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Abstract

Understanding surface heat and radiative fluxes is an important factor when considering the Earth’s global energy budget. This study compares surface heat and radiative fluxes between the North American Regional Reanalysis (NARR) and North America Mesoscale (NAM) models and observational data. Observational data was made available by the National Laboratory for Agriculture and the Environment and obtained from the Iowa Environmental Mesonet. Graphs of average incoming short-wave radiation, average incoming long-wave radiation, average upward latent and sensible heat flux and average downward soil heat flux were compiled for both modeled and observed data and then analyzed.  Specific cases such as cloudy sky vs. clear sky days, and 18 UTC latent heat flux are also analyzed.  A statistical analysis including correlation coefficient and root mean squared error values is also conducted.  Results show that the NARR and NAM models simulate surface heat and radiative flux values fairly well.  There is; however, a relatively large error between modeled and observed average incoming short-wave radiation.  The NARR model’s average incoming shortwave radiation  is generally around 200 W/m^2
 higher than the observed average incoming short-wave radiation, where the NAM model is a similar magnitude less than the observed average incoming short-wave radiation.  While not investigated in this study,these errors could be due to biases in the models regarding cloud cover.
1.
Introduction

Studies regarding the Earth’s energy budget and surface heat and radiative fluxes are becoming more necessary as the need to understand the future of climate change becomes more imperative (Wang and McPhaden 2001; Robinson and Henderson-Sellers 1999).  The core variables involved in measuring the Earth’s energy budget are; Incoming long-wave (LW) and short-wave (SW) radiation, outgoing long-wave and short-wave radiation, or net radiation, sensible heat flux, latent heat flux, and soil heat flux (Robinson and Henderson-Sellers 1999).  These components make up the Earth’s energy budget equation. 

(1) ΔE = Q* - (H + LE + G)

Q* is the net radiation term, H is the sensible heat flux term, LE is the latent heat flux term and G is the soil heat flux term (Robinson and Henderson-Sellers 1999). 

Studies that involve measurements of the Earth’s energy budget can be complicated by several factors.  Cloud cover is commonly a prime source of error with modeled flux data at the surface (Trenberth, et al. 2001). Cloud cover modifies the wavelength dependence of emissivity and has a much greater absorptivity in the infrared region which prevents much of the loss of long-wave radiation at the surface (Robinson and Henderson-Sellers 1999).
Studies have been conducted regarding the impacts of cloud systems on surface heat fluxes (Redelsperger et al 2000; Wu and Guimond 2006). The mesoscale enhancement of surface heat fluxes due to cloud-scale processes has not been included in most general circulation models (GCMs).

Surface type can also play a major role regarding surface heat and radiative fluxes (Trenberth, et al. 2009; Robinson and Henderson-Sellers 1999).  Even snow versus ice surfaces can result in changes in surface heat and radiative fluxes (Bintanja and Van Den Broeke 1994).
Several studies have been conducted in regards to Earth’s energy budget over ocean surfaces (Wang and McPhaden 2001; Wu and Guimond 2006). Due to the differences in stored surface energy, it is better to inspect various surfaces separately.  This should especially be applied when considering land versus ocean surfaces because of their vastly different surface energy storage (Trenberth, et al. 2009).  

   A study conducted by Wang and McPhaden (2001) asked the question, “What is the mean seasonal cycle of surface heat flux in the equatorial Pacific Ocean?” This study compared six different surface heat flux products, from this region, with fluxes computed based largely on Tropical Atmosphere-Ocean (TAO) buoy array data.  In his study, Wang (2001) found that TAO data generally showed a good correspondence with these products.  However, it was found that all flux components showed considerable deviations depending on location and time of year.  
When considering the Earth’s energy budget (Equation 1) it is assumed that ΔE = 0 on relatively long timescales (Robinson and Henderson-Sellers 1999).  If ΔE is positive the Earth’s surface would be continuously increasing in heat possibly rendering the Earth inhabitable. So given ΔE = 0 on long timescales, the following assumption can then be made.

