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Model 

Observations 



Jun-Jul-Aug mean total 

cloud fraction bias [%] in 

the CMIP5 models (Ma et 

al. 2014; their Fig. 7). 

Jun-Jul-Aug mean 2 m 

temperature bias [K] in 

the CMIP5 models (Ma et 

al. 2014; their Fig. 11). 

Cloud Biases = Temperature Biases 



Predicted change in the # of heating and cooling 

degree days by region (Zhou et al. 2013; their Fig. 4) 

Cooling 

Degree 

Days 

Heating 

Degree 

Days 

What if we want to use our GCMs to make usable projections of 

future energy demands (e.g., the PRIMA initiative)? 

Cloud Biases = Energy Biases 



“Understanding circulation changes and the processes 

driving climate sensitivity requires coincident observations of 

clouds and their environment, as well as better estimates of 

the components of the surface energy budget.” --- Ghassem 

Asrar (from JGCRI) et al. 2015, BAMS – In Press 

Cloud Biases = Circulation Biases 

Bjorn’s “Elephant  

in the Room” 



1) What are the primary sources of variability in 

surface cloud radiative effects from tropical 

clouds? 
 

2) What types of tropical clouds have the 

largest impact on the surface energy budget? 
 

3) How much would small model biases in the 

frequency of tropical clouds or the timing of 

their formation matter to the aggregate 

surface cloud radiative effect? 

Research Questions 



Manus 

Darwin Nauru 

ARM Facilities in the TWP 



ARM = Large Sample Sizes 

# of days 
# of 2-min samples 

in each 1-h interval 

El Niño Periods 526 14,474 

Manus Neutral Periods 1,004 29,510 

La Niña Periods 567 16,615 

El Niño Periods 97 2,896 

Nauru Neutral Periods 299 8,982 

La Niña Periods 410 12,317 

Darwin 
Dry Seasons 411 11,947 

Wet Seasons 822 24,118 



Processing Cloud Types 

Time 
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Scheme from McFarlane et al. (2013; their Table 3) 



Processing Cloud Types 



Processing Cloud Types 



Cloud Frequency Profiles 

•  Trimodal distribution 

of cloud frequency 

(e.g., Johnson et al. 

1999). 
 

•  Strong ENSO 

sensitivity at Nauru, 

but minimal sensitivity 

at Manus. 
 

•  Wet season at 

Darwin marked by 

larger increases in the 

mid- and upper-levels. 



•   All three sites have significant diurnal and 

intraseasonal cycles in total cloudiness and the relative 

frequency of each cloud type. 

Diurnal Cycles of Cloud Frequency 

•  Daytime reduction in cirrus clouds is likely due to a 

sampling bias related to low signal-to-noise ratios in the 

lidar data when the sun is up. 



Diurnal Cycles of Cloud Frequency 

•  Suppressed periods are marked by the near total 

absence of clouds associated with deeper convection. 



Diurnal Cycles of Cloud Frequency 

•  Some evidence for a regular afternoon transition from 

shallow to deep convective clouds. 



Diurnal Cycles of Cloud Frequency 

•  Some evidence for a regular afternoon transition from 

shallow to deep convective clouds. 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =  
𝑥 − 𝑀𝑖𝑛

𝑀𝑎𝑥 − 𝑀𝑖𝑛
 



Diurnal Cycles of Cloud Frequency 

•  Some evidence for a regular afternoon transition from 

shallow to deep convective clouds. 

Daily Maximum 

Frequency 

Daily Minimum 

Frequency 



Diurnal Cycles of Cloud Frequency 

•  Some evidence for a regular afternoon transition from 

shallow to deep convective clouds. 



Diurnal Cycles of Cloud Frequency 

•  Some evidence for a regular afternoon transition from 

shallow to deep convective clouds. 



Defining Cloud Radiative Effects 

𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑊 𝐶𝑅𝐸 =  𝐶𝑙𝑜𝑢𝑑𝑦 𝑆𝑊 𝐹𝑙𝑢𝑥 −  𝐶𝑙𝑒𝑎𝑟 𝑆𝑘𝑦 𝑆𝑊 𝐹𝑙𝑢𝑥 

Conditional SW CRE 

𝑆𝑊 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑣𝑖𝑡𝑦 =  
𝐶𝑙𝑜𝑢𝑑𝑦 𝑆𝑊 𝐹𝑙𝑢𝑥

𝐶𝑙𝑒𝑎𝑟 𝑆𝑘𝑦 𝑆𝑊 𝐹𝑙𝑢𝑥 
 

𝑀𝑒𝑎𝑛 𝑆𝑊 𝐶𝑅𝐸 = 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ∗ 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑊 𝐶𝑅𝐸 

