2015 Summer Course, IFUSP
March 25t 2015

s Henrique Barbosa

’ [‘- Departamento de Fisica Aplicada
¥ Instituto de Fisica da USP
hbarbosa@if.usp.br




Outline

Review the greenhouse effect

Why Radiative properties of water matter?

How Clausis-Clapeyron produce clouds?
Interaction of clouds and radiation

Energy budget and global circulation

Linking moisture transport and hydrological cycle

e Focusing on my own research



Water in the climate system
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Total column water vapor
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Water is rare

Water in the atmosphere, be it vapor, liquid or solid, is the
least likely place to find a water molecule in the climate
system.

Liquid or solid water in the atmosphere 0.0001 m
Vapor in the atmosphere 0.025 m
Water in soil, lakes, rivers and glaciers 50to 75 m

Oceans 2800 m

[ts important role steams from its radiative properties




http://svs.gsfc.nasa.gov/vis/ao10000/ao11200/a011298/June_21_ CME_171and304-half.jpg



Observed Solar Spectrum

SCIAMACHY Solar Irradiance: 18-April-2004

_1— —5
2 4

Kurucz
SCIAMACHY

—
)
£
c
o
S
@
Q
c
.g
T
©
|
-

BOOK: SCIAMACHY - Exploring the Changing Earth's Atmosphere
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SCIAMACHY Solar Irradiance: 18-April-2004
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S, measured by different satellites since 1978
Constant climate!
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...except for changes in Earth’s orbit

Source: Global Warming Art

Now 200 400 600 800 1000 kyr ago

Precession
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Solar radiation powers
the climate system.

Some solar radiation
is reflected by
the Earth and the
atmosphere.

About half the solar radiation
is absorbed by the

Earth’s surface and warms it. Infrared radiation is
emitted from the Earth’s

surface.




H,O vibration and rotation

* The water molecule has a very small moment of
inertia on rotation which gives rise to rich combined
vibrational-rotational spectra in the vapor containing
tens of thousands to millions of absorption lines.
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http://wwwi.lsbu.ac.uk/water/water_vibrational_spectrum.html
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Energy levels
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a| Suspension Precipitation
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Figure 1. Hydrometeors (a), the
condensed forms of water in the
atmosphere, come in several
sizes. They mostly scatter visible
light but absorb over a broad
range of the IR. (b) The near-
and thermal-IR regions of the
spectrum excite the molecule
and produce its rotational-
vibrational (or ro-vibrational)
and rotational bands. Specific
lines A,, A,, and A, mark the
symmetric stretching mode,
bending mode, and asymmetric
stretching mode, respectively.



Image by:
Robert A. Rohde

Global Warming Art.
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Global Energy Flows W m™
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Natural Greenhouse effect

]

Rafil.atlve industrial | Natural Greenhouse Foncentrahon Antr_op.
efficiency e effect (W m?2) in 2011 Forcing
(W m2/ppb) |7 (W m?)
H,O 75 51
+ +
CoO, 1.37 10> 27812 32 24 390.420.2 1.82
ppm ppm
O, 10 7 0.35
+ +
CH, 363 104 722125 1803.2+1.2 0.48
ppb 3 a ppb
27017 324.340.1
-3
N,O 3.03 10 arsls b5l 0.17
+ +
CF, 01 34.7+0.2 79.040.1 0.0041
ppt ppt
Outros 0.01
Total 125 86 2.83

Hartmann et al, IPCC (WG-I) 2013
Kiehl and Trenberth, BAMS, 1997



H,O is not a forcing because it is
not directly emitted as CO,

http://svs.gsfc.nasa.gov/goto?11719
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Vapor phase diagram

Vapor refers to a
gas phase at a

temperature where 4 :
the same substance 2 :
.. 7 | :
can also exist in the solid phase o -
. . . o . compressible 1 sypercritical fluid
liquid or solid state, ; liquid '
below the critical ;riﬁcal pressure | o - e
temperature of the : liquid critical point
: phase
substance. :
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Ccr
. vapour
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temperature
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Water vapor partial pressure

Clausius-Clapeyron:
de,  L,(T)e,
dT"  R,T?
Saturation vapor pressure:

17.625T
(T) = 6.1094
es(T) S (T+ 243.04)

http://earthsci.org/processes/weather/
weaimages/weaimages.html




Water vapor partial pressure

a
10°4
Clausius-Clapeyron: -
a‘ -
de,  L,(T)e, o 13
dT" R,T2 2
: B4 101-
Saturation vapor pressure: B 10°3
17.625T \ £
(1) = 6.1094 .
1) exp (775 i) B .

