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~ & ™apd-climate dynamics

Oceans (2/3) Land (1/3)

" N

Mean global climate properties are often discussed: But they
are strongly affected by the ocean response and may not be
relevant to understand land climate (!)
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Temperature trends (ERA-interim, HadCRUT4) No pause in the increase of hot
temperature extremes

Sonia I. Seneviratne, Markus G. Donat, Brigitte Mueller and Lisa V. Alexander

Observational data show a continued increase of hot extremes over land during the so-called global
1.0 -  — TXP95_|—B ndr E-Int warming hiatus. This tendency is greater for the most extreme events and thus more relevant for
Tm Glob. E-Int impacts than changes in global mean temperature.
— r
mmm Tm_Glob, HadCRUT4 A

Tx95p (ERA-INt)
Tm_Glob (ERA-Int)
Tm_Glob (HadCRUT4)

Temperature anomaly (°C)
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Year

(Seneviratne et al., 2014, Nature Climate Change)
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Temperature trends (ERA-interim, HadCRUT4) No pause in the increase of hot
temperature extremes

Sonia |. Seneviratne, Markus G. Donat, Brigitte Mueller and Lisa V. Alexander

Observational data show a continued increase of hot extremes over land during the so-called global
1.0 -  — TXPQE_Lﬂndr E-Int warming hiatus. This tendency is greater for the most extreme events and thus more relevant for
Tm_G |0b, E-Int impacts than changes in global mean temperature.
mmm Tm_Glob, HadCRUT4 A

05 - mmmmm [X95p (ERA-IN)
o = | M_Glob (ERA-INt)
g mmm  TM_Glob (HadCRUTA4)

No pause in hot extremes over land, should have we cared that
much about the “hiatus™?
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(Seneviratne et al., 2014, Nature Climate Change)
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s Globarelimate.vs land climate

Responses derived based on global climate do not
necessarily apply on land: Need for specific
consideration of land-climate dynamics
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Climate.ys land climate

Responses derived based on global climate do not
necessarily apply on land: Need for specific
consideration of land-climate dynamics

Other example: The “dry gets drier, wet gets wetter”
paradigm
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GLOBAL WARMING

behaving the same way.
= After comparing the magnitude and geo-
Th e G I'e e n h 0 USE |S M a kl n g th e graphical pattern of salinity change in models
and in the real world, Durack and colleagues

Wate r' Poo r Eve n Poo re r concluded that the water cycle had sped up

roughly 4% while the surface warmed 0.5°C.
How bad will global warming get? The ques- face floats under the Argo program. Argo That 8% increase per degree of warming is

And wet places
getting wetter can lead to more severe and
more frequent flooding. Dry places getting

drier would mean longer and more intense :
(Kerr 2012, Science)
droughts.
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S e The “Urygefs drief, Wetgets-wetter” paradigm

GLOBAL WARMING behaving the same way.
After comparing the magnitude and geo-

The G reenhouse |S Ma king the graphical pattern of salinity change in models

and in the real world, Durack and colleagues

Wate r' Poo r Eve n Poo re r concluded that the water cycle had sped up

roughly 4% while the surface warmed 0.5°C.
How bad will global warming get? The ques- face floats under the Argo program. Argo That 8% increase per degree of warming is

And wet places
getting wetter can lead to more severe and
more frequent flooding. Dry places getting
drier would mean longer and more intense

droughts (Kerr 2012, Science)

Ocean Salinities Reveal Strong sl dosates fom amoshats chsving e

It has long been noted that the climatolog-

Global Water Cycle Intensification fcal mean sea surfuce salinity (SSS) spatal

pattern is highly correlated with the long-term

Duri n 1950 to 2000 mean E-P spatial pattern (27) (Fig. 1, A and
g D), reflecting the balance between ocean ad-
vection and mixing processes and E-P forcing

Paul J. Durack,™?** Susan E. Wijffels,>* Richard J. Matear™* at the ocean surface (2/-23). Several studies of

multidecadal SSS changes reveal a clear pat-

(Durack et al. 2012, Science)

03.09.2015 Sonia Seneviratne / IAC ETH Zurich ECMWEF Annual Seminar: Physical Processes



"gets-wetter” paradigm

Observations show that ocean basins with P-E > 0 (sinks) have had
an increased P-E over 1950-2000, while basins with P-E <0
(sources) have had a decreased P-E over the same time period
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t'gets.wetter” paradigm

Observations show that ocean basins with P-E > 0 (sinks) have had
an increased P-E over 1950-2000, while basins with P-E <0
(sources) have had a decreased P-E over the same time period

Does this has implications for land climate? The latest IPCC report
suggests so...

