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Before you start running this program

This program was developed to solve a particular problem, to help answer a set of particular questions. This scientific part is fully documented in van Zhang et al (2008) and Oort et al (2011) and we recommend you cite these two publications. Always, feel free to contact Pepijn in case of questions and need for support, we will try to help you as good as possible. 

This document is more technical and meant to enable you to run our calibration program. In this document you will find a short problem statement, the solution that we propose and instructions for compiling and running the program.
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Phenology in ORYZA2000

In the ORYZA2000 model (Bouman et al 2001, Bouman and van Laar (2006), www.knowledgebank.irri.org/oryzabeta/), the following development stages are considered:
	DVS
	Phase

	0.0 - 0.4
	Basic Vegetative Phase (BVP), with development rate DVRJ

	0.4 - 0.65
	Photoperiod Sensitive Phase (PSP), with development rate DVRI, ending at Panicle Initiation (PI)

	0.65 – 1.0
	Post Photoperiod Sensitive Phase (PPP), with development rate DVRP, ending at Flowering (FL)

	1.0 – 2.0
	Reproductive Phase, with development rate DVRP, ending at Maturity (M)


Subroutine SUBDD.f90 in ORYZA2000 calculates temperature sums (oCd) using air temperature, a bilinear response model for thermal time accumulation, a sinusoid function to simulate hourly temperatures based on minimum and maximum temperature and a transplanting shock that can delay development. The default cardinal temperatures are:

Base Temperature TBD = 8 oC

Optimum Temperature TOD = 30 oC

Maximum Temperature TMD = 42 oC

For any day d, the mean temperature TMd is calculated as from minimum and maximum temperature:

TMd= (TMAXd+TMINd)/ 2.0













(1)

Next hourly temperature TD is calculated as:

DO I=1, 24

TD = TMd+0.5*ABS(TMAXd-TMINd)*COS(0.2618*FLOAT(I-14)) 

END DO

Where I is the hour of the day. In the original code hourly temperature is called TD. For every hour of the day, the thermal time accumulation is calculated as:
DO I=1, 24

TD = TM+0.5*ABS(TMAX-TMIN)*COS(0.2618*FLOAT(I-14)) 

         IF ((TD.GT.TBD).AND.(TD.LT.TMD)) THEN

            IF (TD.GT.TOD) TD = TOD-(TD-TOD)*(TOD-TBD)/(TMD-TOD)

            TT = TT+(TD-TBD)/24.



END IF

END DO 

A disadvantage of this method is that the maximum thermal time accumulation is dependent on the assumed cardinal temperatures, as is illustrated in the figure below. Therefore in the pheno_opt_rice2 calibration program we scale the y-axis such that maximum thermal time (at TOD) is always 1.0 and we write TH for hourly temperature:

DO I=1, 24

TH = TM+0.5*ABS(TMAX-TMIN)*COS(0.2618*FLOAT(I-14)) 



IF ((TH.GT.TBD).AND.(TH.LT.TMD)) THEN




IF (TH.LT.TOD) THEN 




   TT=TT+(TH-TBD)/(TOD-TBD)




ELSE




   TT=TT+(TMD-TH)/(TMD-TOD)




END IF



END IF
END DO
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In ORYZA2000 hourly thermal time (TT) is added up to daily heat units (HU) in SUBDD.f90. Next in subroutine CALDRATES.f90 the daily HU are added up in the temperature sum TS. TS = 0 at emergence day (EMD) and keeps adding up until maturity. At specific days (transplanting, panicle initiation, flowering and maturity, temperature sums are written to specific variables: 

!          determine the temperature sum at specific growth stages

           IF (IDOY.EQ.IDOYTR .AND. IYEAR.EQ.IYRTR) TSTR = TS

           IF (IDOY.EQ.IDOYPI .AND. IYEAR.EQ.IYRPI) TSPI = TS

           IF (IDOY.EQ.IDOYFL .AND. IYEAR.EQ.IYRFL) TSF  = TS

           IF (IDOY.EQ.IDOYM  .AND. IYEAR.EQ.IYRM) TSM  = TS
Development rates are calculated from the development stages (0.4, 0.65, 1.0 and 2.0) and temperature sums. But before doing that, they are corrected for the transplanting shock effect.