(2) Q* - G = H + LE

The importance of the soil heat flux term (G) can sometimes be underestimated, when in-fact, this term is often quite significant. Variables such as canopy cover and soil moisture can cause soil heat flux to play an extremely significant role in the Earth’s energy balance, sometimes causing G to be the same order of magnitude as the sensible or latent heat flux terms (Kustas and Daughtry 1989).  
The Bowen radiation energy balance technique (BREB) can be used to calculate sensible and latent heat fluxes at the surface (Fritschen and Simpson 1988).  Fritschen (1988) utilizes data provided by an experiment called ASCOT, conducted in 1984, to provide alternate methods to calculate surface and latent heat fluxes.  He also provides improvements and modifications related to the ASCOT experiment since 1984. In Fritschen’s study he utilizes data provided by five battery-operated sensors over various vegetative surfaces, which determine sensible and latent heat flux densities and the components of the radiation balance.  Rather than using the BREB technique to calculate surface and latent heat flux; it is possible to directly measure the sensible and latent heat flux terms at the surface using sensors powered by sun and wind energy (Iowa Environmental Mesonet 2009). 
 A study by Holtslag and De Bruin (1987) looks specifically at nocturnal surface fluxes, rather than entire day and night periods.  In their study they presented a semi empirical scheme relating surface fluxes to weather variables over land during the night.  The weather variables include; wind speed, total cloud cover, and the wet and dry bulb temperature of the air.  As stated earlier, cloud cover in particular can have a large affect on surface radiation flux due to the increased absorptivity of clouds that result in the prevention of the loss of long-wave radiation (Robinson and Henderson-Sellers 1999).
The purpose of this study is to compare modeled surface heat and radiative flux data to observed data over Iowa agricultural land over several years.  For this study average incoming short-wave (SW) radiation, average incoming long-wave (LW) radiation, upward latent heat flux (LE), upward sensible heat flux (H), and downward soil heat flux (G) terms will all be analyzed for both modeled and observed data.
  A statistical analysis including; root mean squared error, and correlation coefficients, will be performed in order to compare the modeled and observed data.  Graphs of the average LW, SW, latent, sensible, and soil heat flux will also be compiled and compared.  Data will be analyzed by month as well as by year.  Several specific cases will also be analyzed such as cloudy vs. clear sky cases as well as a comparison between soy vs. corn field data.  
I hypothesize that the North American Regional Reanalysis (NARR) model and the North American Mesoscale (NAM) model can simulate the surface heat and radiative fluxes found in observational data over Iowa agricultural land.  
2. Data and Methodology 
A. Observed Data


For this study observed and modeled surface heat and radiative fluxes are analyzed over Iowa agricultural land.  Observed data was obtained from equipment operated by the National Laboratory for Agriculture and the Environment (NLAE), formerly the National Soil Tilth Laboratory, and collected by the Iowa Environmental Mesonet. Data was recorded and separated by station, year, month and time of day, from the year 2005 through 2009, with the exception of data from 2008 which was not available due to data processing issues.  The observational data is recorded at 15 minute time intervals.  The stations used to obtain this dataset have identifiers of nstl10, nstl11, nstl110, nstl30ft, and nstlnsp. Pictures and descriptions of how these stations collect data can be found in Appendix A. These stations are located near Ames, Iowa over corn fields, soy bean fields, centered between the two and located over prairie respectively. The sensors located over soybean and corn fields have their crop type alternated each growing season.  Being that much of land in Iowa is either prairie or used to grow soy bean and corn, these stations should give a good representation of the dominant landscapes over Iowa. 
B. Observational Data Collection

The average, max, min, and standard deviation of incoming (downward) short-wave and long-wave radiation, sensible heat flux (upward), latent heat flux (upward), and soil heat flux (downward) are recorded at each station.  For this study average incoming short-wave (SW) and average incoming long-wave (LW) radiation will simply be referred to as SW and LW radiation.  Similarly, average latent, sensible and soil heat flux will sometimes be referred to as LE, H, and G respectively.  Any M’s in data tables refer to missing or incomplete data. 

Soil heat flux was recorded in a unique way at each station.  Due to the differences in heat flux that can arise due to canopy over, soil heat flux at each station was recorded twice,  under the crop canopy and then between the crop rows.  For the purpose of comparing this data to modeled data an average value will have to be computed.  However, this should give a more accurate estimate of the soil heat flux for the overall field. 

