas constant for moist air = 461 J/(kg*K)
R_d = 287 # Gas constant 287 J K^-1 kg^-1
TT = T-273.15 # Kelvin to Celsius
# Saturation water vapor pressure (mb) from Emanuel 4.4.14 p 116-117:
ew = 6.112*np.exp((17.67 * TT) / (TT + 243.5))
# saturation mixing ratio (gr water vapor per gram dry air):
rw = (R_d / R_v) * ew / (P - ew)
# saturation specific humidity (gr water vapor per gram moist air):
qw = rw / (1 + rw)
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E. Future projections of stronger precipitation extremes are still robust.
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The End