!        Temperature delay due to transplanting shock

         TSHCKD = SHCKD * TSTR

For the development rates, S_DRATES considers the case where the day of panicle initiation is not known (-99) and where it is known. When it is not known it is assumed that the period from emergence to flowering takes 440oCd. In all cases, it is assumed that the photoperiod sensitive phase, during which DVRI applies, takes 330oCd.

         IF(IDOYPI.EQ.-99) THEN

            DVRJ = 0.40/(TSF-330.-440.-TSHCKD)

            DVRI = (0.65-0.40)/330.

            DVRP = (1.-0.65)/440.

         ELSE

            DVRJ = 0.40/(TSPI-330.-TSHCKD)

            DVRI = (0.65-0.40)/330.

            DVRP = (1.-0.65)/(TSF-TSPI)

         ENDIF

         DVRR   = 1./(TSM-TSF)

Problem statement
Climate change impact studies rely critically on proper simulation of phenology, yet phenology is often poorly calibrated (Zhang et al 2008, van Oort et al 2011). Here, we discuss problems with phenology calibration specifically for rice as implemented in the ORYZA2000 model (but just as well applicable for most other rice simulation models) and we present a solution (the program pheno_opt_rice2). This document describes how pheno_opt_rice2 works and how it can be connected to ORYZA2000.

The current ORYZA2000 model has two calibration programs:

S_DRATES which calculates development rates based on observed phenological stages and weather data

S_PARAM which calculates partitioning factors, leaf death rates and so on as a function of development stage.

To calibrate ORYZA2000 for a given cultivar one first calibrates the phenology using S_DRATES and after that S_PARAM. The program pheno_opt can be used as an alternative to S_DRATES.

The S_DRATES calibration program of ORYZA2000 has a number of problems:

1. A set of default parameter values is assumed for most of the parameters, while recent research has shown that use of these default parameter values leads to less accurate simulation of phenology. Moreover, it has been shown that use of these default parameters may lead to biased simulation of phenology at high and low temperatures, which strongly limits the possibilities of using these models in climate change studies. 

2. S_DRATES does not estimate the photo-period parameters (MOPP, PPSE), nor does it correct temperature sums for assumed values of these parameters. 

3. S_DRATES does not estimate the parameter that marks the start of the photo-period sensitive phase (SPSP), instead it assumes that the start is 330 oCd before panicle initiation 

4. In case of no photoperiod sensitivity S_DRATES assumes two different development rates during the phase from emergence to panicle initiation (DVRJ and DVRI), with DVRI fixed at DVRI = (0.65-0.40)/330 = 0.000758. This number will be wrong in case 330oCd is wrong.

5. S_DRATES does its calculations for only one experiment at a time. For multiple experiments the user has to make a reruns file and then later himself (or herself), calculate the average temperature sums and development rates. This is just a practical inconvenience, that is easily solved, the problems 1-4 are real problems.

Pheno_opt_rice2
Our pheno_opt_rice2 program solves these problems as follows:

1. It can generate millions of parameter sets (specified ranges and step size in rerun_opt.f90, see note
). For each parameter set it runs through all experiments. All experiments are listed in file pheno_in.txt. The program easily allows for experiments at different locations. The weather station number of each experiment is listed in pheno_in.txt; the location of the directory with weather files is specified in ReadWeather.f90 and weather files are named and organised in the same manner as in ORYZA2000. For example SEN5.983 is the weather file for the year 1983, station 5 in country SEN.