Wetter .

7 >
L Drier ”
=~ Ocean _ 353‘
\ evaporation V¥ Wetter Bunoff
~_ v Drier L'?ndt LE
—~ evaporation
H"‘Hx Wetter Vg

(IPCC 2013, FAQ 12.2 Fig. 1;
Collins et al. 2013)
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ts.wetter” paradigm

Analysis of observed
robust drying trends
(from 1948-1968 to
1985-2005):

No support for “dry
gets drier, wet gets
wetter” paradigm

(Greve et al. 2014, Nature Geoscience)
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n Different response over
2 land compared to
global and ocean
behaviour: Because of
soll moisture limitation!
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Land/Ocean Frac

80 &0 30 0 0 60 % (Greve et al. 2014, Nature Geoscience;
lat Greve and Seneviratne 2015, GRL)
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“drygets drier

— dry gets drie
- dry gets weller «
:| trans gets drler

[ | ans gets wetter
. |:| wet gets drler

\:’ not significant

valid

T

, Wetgets-wetter” paradigm

For projections, the
DDWW paradigm applies
better, but the dominant
signal on land is the lack of
significant changes in
water availability in most
regions

(Greve and Seneviratne 2015, GRL)
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O gt Y — For projections, the
AN bl | DDWW paradigm applies
better, but the dominant

I o ot - signal on land is the lack of
- trans gets drler . . g .

[ ]wansgets wetter S|gn|f|Cant Changes In

. :wet gets drler

T — water availability in most
=S T | regions

Robust evidence (historical and projected changes):

*The “dry gets drier, wet gets wetter” paradigm does not apply to
historical changes in annual water balance over land
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O gt Y — For projections, the
NS Vit E DDWW paradigm applies
better, but the dominant

I o ot - signal on land is the lack of
- trans gets drler . . g .

[ ]wansgets wetter S|gn|f|Cant Changes In

. :wet gets drler

T — water availability in most
=S T | regions

Robust evidence (historical and projected changes):

*The “dry gets drier, wet gets wetter” paradigm does not apply to

historical changes in annual water balance over land

eLarge uncertainties in drought projections in most land regions, but:
* Projected poleward expansion of some subtropical regions

(including important agricultural regions)
» Projected wetting in wet high-latitude regions (but no clear signal in

wet tropics)
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Our body uses
evaporation for
cooling

=» Similar
mechanism
maintains cool
temperatures on
land surfaces!
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mperature feedbacks

SW..,

LW, .. LH=)LE

Wet soil

SH SW,.,

Dry soil

]!
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I moisture =tem

perature feedbacks

Evaporative fraction EF=AE/R

DRY ’LTRANEMONAL
SQIL MOISTURE LIMITED
EFmax ------- ‘:
0 Byt Ocrir Soil moisture content
Wilting “Critical”
point point
Dry climate regime Transitional climate regime Wet climate regime
Yho qvﬁﬁb \><ﬂ><r
= =
1% .
H,0,
co,
SW,,, LW,,, LH=AE SH W0 LW, LH= W, LW, LH=AE
Dry soil Transitional regime Wet soil

o]

o]

(Seneviratne et al. 2010, Earth Science Reviews)
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i moisture =tem

Evaporative fraction EF=AE/R

colder
%
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EFmax ------- ‘:
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Wilting
point
Dry climate regime
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H,0,
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SW,,,. LW,,, LH=)\E SH
Dry soil

BCRIT

“Critical”
point

Transitional climate regime
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W, LW, LH=

Transitional regime
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Soil moisture content

Wet climate regime

perature feedbacks

warmer
—

o3

SW,.,, LW, LH=AE

Wet soil

o]

(Seneviratne et al. 2010, Earth Science Reviews)
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iCE_fomsoil moisturestemperature coupling