1
200 220 240 260 280 300
TEMPERATURE (K)

Figure 2. The atmospheric vapor pressure as a function of temperature (a) is bounded by
the atmosphere’s vapor pressure when saturated with water (solid line). The data are shown
as the median (dot) and range (error bar) of 228 monthly values at different isobaric levels—

900 hPa (green), 700 hPa (blue), 500 hPa (orange), and 300 hPa (red). (Data are provided by
the European Centre for Medium-Range Weather Forecasts.) (b) Based on satellite measure-

Stevens & Bony, Physics Today 2013



http://earthobservatory.nasa.gov/GlobalMaps/view.php?di=MODAL2_M_CLD_FR

~ Cloud Fraction (%)
| . |
0 50 100
Cloud density
Thin Thick Opaque
Cloud level Ne < 0.5 0.5 < Ne <095 Ne > 0.95 All densities
O < 1.4 l4<o, <6 T, =6

High (<440 mb) 15% 15% 3% 33%

Middle (440-700 hPa) 7% 10% 9% 26%

Low (=700 hPa) 2% 47% 49%

Total 20% 23% 32% 75%

NOAA HIRS 1979-2001, Wylie et al, J. Clim. 2005
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6 orders of magnitude in volume

Conventional

borderline |

between cloud

droplets and arge cloud
raindrops roplet
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Clouds (lig/ice) strongly interact
with SW and LW radiation

a| Suspension Precipitation

Crystals ; 4 Snowflakes
¢ tlf = D)

Graupel and hail

. Water molecule _ Figure 1. Hydrometeors (a), the
o O

condensed forms of water in the
atmosphere, come in several

€ \ e
sizes. They mostly scatter visible

Cor .
§loud droplets ¢ o, C Raindrops

i
T

h i ” - S e » light but absorb over a broad
10 10 10 10 10 10 10 10 range of the IR. (b) The near-
b DIAMETER (um) and thermal-IR regions of the
spectrum excite the molecule
Visible Near-IR Thermal IR and produce its rotational-
— B vibrational (or ro-vibrational)
1004 T Rotational and rotational bands. Specific
[ ~ ~ lines A, A, and A, mark the
_Z_”?_'j 7 Ro-vibrational symmetric stretching mode,
BE 4 overtones bending mode, and asymmetric
EE stretching mode, respectively.
57
0.014
T
0.4 1.0 Asdi 40 A2 100 40.0

WAVELENGTH A (um)

Stevens & Bony, Physics Today 2013



Particles are very complicated

¢ (Classical electromagnetism
e Rayleigh scattering - molecules
e Mie scattering — aerosol and droplets

Rayleigh Scattering Mie Scattering Mie Scattering,
Iarger particles

-t Direction pf incident light

Size << A Size = A Size > A



Effects on SW radiation

Harrison et al, JGR 1990

TABLE 1. Summary of Cloud Radiative Forcing Parameters (W/m?)
Longwave Clear-Sky Shortwave Net
Clear-Sky Cloud Shortwave Shortwave Cloud Cloud
Date Longwave Longwave Forcing Absorbed Absorbed Forcing Forcing
April 1985 234.5 265.8 31.3 236.5 281.6 —45.1 -13.8
July 1985 237.5 267.6 30.1 234.4 281.1 —46.7 -16.6
Oct. 1985 234.1 266.3 32.2 243.0 293.1 -50.1 -17.9
Jan. 1986 231.9 262.5 30.6 243.3 295.0 -51.7 -21.1
Annual 234.5 265.6 31.1 239.3 287.7 -48.4 -17.3




Effects on LW radiation

Harrison et al, JGR 1990

TABLE 1. Sumnif iative Forcing Parameters (W/m?)

Clear-Sky Shortwave Net
Clear-Sky Shortwave Shortwave Cloud Cloud
Date Longwave Longwave Absorbed Absorbed Forcing Forcing
April 1985 234.5 265.8 236.5 281.6 —45.1 -13.8
July 1985 237.5 267.6 234.4 281.1 —46.7 -16.6
Oct. 1985 234.1 266.3 243.0 293.1 -50.1 -17.9
Jan. 1986 231.9 262.5 243.3 295.0 -51.7 -21.1
Annual 234.5 265.6 239.3 287.7 -48.4 -17.3




Global Energy Flows W m™
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Global Energy Flows W m™
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Heat Exchange

ALTITUDE
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Lawrence Berkeley National Laboratory.