CRE statistics are calculated for each type of cloud: 



Defining Cloud Radiative Effects 

• Manus   • Nauru   • Darwin 

𝑆𝑊 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑣𝑖𝑡𝑦 =  
𝐶𝑙𝑜𝑢𝑑𝑦 𝑆𝑊 𝐹𝑙𝑢𝑥

𝐶𝑙𝑒𝑎𝑟 𝑆𝑘𝑦 𝑆𝑊 𝐹𝑙𝑢𝑥 
 



•  The total surface CRE (LW CRE + SW CRE) is always negative. 

•  Variability in CRE scales with total cloud frequency. 

Mean Cloud Radiative Effects 

    = LW + SW CRE 



Most of the variability in total CRE between the sites and across 

ENSO/monsoon phases at any given site is driven by changes in 

the relative and absolute frequency of each cloud type. 

Take Home Point #1 

    = LW + SW CRE 



WARNING 
RESEARCH 

LIMITATION 
AHEAD! 

Multilayer Clouds 

•  Multilayer clouds occur 
roughly 60-70% of the time.  
 

•  It is not possible to separate 
the radiative impact of each 
overlapping cloud type. 
 

•  We attribute the entire 
radiative effect to the lowest 
cloud in the column. 



Multilayer Clouds 

•  We attribute the entire radiative effect to the lowest cloud 
in the column. 

𝑀𝑒𝑎𝑛 𝑆𝑊 𝐶𝑅𝐸 = 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ∗ 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑊 𝐶𝑅𝐸 



SW CREs at Manus 



SW CREs at Manus 



SW CREs at Manus 



SW CREs at Manus 



Take Home Point #2 

Although deeper clouds 

(cumulus congestus & 

deep convection) have a 

larger conditional SW 

CRE effect, they have a 

smaller mean SW CRE 

compared to low clouds 

because they occur only 

infrequently.  



Net Cloud Radiative Effects 

𝑁𝑒𝑡 𝑆𝑊 𝐶𝑅𝐸 =     𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ∗ 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑊 𝐶𝑅𝐸

𝑇𝑦𝑝𝑒𝐷𝑖𝑢𝑟𝑛𝑎𝑙

 

Diurnally-Averaged 

Net SW CRE at 

Manus = -94.7 W m-2 



Frequency Sensitivity 

𝑁𝑒𝑡 𝑆𝑊 𝐶𝑅𝐸 =     𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ∗ 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑊 𝐶𝑅𝐸

𝑇𝑦𝑝𝑒𝐷𝑖𝑢𝑟𝑛𝑎𝑙

 

Research Question 

How much would 

small model biases in 

cloud frequency 

impact the net SW 

CRE in the model? 

Diurnally-Averaged 

Net SW CRE at 

Manus = -94.7 W m-2 



Frequency Sensitivity 

𝑁𝑒𝑡 𝑆𝑊 𝐶𝑅𝐸 =     𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ∗ 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑊 𝐶𝑅𝐸

𝑇𝑦𝑝𝑒𝐷𝑖𝑢𝑟𝑛𝑎𝑙

 

Model has too 

many clouds 

Model has too 

few clouds 



Frequency Sensitivity 

𝑁𝑒𝑡 𝑆𝑊 𝐶𝑅𝐸 =     𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ∗ 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑊 𝐶𝑅𝐸

𝑇𝑦𝑝𝑒𝐷𝑖𝑢𝑟𝑛𝑎𝑙

 

SW CRE is 

too strong 

SW CRE is 

too weak 



Frequency Sensitivity 

𝑁𝑒𝑡 𝑆𝑊 𝐶𝑅𝐸 =     𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ∗ 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑊 𝐶𝑅𝐸

𝑇𝑦𝑝𝑒𝐷𝑖𝑢𝑟𝑛𝑎𝑙

 



Small errors in the frequency of deeper clouds can bias 

the net SW CRE by up to 20 W m-2 (~20% of the mean). 

Take Home Point #3 



Diurnal Cycle Sensitivity 

𝑁𝑒𝑡 𝑆𝑊 𝐶𝑅𝐸 =     𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ∗ 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑊 𝐶𝑅𝐸

𝑇𝑦𝑝𝑒𝐷𝑖𝑢𝑟𝑛𝑎𝑙

 

Research Question 

How much would 

small model biases 

the timing of cloud 

formation across the 

diurnal cycle impact 

the net SW CRE in 

the model? 

