
Atmospheric Sciences 321 
Science of  Climate 
Lecture 15: Hydrological Cycle 

Chapter 5  



Community Business 
�  Check the assignments 

 HW#5 is posted, Due next Friday at latest. 

 Quiz a little rough, Let us discuss. 

�  Mid Term is Wednesday May 7 
�  Practice exams on assignment page (I think) 

�  We’re a little behind, should be on Chapter 5 

�  Questions? 



Surface Radiation Balance 

LW up and LW down 
are close together, with  
smaller net longwave 
loss 
 
Net solar peaks at about 
200 Wm-2 in the Tropics 
 
Net radiation peaks at 
about 150 Wm-2 in the 
Tropics and is about 
zero at the poles 



Surface Energy Balance 

Net radiative input is 
mostly balanced by 
evaporative cooling 
 
Sensible heating is less 
than about 25 Wm-2 
 
The ocean transports 
heat poleward. 
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Global Maps of  Annual Means 
�  Net Surface Radiation 



Global Maps of  Annual Means 
�  Evaporation Cooling 



Global Maps of  Annual Means 
�  Sensible Heat Cooling 



Global Maps of  Annual Means 
�  Surface Heat Storage, or flux into the ocean 
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Summary Chapter 4 
�  Basic surface balance is net radiation, mostly solar, 

is balanced by mostly evaporative cooling 

�  Over land sensible heat is important locally 

�  Over ocean heat flux into (in equatorial region, 
mostly) and out of  (mostly in western boundary 
current regions) is important. 

�  On land diurnal and seasonal variations depend on 
land moisture, very different in deserts and rain 
forests. 



Chapter 5:  Hydrologic Cycle 
�  The water valance of  the Surface 

�  Combine P=precipitation and D=dewfall, assume 
no storage of  water, and get that runoff  equals P-E 

�  Water balance for atmosphere 

 

gw = P + D – E –  ∆ f

∆ f = P – E

gwa =  – P + D – E( )  –  ∆ fa



Where’s the Water? 

�  It’s Salty and in the Ocean! 



Where’s the Fresh Water? 
�  It’s Frozen! 



World Water Balance 

�  Vapor moves from ocean to land, rivers flow back 

�  Units are centimeters of  water per year, averaged 
over area of  land or ocean.  Areas are different. 

OCEAN 71% of Area
LAND 29% of Area
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Energy and Hydrology 
�  The average precipitation rate is 1000 mm/year. 

�  What energy rate is that? 

�  Convert to mass per unit area per second 

�  Finally multiply by latent heat of  vaporization 

P = 1myear−1 × 1year
365days

× 1day
86,400seconds

= 3.169 ×10−8 ms−1

P × ρwater = 3.169 ×10
−8 ms−1 ×1000 kgm−3 = 3.169 ×10−5 kgm−2 s−1

 

P × ρwater × L = 3.169 ×10−5 kgm−2 s−1 × 2.5 ×106 J kg−1

= 79.225 J s−1m−2  80W m−2



Continental Water Balances 
�  Old data 



Ocean Water Balances 
�  Old data 



Water Balance: Zonal-Annual Means 

�  P, E and runoff  as functions of  latitude 

�  Equator and midlatitudes wet, subtropics dry. 



Precipitation Maps 

�  Global from gauges and satellites 



�  Global from 
gauges and 
satellites 

Precipitation 
Maps: 

Seasonal 



Formulas:  Penman’s Equation 

�  Remember the Bowen Ratio 

�  Make the following approximation 

�  and assume the surface air is saturated, whence 

  
Bo =

SH
LE

≅
cp

L
Ts −Ta( )

(qs − qa )

  

(qs
* − qa

* )
(Ts −Ta )

≅ dq *
dT

  
Bo = Be 1−

(qa
* − qa )

(qs
* − qa )

⎛

⎝⎜
⎞
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Penman’s Equation 
�  We can write the surface energy balance as 

�  where,  

�  is the energy available at the surface to evaporate 
water or balance sensible cooling. 