Terminal outfliow of Mass, heat,
water vapour and cloud water/ice

Subsidence oulside clouds
to compensate for upward
motion within ¢louds
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a | Themodynamic structure

Top of atmosphere

L] Enthalpy budget
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irradiance irradiance

Saturated updrafts
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Figure 3. The thermodynamic structure and enthalpy budget of the atmosphere.
(a) The atmosphere’s temperature (red) and its absolute humidity (blue) are closely
coupled. (b) At the top of the atmosphere solar and terrestrial irradiances balance one
another. According to calculations, most (74%) of the incoming solar irradiance reaches
the surface, but the net terrestrial irradiance at the surface is only a small fraction (26%)
of its value at the top of the atmosphere. The radiative deficit (48%) is balanced by
surface turbulent fluxes of enthalpy, arising mostly from evaporation, that transport
warm water vapor from the surface to the troposphere, where it cools and condenses.

Stevens & Bony, Physics Today 2013



Distribution on the Earth

Hot air rises at
the equator

Cold dry air decendes \‘ it it " it

at high latitudes
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b Annual Radiation Budget
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Atmospheric and Oceanic circulation




Oceanic circulation




Global Precipitation
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Fic. |. Schematic diagram of elements relevant to poleward moisture
transport over South America. Blue and green arrows depict the moisture
transport into the continent from the tropical and South Atlantic Ocean,
respectively. The inset represents a vertical cross section of the northerly
flow along the red dashed line displayed in the diagram, including wind and
temperature profiles representative of the LL) core.



A Rainfall Biogeography of Amazonia
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Precipitation and Vapor transport
GPCP + ERA40 1989-2009
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FIG. 1. Mean seasonal precipitation (shaded, mm day ') and vertically integrated moisture transport (vectors) are shown for NM
(Nov-Mar), AJ (Apr-Jun), JA (Jul-Aug), and SO (Sep-Okt).

Arraut et al, J. Clim, 2012



Precipitable water and Vapor transport
ERA40 1989-2009
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FIG. 2. Magnitude of mean seasonal vertically integrated moisture transport (shaded, kg m ™" s~ °) and precipitable water (contours,
kg m~7) are shown for NM (Nov-Mar), AJ (Apr-Jun), JA (Jul-Aug), and SO (Sep-Oct).



OCEAN-AMAZON, Vapor mix ratio
AIRS, ERA, NCEP 2003-2009
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F1G. 4. Mean seasonal differences between the vertical profile of water vapor over the Atlantic (equator-10°PN, 50°-
30°W) and Amazonia (10°S—equator, 70°-50°W) are shown for AJ, SO, NM, and JA. Data from NCEP (solid circles)

and ERA-40 (open circles) are averaged between 1980 and 2001, while ERA-Interim (squares) 1s averaged between
1989 and 2008, and satellite data from AIRS (crosses) are averaged between 2003 and 2009.




OCEAN-AMAZON, Temperature
AIRS, ERA, NCEP 2003-2009
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FIG. 5. As in Fig. 4 but for air temperature.



Arraut et al, J. Clim 2012
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OCEAN-AMAZON, Vapor mix ratio
AIRS, ERA, NCEP 2003-2009

F1G. 6. Mean seasonal vertically integrated moisture transport (arrows) and its divergence (colors, mm day l) are shown for
NM, AJ, JA, and SO.
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FIG. 7. Water balance (Gt day ') for the area depicted in Fig. 6
(23°-10°S, 70°-50°W) for the dry months between 1989 and 2008.
Inflow is divided into two contributions: Amazonia (open circle)
and Atlantic Ocean (filled circle). Discharge (+) is the outflow
from this region into the subtropics, and the residue (squares) is the
difference between inflows and outflows. The line without symbols
is the precipitation averaged over 34°-23°S, 57°-48°W.



Correlation Moisture Flux x Precip.

Nov-Mar Jul_ Aug
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F1G. 8. Colors show correlations between the meridional moisture transport across 12°S between 75° and 55°W

(indicated by the grayscale horizontal line) and rainfall at each grid point. Values below the 95% significance level are
masked out. Contours show the long-term mean seasonal rainfall, for reference (kg m_z).