Time 
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Diurnal Cycle Sensitivity 

𝑁𝑒𝑡 𝑆𝑊 𝐶𝑅𝐸 =     𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ∗ 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑊 𝐶𝑅𝐸

𝑇𝑦𝑝𝑒𝐷𝑖𝑢𝑟𝑛𝑎𝑙

 

Diurnal Cycle 

Shifted Later 

Diurnal Cycle 

Shifted Earlier 



Diurnal Cycle Sensitivity 

𝑁𝑒𝑡 𝑆𝑊 𝐶𝑅𝐸 =     𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ∗ 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑊 𝐶𝑅𝐸

𝑇𝑦𝑝𝑒𝐷𝑖𝑢𝑟𝑛𝑎𝑙

 



Take Home Point #4 
Errors in frequency lead to larger changes (+/-20%) in the net SW 

CRE compared to errors in the timing of the diurnal cycle (+/-5%). 



1) Most of the variability in total CRE between the sites and 

across ENSO/monsoon phases at any given site is driven by 

changes in the relative and absolute frequency of each cloud 

type. 
 

2) Although deeper clouds (cumulus congestus & deep 

convection) have a larger conditional SW CRE effect, they 

have a smaller mean SW CRE compared to low clouds 

because they occur only infrequently. 
 

3) Small errors in the frequency of deeper clouds can bias the 

net SW CRE by up to 20 W m-2 (~20% of the mean). 
 
 

4) Errors in frequency lead to larger changes (+/-20%) in the 

net SW CRE compared to errors in the timing of the diurnal 

cycle (+/-5%). 

Take Home Points 



•  WRF simulations for an El Niño and La Niña month at Nauru: 

 - How well does WRF simulate the different cloud types and 

 their diurnal cycles across ENSO phases?  

     - How well does WRF simulate surface CREs? 

Ongoing and Future Work 



•  WRF simulations for an El Niño and La Niña month at Nauru: 

 - How well does WRF simulate the different cloud types and 

 their diurnal cycles across ENSO phases?  

     - How well does WRF simulate surface CREs? 

Ongoing and Future Work 



•  WRF simulations for an El Niño and La Niña month at Nauru: 

 - How well does WRF simulate the different cloud types and 

 their diurnal cycles across ENSO phases?  

     - How well does WRF simulate surface CREs? 
 

•  CAM5 simulations for a 10-yr period over the entire TWP: 

 - How well does CAM5 simulate the various cloud types and 

 their diurnal/seasonal/interannual cycles? 

 - Can we use the ARM TWP measurements as a tropical 

 testbed for investigating model deficiencies? 

Ongoing and Future Work 

2009 annual cycle at 

Darwin simulated at 

different spatial 

resolutions 
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Why Do We Care? 

The 23-year (1979-2001) annual mean precipitation (mm day-1) based on 

satellite, rain gauge, and radar data (Adler et al. 2003; their Fig. 4) 



(Joetzjer et al. 2013; their Fig. 1b) 

Why Do We Care? 



(Joetzjer et al. 2013; their Fig. 1b) 

1) Precipitation over the Amazon is 
an important driver of the global 
circulation. 

↓ 
2)  Most GCMs do a poor job of 
simulating the magnitude and 
spatial variability of precipitation 
over the Amazon. 

↓ 
3) Errors in simulated precipitation 
→ errors in the global circulation → 
uncertainties in projections of 
future climate. 

Why Do We Care? 



How Do We Move Forward? 

Big Picture Goal 

Improve the representation of precipitation over 

the Amazon in climate models. 

[Nice!] Picture from www.badgermountainsouth.com 



Medium Picture Goal 

Make observations of clouds and precipitation 

over the Amazon and use them to try to 

understand what is driving the system. 

Picture from the Badger Mountain Challenge 

How Do We Move Forward? 



Manaus, 

Brazil 

How Do We Move Forward? 

Medium Picture Goal 

Make observations of clouds and precipitation 

over the Amazon and use them to try to 

understand what is driving the system. 



Time-Series of Radar Reflectivity, 20 March 2014 

How Do We Move Forward? 

Medium Picture Goal 

Make observations of clouds and precipitation 

over the Amazon and use them to try to 

understand what is driving the system. 



How Do We Move Forward? 



My Contribution 

Provide spatial context to aid in the interpretation 

of the point measurements made during the 

GoAmazon2014/5 field campaign. 

How Do We Move Forward? 