A specific case of cloudy vs. clear sky data was also analyzed.  Data was collected from the nstl10, nstl11, nstl30ft, and nstlnsp stations.  The data was for the year 2006.  Average flux data for all the clear sky days averaged for each month of the year was recorded every hour.  The same method was used for cloudy sky days.  The observational data was taken from the Ames Airport sky coverage observation.  Only completely cloudy and clear observation times were considered.
C. Modeled Data

Modeled data was obtained from the North American Mesoscale (NAM) and North American Regional Reanalysis (NARR) models.  The NAM model data included a year of data, 2 months in 2008 and then 10 months in 2009.  The NAM model data was averaged for LW radiation, SW radiation, latent heat flux and sensible heat flux for each month every threehours based on the three and six hour forecasts from the four times daily run of the NAM.   Average max, min, and standard deviation of this data were also provided for each month every three hours.  The same type of data was also collected from the NARR model.  However, the NARR model also included soil heat flux.  NARR model data spanned from 2005 to 2009 allowing for a better comparison with the observational data.


For the 2006 cloudy vs. clear case, model data was obtained only from the NARR model.  This was done by considering the same days recorded as cloudy or clear, from the observed data, to be cloudy or clear for the modeled data in order to get a correct comparison between the modeled and observed data.  However, the NARR model only gives three hour data recordings while the observational data gives hourly data.  For the purpose of comparing graphs of the averages, between the modeled and observational data, this should not pose a problem.    

D. Flux Comparison


In this study several different methods of comparing modeled and observational data were utilized. These methods included the comparison of graphs for average SW, LW, latent heat flux, sensible heat flux, and soil heat flux between the NAM and NARR model data and the observational data
. 
E. Cloudy vs. Clear Comparison
For the specific cloudy vs. clear sky case in 2006, the cloudy sky days and clear days are compared between the NARR model data and the observational data.  For this case graphs were made for the NARR data and the observational data of the average monthly SW, LW, latent, sensible, and soil heat flux for the year.
F. Latent Heat Comparison

 A comparison of latent heat flux between stations (one over a soy bean field and one over a corn field) and modeled data was also conducted.  This was done considering the latent heat flux monthly average for 18 UTC.  It was determined that the nstl11 was stationed over a corn field through the months of May and December, and the nstl10 station was positioned over a soy bean field for the same time period.  These monthly averages along with monthly averages from the NARR model data for the same months in 2006 were plotted as a bar graph.  This was done to determine what kind of effect common vegetation types found in Iowa have on surface latent heat flux.  The model was added to the comparison to see how well it simulates these values.
D. Statistical Analysis

 A statistical analysis was also conducted in order to further compare the NARR model to the observational data.  This included the calculation of the root mean squared error and correlation coefficients.  The root mean squared error was calculated for each three hour timestamp between each observed station and the NARR model using the average monthly values of SW, LW, latent, sensible, and soil heat flux for each year..  The correlation coefficients were calculated by averaging each stations monthly values for each three hour timestamp in order to get a data set of the same length as the model data.  Then having a data set of 12 values (one for each month of the year) for each three hour time stamp, the correlation coefficient was calculated for each time during the years 2005, 2006, 2007 and 10 months in 2009. 
4.  Results
A. Modeled vs. Observed Surface Heat and Radiative Flux data


Figures A through H
 are a comparison of surface heat and radiative flux values for 2005 through 2009, with the exception of 2008.  There isa good relationship for average LW radiation, average sensible heat flux, average latent heat flux and average soil heat flux between the NARR model data and the observational data.  There also appears to be a good relationship for average LW radiation, average sensible heat flux and average latent heat flux between the NAM model data and observational data.  The biggest discrepancy between model data and observational data is with average SW radiation.  The largest difference occurs around 18 UTC.  The NARR model’s average max SW radiation values are on generally around 200 W/m^2 larger than the observational data’s average max SW radiation values.  This is likely due to cloud cover that the NARR model is not accurately simulating.  If the NARR model is not taking into account cloud cover it makes sense that its average incoming SW radiation values would be higher than the actual observed values.