Vera et al, BAMS 2006
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Ok, so climatologically the water transport from the
Amazon to the subtropics is always there... Does it mean
the LLJ is not important at al 1?!?
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Geopotential Height @ 850 hPa(m)
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Without LPT

Wind at 250hPa

205 F NN m/s

30S

408

45W  30W 15 a0W 75W BOW 45W 30W 15W

Moisture transport
Kg/m/s

oy
- r <
poy

At P Pn m

. > ,-x),'/

45W  30W

100 130 160

Precipitation +1 day
mm/day

Fig. 3. Composites for cases with (left) and without (right) AC and
LPT inside the selected region. From top to bottom, the panels show
geopotential height (m) and FG3 (K/100 km/day) at 850 hPa, wind
vectors and its magnitude (m/s) at 250 hPa, vertically integrated
humidity transport and its magnitude (kg/m/s), and precipitation
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That mean precip comes in strong
events!

ercentile for DJF 10
10°N oo o
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Figure 1 | Geographic and climatic setting. (a) Topography and simplified South American Monsoon System mechanisms. The boxes labelled 1to 7
indicate the climatological propagation path of extreme events as revealed by the network analysis. (b) 99th percentile of hourly rainfall during DJF
derived from TRMM 3B42V7 (ref. 27 in the spatial domain 85°W to 30°W and 40°S to 15°N, at a horizontal resolution of 0.25° x 0.25° and 3-hourly
temporal resolution. (¢) Fraction of total DJF rainfall accounted for by events above the 99th percentile. (d) Trend lines for the number of extreme

Boers et al, Nature Comm. 2014



Complex Networks

In the context of network theory, a complex network
is a graph (network) with non-trivial topological
features—features that do not occur in simple
networks such as lattices or random graphs but often
occur in graphs modeling real systems.




Complex Networks for climate

Ex: times series of global
temperatures

But how can I make a map of
this complicated correlation??

Take the Pearson’s correlation,
for each pair of points:

cov(T; i» Tk,,)
std(T; ;)std(T},)

IOi,j,k,l =



rainfall

event synchronization

(extreme events: above 99th percentile of all DJF times)
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Fig. 2 Rainfall spatially averaged over each of the 7 boxes in Figure 1 for each time step.
Here, we show the year 2008 as an example. Magenta (Blue) lines indicate SESA-ECA (SESA-

NO-ECA) times, and red (green) lines indicate ECA-SESA (ECA-NO-SESA) times.



* Boers et al, Nature Comm. 2014

a w.. . 4 |AS: network divergence
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Complex network analysis shows
precipitation propagating north,
contrary to moisture flux

10°S

No. of events

1234567
Y;
& &




al ,} Propagation times | . Non-propagation times
10°N ReAgsseshgsssesdoed X . - FEO— ,,,,,,,,,,,,,,,, 10°N I e X . 4 S— IOURUEORS—— S ——

10°8 | I & - rageesegee ‘ - 10°S .

. » N HEN
30°8 [t ot AN : - 30°S |-rovibe

BN 7 &~ S & o = .

50°S |- - e i “ 50°S |- L T
: n i i v

5ms™ i

—

PR |

80°W 60°W 40°W 80°W 60°W 40°W

Figure 3 | Atmospheric conditions for propagation and non-propagation times. (a) Composite anomalies relative to DJF climatology of 850 mb
geopotential height and wind fields from NASA's Modern-Era Retrospective Analysis for Research and Applications (MERRA,2%) for propagation times.
Temporal resolution is 3-hourly, spatial resolution is 1.25° x 1.25° The white polygon delineates the region over which the geopotential height anomalies are
computed for the forecast rule. (b) The same composite anomalies as for (a), but for non-propagation times.



* Besides the
e Saddle point
e Low pressure tongue
e NA Low
e Through

* There is a Rossby wave
train propagating from
the extra tropics!

Boers, Barbosa et al, JGR (submitted)
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Fic. |. Schematic diagram of elements relevant to poleward moisture

-3 transport over South America. Blue and green arrows depict the moisture
transport into the continent from the tropical and South Atlantic Ocean,
respectively. The inset represents a vertical cross section of the northerly
flow along the red dashed line displayed in the diagram, including wind and
temperature profiles representative of the LL) core.

Ok, LL1J is only a consequence, and the Amazon is a
source of moisture only during winter...
But is the rainforest important to water recycling??




Water tracer

The model adds ET into PBL
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“ The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

Roughly 30% of precipitation in Bolivia, Paraguay, North
Argentina and southern Brazil comes from Amazon’s ET.