�  Next, 

E 1 + Bo( )  = Een

  
Een =

1
L

(Rs − ΔFeo −G)



Penman’s Equation 
�  Next take the equation below for the surface energy 

balance 

�  And put in our formula for Bowen Ratio  

�  To get the following. 

E 1 + Bo( )  = Een

  
Bo = Be 1−

(qa
* − qa )

(qs
* − qa )

⎛

⎝⎜
⎞

⎠⎟

E 1+ Be( ) = Een + E Be
qa
* − qa( )
qs
* − qa( )



Penman’s Equation 
�  Next take what we had 

�  And put in our bulk aerodynamic formula for 
Evaporation from a wet surface  

�  To get the following. 

E 1+ Be( ) = Een + E Be
qa
* − qa( )
qs
* − qa( )

LE  = LρCDEUr qs
* – qa( )

  
E = 1

(1+ Be )
Een +

Be

(1+ Be )
Eair

  Eair = ρCDE U (qa
* − qa ) = ρCDE U qa

*(1− RH)



Penman’s Equation 

�  where 

�  is the capacity of  the air to take on water because 
the air is unsaturated. 

�  So Penman’s equation divides the evaporation into 
two parts that depend on the availability of  energy 
to evaporate water at the surface and dryness in 
the air to absorb more water 

 

  
E = 1

(1+ Be )
Een +

Be

(1+ Be )
Eair

  Eair = ρCDE U (qa
* − qa ) = ρCDE U qa

*(1− RH)



Penman’s Equation 

�  So Evaporation gets smaller for large Be – cold 
temperatures, as more of  the heat goes into SH 

�   The relative importance of  relative humidity being 
less than saturated becomes less important at 
tropical temperatures  where Be is small. 

 

  
E = 1

(1+ Be )
Een + Be Eair( )

  Eair = ρCDE U (qa
* − qa ) = ρCDE U qa

*(1− RH)
  
Een =

1
L

(Rs − ΔFeo −G)



Evapotranspiration 
�  On land, a lot of  the 

evaporation is mediated by 
the roots of  plants moving 
moisture from the soil and 
the vapor comes out 
through the stomata of  
plant leaves = 
Transpiration. 



Potential Evapotranspiration 

�  Since Penman’s equation assumes a wet surface, it  
is in a sense the maximum evaporation that could 
occur, which we can call the Potential 
Evapotranspiration or PET. 

�    
�  All else being equal, it increases rapidly with 

temperature 

 

  
E = 1

(1+ Be )
Een + Be Eair( )

  Eair = ρCDE U (qa
* − qa ) = ρCDE U qa

*(1− RH)
  
Een =

1
L

(Rs − ΔFeo −G)

  PET = ρaCDE U q *(Ts )− qa( )
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Potential Evapotranspiration 

�  Since Penman’s equation assumes a wet surface, it  
is in a sense the maximum evaporation that could 
occur, which we can call the Potential 
Evapotranspiration or PET. 

�    
�  All else being equal, it increases rapidly with 

temperature 

 

  
E = 1

(1+ Be )
Een + Be Eair( )

  Eair = ρCDE U (qa
* − qa ) = ρCDE U qa

*(1− RH)
  
Een =

1
L

(Rs − ΔFeo −G)

  PET = ρaCDE U q *(Ts )− qa( )



Potential Evapotranspiration 
 

�  How does it change in a warmed climate?? 

�  Compute derivative (sensitivity) to surface 
temperature 

 

  PET = ρaCDE U q *(Ts )− qa( )
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Potential Evapotranspiration 
and warming  

�  How does it change in a warmed climate?? 

�  Assume for the sake of  argument that wind speed, 
relative humidity and surface-air temperature 
difference do not change.  Then only the change of  
saturation vapor mixing ratio matters, 

 

  

∂PET
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Potential Evapotranspiration 
and warming  

�  How does it change in a warmed climate?? 
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Both saturation mixing ratio and 
inverse equilibrium Bowen ratio 
increase rapidly with temperature, 
so we expect that potential 
evapotranspiration will increase as 
the planet warms. 
 