The 2008/2009 NAM model data also shows a good relationship for average LW radiation, average sensible heat flux and average latent heat flux with the observational data.  Again the discrepancy lies within the average SW radiation.  However, in this case the NAM model’s average max SW radiation is around 300 W/m^2 less than the observational data’s average max SW radiation.  Without further exploration of the NAM model it hard to say the exact reason for these small average max SW radiation values.
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Figure A: 2005 observed average SW radiation, average LW radiation, average latent heat flux, average sensible heat flux, and average soil heat flux from 6 to 6 UTC.
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Figure B: 2005 NARR model average SW radiation, average LW radiation, average latent heat flux, average sensible heat flux, and average soil heat flux from 6 to 6 UTC.
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Figure C: 2006 observed average SW radiation, average LW radiation, average latent heat flux, average sensible heat flux, and average soil heat flux from 6 to 6 UTC.
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Figure D: 2006 NARR model average SW radiation, average LW radiation, average latent heat flux, average sensible heat flux, and average soil heat flux from 6 to 6 UTC.
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Figure E: 2007 observed average SW radiation, average LW radiation, average latent heat flux, average sensible heat flux, and average soil heat flux from 6 to 6 UTC.
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Figure F: 2007 NARR model average SW radiation, average LW radiation, average latent heat flux, average sensible heat flux, and average soil heat flux from 6 to 6 UTC.
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Figure G: 2009 observed average SW radiation, average LW radiation, average latent heat flux, average sensible heat flux, and average soil heat flux from 6 to 6 UTC.
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Figure H: 2009 NARR model average SW radiation, average LW radiation, average latent heat flux, average sensible heat flux, and average soil heat flux from 6 to 6 UTC.
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Figure I: 2008/2009 NAM model average SW radiation, average LW radiation, average sensible heat flux and average latent heat flux from 0 to 0 UTC.
B. Cloudy vs. Clear Sky Case
Figures J and K show that there is a general agreement for the average surface heat and radiative flux data between the NARR model and the observational data for clear sky days.  However, Figures L and M show a large discrepancy in average SW radiation between the NARR model and observational data for cloudy sky days.  This discrepancy could be due to the NARR model not simulating clouds well for cloudy sky days.  The clouds help to insolate the surface from some of the SW radiation thus resulting in the reduced average SW radiation seen in Figure L.  If the NARR model doesn’t accurately simulate cloud cover then it would in turn not accurately simulate SW radiation.    
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Figure J: 2006 observed clear sky average SW radiation, average LW radiation, average latent heat flux, average sensible heat flux and average soil heat flux from 6 to 6 UTC.
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Figure K: 2006 NARR model clear sky average sensible heat flux, average latent heat flux, average soil heat flux, average SW radiation and average LW radiation from 6 to 6 UTC.
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Figure L: 2006 observed cloudy sky average SW radiation, average LW radiation, average latent heat flux, average sensible heat flux and average soil heat flux from 6 to 6 UTC.
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Figure M: 2006 NARR model cloudy sky average sensible heat flux, average latent heat flux, average soil heat flux, average SW radiation and average LW radiation from 6 to 6 UTC.
C. 18 UTC Latent Heat Flux Comparison
Figure N shows the relationship between vegetation type, specifically corn and soy bean, the NARR model and latent heat flux during 18 UTC through the months of May to December of 2006.  It can be seen from Figure N that there is a peak of latent heat flux in the months of July and August for both corn and soy bean fields.  The NARR model also has similarly high values during these months.  It could be hypothesized that the reason for these spikes in latent heat flux is that these months are the peak water usage and transpiration for these crops.  Soy bean fields tend to have a slightly higher latent heat flux during these months.  This could be due to the different transpiration rates of each crop.  Because latent heat transfers energy through the evaporation and condensation of water vapor (Robinson and Henderson-Sellers 1999), it seems logical to draw this conclusion. 
It can also be seen in Figure N that there is a large discrepancy between the stations and the NARR model’s average latent heat flux for the months of May and June.  The NARR model is showing much higher average latent heat flux values for these months than the stations are reporting.  This could be due to the NARR model assuming a step pattern for vegetation growth, which is not the case for actual corn and soy bean growth.  The NARR model is assuming nearly the same vegetation cover during May and June as during the actual peak growing season for corn and soy bean, July and August.  This likely resulted in the excessively large latent heat flux values that the NARR model produced. 
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Figure N: 18 UTC average latent heat flux comparison between nstl11, (over a corn field) nstl10 (over a soy bean field), and the NARR model for the months of May through December, 2006.