« Several modeling studies suggest a strong effect of soil moisture on
temperature variability and extremes in summer in several regions, in
both present and future climate (Seneviratne et al. 2006, Nature;
Koster et al. 2006, JHM; Fischer et al. 2007, GRL,; Vautard et al. 2007,
GRL; Zampieri et al. 2009, J. Climate; Diffenbaugh and Ashfaq 2010,
GRL; Quesada et al. 2012, Nature Climate Change; Seneviratne et al.
2013, GRL, Berg et al. 2015, J. Climate)
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Soil moisture variability found to be a main driver for temperature
variability in Europe in model simulations for both present and future

1970-1989 2080-2099

100
o0 Yoage of summer

80 temperature

70 . .-
s Variability

50 attributable to soil

40 . . .y
5 Moisture variability

20 (model estimate)
10

(Seneviratne et al. 2006, Nature)
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iCE_toms0il moisturestemperature coupling

« Several modeling studies suggest a strong effect of soil moisture on
temperature variability and extremes in summer in several regions, in
both present and future climate (Seneviratne et al. 2006, Nature;
Koster et al. 2006, JHM; Fischer et al. 2007, GRL,; Vautard et al. 2007,
GRL; Zampieri et al. 2009, J. Climate; Diffenbaugh and Ashfaq 2010,
GRL; Quesada et al. 2012, Nature Climate Change; Seneviratne et al.
2013, GRL, Berg et al. 2015, J. Climate)

« What is the evidence based on observations?
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Impact of soil

High-density station observations moisture on hot
Density Density
: extremes
Analysis for 004 002 O 008004 0
Southeastern
Europe
Quantile

regression of
%HD with 6-
month SPI

%HD (%)

Regression lines: —— 0.1,0.3,0.7,0.9 %HD quantiles

(Hirschi et al. 2011, Nature Geoscience)
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Impact of soil

High-density station observations moisture on hot
_ i Density
Analysis for 61 o vosooa o  oxwemes
Southeastern
Europe .

P Conditional
Quantile probability:
regressionof & Higher
%HD with 6- o probability of
month SPI S occurrence

with drier
springs
Regression lines: —— 0.1,0.3,0.7,0.9 %HD quantiles

(Hirschi et al. 2011, Nature Geoscience)
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NHD: # hot days
~ SPI: Standardized Precipitation Index

-0 09 -08 -07 06 -05 -04 -03 -02 -01 00 01
(Mueller and Seneviratne 2012, PNAS)
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Very Iarge number of reglons showmg a Iag correlatlon between
preceding precipitation deficits and number of hot days in hottest
month

.................................................

NHD: # hot days el
SPI. Standardized Precipitation Index

| | |
-0 09 -08 -07 06 -05 -04 -03 -02 -0.1 0.0 0.1
(Mueller and Seneviratne 2012, PNAS)
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L I

10 -09 -08 -07 06 -05 -04 -03 -02 -01 00 0.1

NHD: # hot days
SPI: Standardized Precipitation Index

(Mueller and Seneviratne 2012, PNAS)

muriace sal mosiune
5 am

roabzans @l mosium 05
rmax. 0.9m
(]}
nma

1]
1]

g o — .
temperature feédbaeks: Observations

Bl

Remote sensing based analyses (ESA
CCI microwave soil moisture product)

— S | |

10 02 08 07 06 056 04 -03 02 01 00 01 02

(Hirschi et al. 2014, Remote Sensing Env.)
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European analysis: High percentage of hot days found for combination of
1) dry springs and 2) anticyclonic summer weather regimes

30

= Twenty driest JFMAM periods
e Twenty wettest JFMAM periods

A Y=
¥
OO
DVQ .
Anticyclonic Cyclonic summer

summer weather weather regimes
regimes (BL/AL) (AR/NAO-)

Dry Feedback Feedback
winter/spring amplification inhibited

Many hot days Few hot days

No feedback possible 3|0 4|0 5|0 6|0 7|0 8|0
Few hot d
ewnot days Frequency of BL+AL (%)
i | | i

20 25 30 35
JFMAM Rainfall Frequency (%)

% of Hot Days in Continental Europe
|

(Quesada et al. 2012, Nature Climate Change)
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European analysis: High percentage of hot days found for combination of
1) dry springs and 2) anticyclonic summer weather regimes

irope

o
“ = Twenty driest JFMAM periods
= Twentv wettect IFMAM nerinds

Both dry springs and anticyclonic summer weather regimes
are necessary but not sufficient conditions for the
occurrence of hot extremes