Moisture (complex) =z

network

Zemp et al, ACP 2014
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Fig. 1: Scheme of the moisture recycling network. Nodes
1,2, 3,4 represent different grid cells and arrows indicate the
direction and amount of moisture originating from evapo-
transporation in the source cell and contributing o precipi-
tation in the target cell. For example, the total evapotranspi-
ration in 2 (E5) splits up in three branches: mo3 precipitates
in 3, moy4 precipitates in 4 and mys is locally recycled. mos
contributes together with mio to the total precipitation in 2

(o).



Cascading

Different paths for water, and
possible cascading before
getting to “final” destination!

Fig. 2: Scheme of cascading moisture recycling (a) for mois-
ture originating from the Amazon basin and (b) for moisture
that has final destination the La Plata basin. In both figures,
the amount of precipitation in grid cell 3 that is originating
from evapotranspiration in grid cel 1 is ma3 - mi2/Ps.
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Terminal outfliow of Mass, heat,
water vapour and cloud water/ice

Subsidence oulside clouds
to compensate for upward
motion within ¢louds

Y




GNSS Dense Network

Precipitable Water (mm)

Precipitable Water (mm)
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Figure 3. A typical afternoon deep convective event over
INPA GNSS/meteorological station. The upper plot contains
PWV (blue dots) versus average cloud top temperature (red)
and precipitation rate (bars). The ‘ramp-up’ time calculated
for the average APWV/At (between triangles) represents the
timescale of column convergence (see Equation (2) and text
for discussion). The bottom graph plots wind speed (red),
temperature (black) and PWV(blue) for the deep convective
event.

e Adams et al, Atmos. Sci. Let. 2011
* Adams et al, BAMS 2014 (accepted)



Diurnal Cycle @ Embrapa
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Precipitation Events Life-Cycle
@ Embrapa TO= time of max precip

100 140 g, s g e g s L R

o7  120f- | - ------------------- ----------- 129 18
T e RH: : | f f

-50 a +30min

©
S
—h
o
S
I
i
N
®
]
—
o

(mmﬂn

N

®
o

--------------

ation rate

Wind (m/s)

88

(o3}
o
I

26

Vento: : : : : :
-100 a +20min | & | s T R — 25 o6

Relative Humidity (%)

oo
(N

Temperature (degC)

g2 20y WL e | B T S—— 24 =03

79 L o8 _.._A-.-.An;___ ot ] } A - TN sttt 23 0
-150 -100 -50 0 50 1 00 150

Time from TO (min)







Lidar

Clouds

Aeroi)/lJ

Back
scattering

LIDAR
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Speed of light is 3 x 103 m/s and
we measure at 20Mhz, hence
vertical resolution is 7.5m

We measure light intensity vs time

= 2D Plot

102,68

Plot 0
90.00-
80.00-
70,00
50.00-

[
¢ 50.00-
>

40.00-

1

30.00-
Laser pulses || ==
at10Hz 10.00- k

1.81 1 1 1 1 | 1 1 1 1 1 1 [} 1 1
0.78 150 2.00 250 3.00 3.50 400 450 500 550 6.00 6.78
X-Scale




Range above ground (km)

Lidar

Range and BG corrected signal [a.u.]
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Altitude agl (km)

Cirrus Clouds

e Cirrus found from 8 to 19.6km

e Base 12.5+2.4 km

e Top 14.2+2.2 km
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Barja & Gouveia, priv comm



e Cirrus cloud cover at Manaus
e 83% MAM Dat
* 52% JJA | @

Seasonality
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Observations of CCN and AOT
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CCN concentrations and AOT over the cleanest
continental sites are similar to the cleanest marine sites!



Example of Lidar Measurements

* Particle backscatter coefficient @ 355nm
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Possible Aerosol Effects

The Amazon region is

particularly susceptible Cloud droplets number
concentration

=
o

to changes in CN
because of the low
background
concentrations and high
water vapor levels,
indicating a regime of
cloud properties that is
highly sensitive to
aerosol microphysics.
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Poschl et al, Science 2010



Experimento GoAmazon 2014
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Mira’s measurements

* 17-21 March
» Initial setup
o (Calibration

 Intercomparison w/ J.
Wang at T3

e 22-26 March
« Moved to ATTO
o« CCNC calibration

« DMA/UHSAS calibration
with PSL’s

» Started data acquis...




CCN/CN Measurements at T3
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Visible Infrared —>

Sunlight at Top of the Atmosphere

5250°C Blackbody Spectrum

Radiation at Sea Level
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