D. Correlation Coefficients

Tables 1 through 4 show correlation coefficients (CC) for surface heat and radiative flux data between the NARR model and the observational data.  There is a good correlation between the NARR model data and the obervational data for average LW and SW radiation values.  This corresponds well to the curves shown in Figures A through H.  The average LW and SW radiation values reach their max and min values at generally the same times.  The NARR model appears to do well at simulating when the max and min radiative heating and cooling will occur.   Sensible, latent and soil heat flux have a much lower correlation.  The correlation for these flux values become generally higher during the day and smaller during the evening.  Which could be caused by transient periods around sunrise and sunset due to timing issues.  
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Table 1: 2005 correlation coefficient values for average LW radiation, average SW radiation, average sensible heat flux, average latent heat flux and average soil heat flux
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Table 2: 2006 correlation coefficient values for average LW radiation, average SW radiation, average sensible heat flux, average latent heat flux and average soil heat flux
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Table 3: 2007 correlation coefficient values for average LW radiation, average SW radiation, average sensible heat flux, average latent heat flux and average soil heat flux
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Table 4: 2009 correlation coefficient values for average LW radiation, average SW radiation, average sensible heat flux, average latent heat flux and average soil heat flux

E. Root Mean Squared Error


 Tables 5 through 8 show root mean squared error (RMSE) values for surface heat and radiative flux data between the NARR model and the observational data.  The smallest RMSE values occur between the NARR model and observed average LW radiation data.  This corresponds well with Figures A through H which show a that the NARR model average LW radiation curve and the observed average LW radiation curve have very similar values at corresponding times.  It could be hypothesized that this is because clouds have less of an interference on incoming LW radiation at the surface.


The largest RMSE values occur with the average SW radiation data.  The largest error occurs between 15 and 21 UTC, during the afternoon.  This again corresponds to the average SW radiation curves seen in Figures A through H.  Given the large discrepancy in average max SW radiation values between the NARR model and the observational data these large error values were to be expected.  The nighttime average SW radiation RMSE values are relatively small.  This contrast is likely because when the sun sets there is essentially no incoming SW radiation so the modeling of those values is relatively easy.


There is generally a small error between the NARR model data and the observation data for sensible and latent heat flux.  The largest errors for these flux values occur during 15, 18, and 21 UTC.  Daytime heating is again hypothesized as the reason for these higher RMSE values.  


Soil heat flux has a lower variation of RMSE values compared to average SW radiation, average sensible heat flux, and average latent heat flux RMSE values.  It could be hypothesized that daytime heating has less of a direct affect on soil heat flux than other radiative and surface heat fluxes due to crop canopy. As shown in Figure N the NARR model appears to have a step pattern for crop growth which could play a role in the larger errors seen for average soil heat flux values.  Considering that part of the observed soil heat flux data was taken from below crop canopies, soil heat flux likely has a dependence on crop canopy.  The more-dense the crop canopy is the less daytime heating should affect soil heat flux.  If the NARR model is not accurately simulating crop growth then as a result it will not accurately simulate soil heat flux values, thus resulting in a larger error between model and observational data. 
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Table 5: 2005 root mean squared error values for average LW radiation, average SW radiation, average sensible heat flux, average latent heat flux, and average soil heat flux.
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Table 6: 2006 root mean squared error values for average LW radiation, average SW radiation, average sensible heat flux, average latent heat flux, and average soil heat flux.
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Table 7: 2007 root mean squared error values for average LW radiation, average SW radiation, average sensible heat flux, average latent heat flux, and average soil heat flux.
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Table 8: 2009 root mean squared error values for average LW radiation, average SW radiation, average sensible heat flux, average latent heat flux, and average soil heat flux.

5. Summary and Conclusions


The NARR and NAM models have some difficulties simulating surface heat and radiative fluxes. The largest error between the model and observational data occurs for average incoming SW radiation.  The smallest error and best correlation between the NARR model and the observational data occurs for average incoming LW radiation.  