&

Dry Feedback Feedback
winter/spring amplification
Many hot days
T T T T

inhibited
Few hot days
. I I
No feedback possible 30 40 50 60 70 80
Few hot d
ewnot days Frequency of BL+AL (%)
_ S . I

20 25 30 35
JFMAM Rainfall Frequency (%)

o / %
M

% of Hot Days
5
|

(Quesada et al. 2012, Nature Climate Change)
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e = R0l Of DOUTEaRy-layer development
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Atmospheric profiles (2003 France, 2010 Russia)

Might-time Afternoon
5,000 — 5,000
a
4,500 - ,-,‘fr’/; 4,500 -
4,000 1 4 4,000 -
oy
3,500 - L 3,500 -
i
. 3,000 —~ 3,000
E | E
£ 2500 5 2,500 -
a BN
I T
2,000 - 2,000 -
1,500 - 1,500 |
1,000 - 1,000 -
500 1 H.ﬁ 500 1
200 300 310 320 300 310 320
8 (K) e (K)

Pre-heatwave conditions
“Mega-heatwave” conditions

(Miralles et al. 2014, Nature Geoscience)
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Atmospheric profiles (2003 France, 2010 Russia)

Heat entrainment

Might-time Afternoon Increased
5,000 ; 5,000 : heat advection
f f ; and solar radiation
4,500 - #’l;‘ 4500 - Temperature
/
4,000 - ‘f.. 4000 - ABL growth
; Surface sen5|b|e heat

3,500 i 21500 4 Evaporation (\ 7\/
= 3,000/ E 3000 1 SO|I moisture deficit
£ 2500 5 2,500 -
T T
T T

2,000 2,000 A

1,500 1 1,500 -

1,000 1,000 -

500 - 500 |
200 300 310 320 320
é (K
Soil
Pre-heatwave conditions . >
Time

“Mega-heatwave” conditions

(Miralles et al. 2014, Nature Geoscience)
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(a) (b) Simulations (debiased)
38 .
70°N
TXx2010 n
36 60°N
, IXx1998 S0°N —=
gj" \ _ —_—
§ = ——
aé- 30 ‘ ‘ |1 . A-l-;-t'nh.- - = —
u J AN == v - == =
*9"‘3 g, ’ _“.I..——--‘i.,r‘" \ ' ' = =
28 — ———
26 —e— HadGHCND —
=g | inear I
—— GISTEMP-1200
24
1950 1960 1970 1980 1990 2000 2010 R1960s R2000s R2010 R2000s

Time obsSM

(Hauser et al., in prep.)
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(b) Simulations (debiased)

70°N

36 60°N| £

32 2010 SST conditions

- 2010 SM conditions
V VU

30

Temperature [°C]

28

26 == HadGHCND
=== | inear
=== (G|STEMP-1200

24

1950 1960 1970 1980 1990 2000 2010 R1960s R2000s R2010 R2000s
Time obsSM

(Hauser et al., in prep.)
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(a) (b) Simulations (debiased)
38 .
70°N
TXx2010 "
36 60°N —4—
, IXx1998 °0N = | ==
2 = == =
£ ‘ - =L = —— —
aé— 30 ' . ‘ ‘ ‘ ,_,.ﬁ,--;-ﬂh'" = == 2= 0=
14 - - - \ = — = = =
2 3 e g AT \ 4 ' = — == |/
28 = — —— ——
26 —e— HadGHCND ——
== | inear N
—e— GISTEMP-1200
24
1950 1960 1970 1980 1990 2000 2010 R1960s R2000s R2010 R2000s

Time obsSM

(Hauser et al., in prep.)
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FAR (TXx > TXx1998, reference R1960s)

(b) RSk 12x 7 )5, 5 0 Compgred to historical
= R2000s (FAR: 67",/'0, RR: 3.1) I Condltlons (19605)
== R2010 (FAR: 42%, RR: 1.7)
12 = R2000s+0obsSM (FAR: 92%, RR: 13.1) ] .
e 2010 SST increased risk
10 of >1998 by ~1.7
>
2 g * Anthropogenic forcing
2 (general warming)
§ 6 increased risk of >1998
8 by ~3
4
 Soil moisture conditions
2 . )
74 increased risk by ~13
L
0 —1 N
0 0.0 0.2 04 0.6 0.8 1.0
FAR