1) How will the spatial variability of deep 

convection impact what we see at each of 

the GoAmazon2014/5 sites? 
 

2) Was 2014 a representative year to study 

deep convection over the Amazon? 

Research Questions 



Datasets 
Multiyear (2000-2014) seasonal composites of deep 

convection frequency from satellites using cold cloud 

tops (infrared brightness temperature [IR Tb] < 240 K) 

as a proxy for storms: 

  • 30 min native temporal resolution 

  • 4 km x 4 km native spatial resolution 

Seasons 
Showing results from Mar-Apr-May. Patterns are 

similar during Dec-Jan-Feb, but are not present during 

the dry seasons. 

Methods Overview 



Diurnal Cycle Near Manaus 
1) The diurnal cycle of convection near the T3 site results from a 

superposition of local and non-local elements. 



TIME 

IR Tb < 240 K 
Frequency 

1) The diurnal cycle of convection near the T3 site results from a 

superposition of local and non-local elements. Storms from the residual 

sea-breeze front happen to be in-phase with the background diurnal cycle. 

ARM Site (T3) 

Comparison Sites 

Diurnal Cycle Near Manaus 



ARM Site (T3) 

1) The diurnal cycle of convection near the T3 site results from a 

superposition of local and non-local elements. Storms from the residual 

sea-breeze front happen to be in-phase with the background diurnal cycle. 

Diurnal Cycle Near Manaus 



ARM Site (T3) 
Upwind Sample 

1) The diurnal cycle of convection near the T3 site results from a 

superposition of local and non-local elements. Storms from the residual 

sea-breeze front happen to be in-phase with the background diurnal cycle. 

Diurnal Cycle Near Manaus 



ARM Site (T3) 
Upwind Sample 

Downwind Sample 

1) The diurnal cycle of convection near the T3 site results from a 

superposition of local and non-local elements. Storms from the residual 

sea-breeze front happen to be in-phase with the background diurnal cycle. 

Diurnal Cycle Near Manaus 



Impact of the Rivers 
2) River-breeze circulations have a clear and persistent impact on 

thunderstorm frequency. 

Mar-Apr-May from 1700-1800 LT 



2) River-breeze circulations have a clear and persistent impact on 

thunderstorm frequency. 

Monthly-mean 

afternoon cloud 

frequency 

[Fitzjarrald et al. 

2008; their Fig. 1c] 

Impact of the Rivers 

Enhancement Suppression 



2) River-breeze circulations have a clear and persistent impact on 

thunderstorm frequency. The sites on the eastern banks of the Negro River 

have up to 10% more frequent convection compared to the T3 site. 

Convergence 

Impact of the Rivers 

Trade 

Winds 

River 

Breeze 



2014 Representativeness 
3) 2014 was a generally representative year in terms of the annual cycle of 

 precipitation and the diurnal cycle of convection during the two IOPs. 

Black 

lines/dots are 

the 2014 

monthly mean 

values. 

 

Box plots are 

made from the 

distributions of 

the 2000-2013 

monthly mean 

values. 

Outliers 



3) 2014 was a generally representative year in terms of the annual cycle of 

 precipitation and the diurnal cycle of convection during the two IOPs. 

2014 Representativeness 



Cloud  Radiative Effects in the Tropical Western Pacific 

1) Most of the variability in total CRE between the sites and across ENSO/monsoon phases 

at any given site is driven by changes in the relative and absolute frequency of each 

cloud type. 

2) Although deeper clouds (cumulus congestus & deep convection) have a larger 

conditional SW CRE effect, they have a smaller mean SW CRE compared to low clouds 

because they occur only infrequently. 

3) Small errors in the frequency of deeper clouds can bias the net SW CRE by up to 20 W 

m-2 (~20% of the mean). 

4) Errors in frequency lead to larger changes (+/-20%) in the net SW CRE compared to 

errors in the timing of the diurnal cycle (+/-5%). 

Spatial Variability of Deep Convection around the GoAmazon2014/5 Sites 

1) The diurnal cycle of convection near the T3 site results from a superposition  of local and 

non-local elements. Storms from the residual sea-breeze front happen to be in-phase with 

the background diurnal cycle. 

2) River-breeze circulations have a clear and persistent impact on thunderstorm frequency. 

The sites on the eastern banks of the Negro River have up to 10% more frequent 

convection compared to the T3 site. 

3) 2014 was a generally representative year in terms of the annual cycle of precipitation and 

the diurnal cycle of convection during the two IOPs. 

 

Take Home Points 