The NARR and NAM models have trouble simulating incoming SW radiation during the day.  For the NARR model this is likely because of difficulties it may have simulating cloud cover.  Figures A through I show the NARR model simulates average incoming SW radiation to be around 200 W/m^2 larger than the observed average incoming SW radiation.  Shown in the cloudy vs. clear sky case, the NARR model simulates all surface heat and radiative flux values well for clear sky days.  However, on cloudy sky days the NARR model gives a much higher value for average incoming SW radiation than what is actually observed.  These comparisons point to the conclusion that the NARR model does not simulate cloud cover well, which in turn affects the models ability to simulate incoming SW radiation.  Further research with the NAM model could give more insight on why its incoming SW radiation values are much smaller than the observed values.

Daytime heating likely has an effect on the errors shown in tables 5 through 8 for the RMSE values between the NARR model and observational data. Max daytime heating occurs around 18 UTC.  The largest RMSE values occur during 15, 18 and 21 UTC, the largest at 18 UTC.  This corresponds to the max values for the surface heat and radiative flux curves shown in Figures A through H.  Given these relationships, the errors between the NARR model and the observational data during 15, 18 and 21 UTC likely have a dependence on daytime heating
.

On the contrary, during the evening, when there is no daytime heating, errors for surface heat and radiative flux values between the NARR model and observational data are small.  This is likely due to the lack of daytime heating.  Flux data is nearly zero during the evening hours making model simulation easy.

Shown in Figure N, the NARR model is able to accurately simulate average latent heat flux at 18 UTC during the peak growing season for corn and soy beans.  However, during 2 months before their peak growing season there is a large discrepancy between the NARR model average latent heat flux and the observational average latent heat flux.  The NARR model appears to have a step pattern for simulating average latent heat flux which does not correspond to the observed latent heat flux.  The observed latent heat flux corresponds to the corn and soy bean peak water usage period which the NARR model does not consider due to its parameterized vegetation.


Overall the NARR and NAM models, with perhaps the exemption average incoming SW radiation, generally are able to simulate surface heat and radiative fluxes over Iowa agricultural land.          
Appendix A:  Data Collection Processes


The observational data used in the study was made available by the National Laboratory for Agriculture and the Environment.  Three of the stations used in this study were located just south of Ames, IA.  One was located over a corn field, one over a soybean field and one centered between the two fields.  I was able to go view each station and learn about how each sensor works.  

Image 1 shows a view of the station over the corn field.  In the upper left corner of Image 1 a claw looking sensor is shown.  This is the CSAT SD
 sonic.  It records 3D wind data.  Image 2 shows a closer view of this sensor.  A small white ball can be seen between the “claws.”  This is the Licor CS7500, it measures H20 and CO2.  This sensor is located at each station.

Image 1 also shows a round cylindrical shaped sensor that appears to have “fins.”  This sensor measures temperature.  It is the HMP45 by VAISALA.  This is used at each station to measure the temperature. 

Image 2 shows another sensor that is located over both the corn and soy bean fields.  This is a 4-way net radiometer made by Kipp and Zonen.  It measures incoming and outgoing long and short-wave radiation.  Also seen in Image 2 is a round black sensor to the left of the radiation sensor.  This sensor detects snow depth or canopy height.  It is the SR50A by Campbell Scientific  

Image 4 shows the station that was centered between the corn and soybean field.  The flat sensor at the top of the station, shown in Image 4, measures photoactive radiation and solar radiation.  The photoactive radiation sensor is called a Quantum, and the solar radiation sensor is called a pyranometer.  These sensors are both from Licor.  This sensor is not located over corn or soybean, the 4-way net radiometer is used at those stations.

Image 5 shows a tipping bucket.  Two of these are located at both the corn and soybean stations and one is located at the station centered between the two fields
. 
Image 6 shows one of the wind turbines/solar panel power sources for these stations. 

A few more sensors that are not pictured here but very important are the 4 soil thermo couples and 2 soil temp plates that help to record soil heat flux.  Another sensor by Apogee is used to record canopy temperature.

All of this data is recorded in a logger like the one shown in Image 7.  The logger in Image 6 is the CR5000 by Campbell Scientific.
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�I wonder if instead of having W/m^2 in the text, you should rather have W m**-2 .  I’m not sure what the AMS standard is.


�I am not sure about this section.  You mention several different methods, but only mention a comparison of graphs.


�I am positive that your figures should be numbered and not lettered.


�I am not sure if heating is the right word.  I think you want to say something about cloudiness again.


�Acroym needs to be spelled out if possible


�This image can be omitted probably as you don’t concern the paper with precip.