(Hauser et al., in prep.)
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T e —— - e .
= = Comaparing soil"Meisture vs SST forcing

Swiss Federal Institute of Technology Zurich 2 #58 > g Ty
o . ol R e o

What are the impacts of soil moisture vs SST variability during
the local warm season? (global CESM simulations)
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May—Jul
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Mar-May
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Jan-Mar
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Latitude

-80
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(Orth and Seneviratne, submitted to J. Climate)
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Respective |mpacts of removed 30|I moisture vs removed SST variability in
warm season on land (1996-2005 climate)

Temperature
Latitude
0

noSMvar - REF

@istuke Vs SST forcing

noOCNvar - REF

30 &0

-60

Saarrae 3 -\.."f{’ e il =
“median LAND=-0.29 median OCN = -0.07""

madian unn=-u 14 " median OCN = -0.09°

Mean changes

(Orth and Seneviratne, submitted to J. Climate)
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Eidgendssische Technische Hochschule Ziirich

SW|st alIn ttt of Technology Zurich

Respective |mpacts of removed 30|I moisture vs removed SST varlablllty In
warm season on land (1996-2005 climate)
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0
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Latitude
0

03.09.2015
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Mean changes
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(Orth and Seneviratne, submitted to J. Climate)
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T Iy 72+ . Moisture Vs SST forcing

Swiss d alIn of Te hlgy h

Respectlve |mpacts of removed 30|I m0|sture VS removed SST variability in
warm season on land (1996-2005 climate)

noSMvar - REF noOCNvar - REF Mean Changes
e, A R T - Ty
o S PINR Pl Vo it - =
e Lot -{': -4 LF N '“’.'fr" 2
o s f R i
3 & Xt 48 T g 1
58 At %, f‘“’fj <

Effects of SOI| moisture are at least as large as those of the SST

No strong support for the concept of soil moisture dynamics
acting as feedback to SST forcing

(7Y
[ =]

Non local effects of soill m0|sture varlablllty on the oceans

— -y - i T i Bl ” 3 [5]
L — q,!l i Ll ol
S 3 Qo L TR .
o £° 2 R e LI | Y, 0 £
o o T o ; - S SR T°
g3 35 . B :
) Jpe” . T —30 E
[t i : - g
Ei i i‘:- - 60
R 5 e R =) - -
“median LAND=-29.9 median OCN=4.5 “median LAND=-36.3 medianOCN=-89.4 - I _ap

(Orth and Seneviratne, submitted to J. Climate)
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s===SM.yvs SST forcing

Respectlve |mpacts of removed 30|I moisture vs removed SST variability in
warm season on land (1996-2005 climate)

Temperature
Tropics Subtropics Midlatitudes

I||||||||" ""'"ll[' B Variability changes

0

~40

I
s <
T3
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>

o 7
a -
=]

o
i

Effects in the mid-latitudes,
]““IIII" T E subtropics, and tropics!

On daily and monthly time
scale: SM dominant factor

“““““" (relevant for ECMWEF!)

(Orth and Seneviratne, submitted to J. Climate)

Month-to-month
A(T-variance), in %

Year-to-year
A(T-variance), in %
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T ;ﬁ._bac ks: Summary

« Soll moisture-temperature feedbacks are an essential
contributor to temperature on land, especially during
extreme events

* In warm climate on land: Similar effect as SST in all
latitudinal bands between 65S and 65N (and larger than
SST in many regions)
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Introduction

Global vs land climate (temperature, droughts)

Soil moisture-temperature interactions and extremes, relevance
to predictability

Land albedo-climate interactions

Conclusions
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Fpe=temperature effects

Surface albedo can either be modified externally (forcing):
« Land cover changes (deforestation)

« Land use changes, changes in land management (e.g. agricultural
practices: see later)

« White roofs, reflective pavement, etc.

or through feedbacks:

« Changes in snow cover

« Changes in soil moisture (affect soil albedo, vegetation albedo)
« Plant phenology

* Vegetation dynamics

or through combination of both!
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EE—bedo. Typical values

DJF JJA
Land cover group  snow-covered snow-free snow-free
Crops 0.178 £0.017
Grasses 0.176 £0.022
Evergreen trees 0.104 £0.012
Deciduous trees 0.1534+0.010
Bare soil 0.246 £0.055