What will that mean for climate? 



Hydrologic Cycle Change 
�  As we’ll see in the chapter 6, the global mean rate 

at which it can rain is constrained by the 
atmospheric energy balance to be at the rate at 
which the atmosphere can radiate energy away. 

�  So precipitation increases much more slowly than 
at the Clausius Clapeyron rate of  7% per degree C. 

�  But PET and atmospheric water vapor do increase 
at the CC rate. 

�  So what has to give? 



Ocean Salinity Change 
�  Ocean salinity is an integrator of  Evaporation 

minus Precipitation or E – P 

�  Precipitation and Evaporation are noisy and hard to 
measure, but their integrated effects show up in 
ocean salinity. 

�  Scientists believe they have measured change in 
salinity and the pattern looks like the pattern of  E – 
P, so the contrast in E – P is increasing, as one 
might expect since PET increases so rapidly with T. 



Ocean Salinity – 
Integrator of  Hydrologic Cycle Change 

Salinity Climatology, 1950-2000 
Durack & Wijffels, 2010 

parts per thousand 

50-year linear trend difference,  
< 99% significance gray stippling 

Durack & Wijffels 2010 



The pattern of  the salinity trend looks like the climatological (long-term 
mean) pattern of  Salinity, which looks like the climatological pattern of  
E – P .  Suggests things are getting more contrasty.  Wet gets wetter, dry 
gets drier, which is what models of  global warming do 



Significance of  Salinity Trends 
South Atlantic 

7S, 16W 
Pacific Warm Pool 

Eq, 152E 

50-year change is about 0.25 ppt compared to mean value of  35 ppt, 
and spatial structure amplitude of  2 ppt, so could say 10% of  
climatological variance.  (ppt = parts per thousand) 



Ocean Salinity – 
Integrator of  Hydrologic Cycle Change 

Freshwater Flux (E-P) 
1980-93 Climatology 

50-year salinity trend difference,  
< 99% significance gray stippling 

Durack & Wijffels 2010 



Salinity change with depth 

Color shading is change, black contours are 
climatology, grey hatching is not significant at 90%. 



Salinity Trends 
�  They are astonishingly big. Mean value is 34, but 

contrast in tropics in subtropics is 36-34 ~ 2.0, 
Trends over 50 years are ±0.2  10-20% of  contrast. 

�  The trends have a similar shape as the 
climatological distributions, which are driven at the 
surface by freshwater flux (E-P), 

�  It is argued that the trends, are driven by increasing 
intensity of  the hydrologic cycle –mean P and E 
don’t change, but contrast in E – P increases. 

�  The surface changes penetrate to depth by mixing 
along surfaces of  constant density. 



Extreme Events 
�  Theory:  Although mean precipitation changes may 

be too small to measure yet, the latent energy in 
surface air is increasing, so maybe the precipitation 
will come in fewer, more intense bursts – models 
kinda do this.  

�  Observational evidence of  more intense 
precipitation extremes, more drought, more floods, 
etc. is spotty.  Some medium confidence 
indications of  more intense precipitation events, 
especially for North America, conflicting evidence 
for Europe and many other regions. 



Extreme Precipitation 

Pryor et al., 2009, Int. J. Climatol. 

Trends over the USA in the period from 643 
stations with substantial data in the 20TH 
Century 1895-2002 or at least 1905-1995. 

Trends 
in mean 
precip. 



Extreme Precipitation 

Pryor et al., 2009, Int. J. Climatol. 



Extreme Precipitation Trends 

Pryor et al., 2009, Int. J. Climatol. 

90th percentile Biggest Ten Days 

95th percentile Fraction from 90th percentile 



Extreme Precipitation Trends 
Wettest Pentad Daily Intensity = r/nr 

Number of  rain days/year 
Trend in 

reporting of  
light rain. 

Pryor et al., 2009, Int. J. Climatol. 



Thanks! 