* The mean = one standard deviation surface albedo values are indicated. Values
computed from the ensemble of grid cells (at 0.5° ) with dominant land cover within
the area of study

DJF:. December-January-February; JJA: June-July-August
SC: Snow covered

SF: Snow free (Boisier et al. 2013, Biogeosciences)
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EAlbedo: Typical values

DJF JJA
Land cover group  snow-covered snow-free snow-free
Crops 0.141+£0.023 0.178 £0.017
Grasses 0.161 £0.023 0.176 £0.022
Evergreen trees 0094 +£0.017 0.104+=0.012
Deciduous trees 0.117+0.021 0.153+0.010
Bare soil 0.205+0.050 0.246 £0.055

* The mean = one standard deviation surface albedo values are indicated. Values
computed from the ensemble of grid cells (at 0.5° ) with dominant land cover within
the area of study

DJF:. December-January-February; JJA: June-July-August
SC: Snow covered

SF: Snow free (Boisier et al. 2013, Biogeosciences)
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DJF JJA
Land cover group  snow-covered snow-free snow-free
Crops 0546 £0.066 0.1414+0.023 0.178+=0.017
Grasses 0568 £0.080 0.1614+0.023 0.176 +:0.022
Evergreen trees 020540.035 0.094+0.017 0.104+=0.012
Deciduous trees 0244 +0.054 0.1174+£0.021 0.153+0.010
Bare soil 0535+0.112 0.2054+0.050 0.24640.055

* The mean + one standard deviation surface albedo values are indicated. Values
computed from the ensemble of grid cells (at 0.5° ) with dominant land cover within

the area of study

DJF:. December-January-February; JJA: June-July-August

SC: Snow covered

SF: Snow free

03.09.2015
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e e = SO@WIVegetation=Albedo Interactions

Swiss Federal Institute of Technology Zurich

Strength of snow-albedo feedback depends on the
background vegetation (forests can also warm the climate!)
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Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

Differences in surface albedo
from no-till farming

- no-tillage after harvest: 2004 l
== conventional tillage: 2006
------- conventional tillage: 2008
0.35/ = = =conventional tillage: 2010 _

0.4

Daily albedo

0 10 20 30 40
Days after harvest or tillage

N . : (Davin et al. 2014, PNAS)
Photograph by Jim Richardson (National Geographic)
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Fieultural management

Overall effect of no-till
farming (also including
evaporation impacts):

Strong preferential

cooling of hot
extremes!

(Davin et al. 2014, PNAS)
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Global impaetsof chang Ervegetated surfaces

SW|st II ttt f

Changing albedo by 0.1 over all
of vegetated land (NCAR CESM
global climate model)

(Simulations for 20" century)

180 150w 120w S0wW

(Wilhelm et al. 2015, JGR)
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Swiss Federal Institute of Technology Zurich

ATmax [K]

Stronger effect under future
climate because of decreased
cloud cover and water savings

with soil moisture

S @ :
® Tmax i
A Tmax99
1971-2000
2071-2100
0.05 0.1 0.15 0.2

A surface albedo

(Wilhelm et al. 2015, JGR)
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Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

Changes in surface albedo as means for climate adaptation

UHI Effort 1998 Aerial 2010 Aerial NDVI Change Albedo Change Temp. Change

N/A -3.4°C
New
Reflective
Roof
Neighbor-
hood

New
Ware-
house

Reflective

Roof

(Mackey et al. 2012, Building and Environment)
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TRteractions: Summary

« Changes in albedo (either as feedback or forcing) strongly
Impact temperature mean and extremes and also include
non-linear effects

« Stronger cooling of hot temperatures in mid-latitude
summer when surface albedo is increased

 Intentional modifications of albedo (in cities or through
changes in land use) possibly relevant for climate
adaptation/climate engineering?
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Introduction

Global vs land climate (temperature, droughts)

Soil moisture-temperature interactions and extremes, relevance
to predictability

Land albedo-climate interactions

Conclusions
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Conclusions

« Land climate is different from global climate!

« Land surface water and energy budgets and their
Interactions with the atmosphere are of high relevance for
climate in inhabited regions

« The response of extremes to land-atmosphere interactions is
different (and generally larger) than for mean climate
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