2. For each set of parameters (TBD, TOD, TMD, SHCKD, SPSP, MOPP, PPSE) the program calculates for each experiment the error (actual-simulated duration in days) for the period from emergence to flowering (EFL) and flowering and maturity (FLM). The program searches the temperature sum for which the average EFL error (averaged over experiments) is less then one day and idem for the PI date and period from flowering to maturity (FLM) the average error is less than 1. Thus every parameter set will on average simulate the phenology correct, the program accepts parameter sets with large random errors and it allows parameter sets that produce biased simulation of phenology, for example with “systematically too early” errors at low temperatures being cancelled out by “systematically too late” errors at high temperatures.

3. We use the parameter names EPSP, CPTUFL and CPTUFLM instead of (in ORYZA2000 terminology) TSPI, TSF and TSM. EPSP stands for end of the photoperiod sensitive phase. EPSP = 57 means that under optimal temperature and daylength, it will take 57 days from emergence to panicle initiation. CPTUFL is stands for the cumulative photothermal units from emergence to flowering. CPTUFL = 57 means that under optimal temperature and daylength, it will take 57 days from emergence to flowering. 

4. The program generates two output files:

a. Bilinear1_output.txt, a comma separated file with results for all experiments. It includes the parameter set used, information about the experiment, the mean temperature from emergence to flowering and flowering to maturity in the experiment and the simulated and the observed duration of different developmental phases

b. Bilinear1_SlopeCV.txt, a comma separated file with summary over experiments for each particular dataset. The summary contains information on accuracy with which different phases are simulated and information on whether phenological errors are correlated with temperature. 

c. Or if one of the other models is calibrated, the program generates: bilinear2_output.txt and bilinear2_SlopeCV.txt for the bilinear2 model; bilinear3_output.txt and bilinear3_SlopeCV.txt for the bilinear3 model; output_BetaPSP.txt and SlopeCV_BetaPSP.txt for the beta model with photo period sensitivity and output_BetaNoPSP.txt and SlopeCV_BetaNoPSP.txt for the beta model without photo period sensitivity 
5. A design criterion for the program was that it would not output a single optimal solution, but instead all possible solutions. From the output file the user most pick the best possible model, e.g. with lowest RMSE_PI, RMSE _EFL and RMSE _FLM. The motivation for this criterion was:

a. We want to quantify the consequences of wrong parameter assumptions.

b. We want to know if there are local optima or is there convergence to a single optimal parameter set

c. We want to know how broad is the parameter range with which acceptable results can be obtained

d. We want to know if close to the optimum (accurate simulation of phenology), parameters are correlated. This especially occurs when there is a limited number of experiments and points to a need for more experiments

6. Considering the importance of temperature in climate change impact assessments we calculate if thermal time requirement for each phases is correlated with temperature. Of course, we do not want such correlation to exist. We calculate the mean temperature from emergence to flowering (TMEFL) and flowering to maturity (TMFLM) and calculate whether the error (simulated vs actual duration of a phase) is correlated with this temperature. This is written to output file Bilinear1_SlopeCV.txt:
a. SLOPEEFL_TMEFL < 0 means that at high temperatures, the model simulates a longer duration of the period from emergence to flowering than observed in reality. The cause of this can be underestimation of development rate at low temperatures or overestimation of development rate at high temperatures or both. The problem can be resolved by adjusting cardinal temperatures or photoperiod parameters.

b. It is illustrated in the example output file IR64_opt.xls sheet BIL1_noPSP_experiments
Phenological response models

We have made it possible to calibrate in 5 different phenological response models in pheno_opt_rice2. The choses which model to use in phe_main_opt.f90
Bilinear1 = bilinear model (with TBD, TOD, TMD, SHCKD, SPSP, MOPP, PPSE; note you can set development remains optimal above TOD by taking a very high value for TMD, e.g. 999. oC). This is the model also implemented in ORYZA2000

Bilinear2 = as bilinear1, but with different optimal temperature during night TODNGHT

Bilinear3 = as bilinear1, but assuming temperature in canopy, water or soil is always TM_CORR degrees higher than air temperature (more realistic is lower -> set TM_CORR < 0)

BetaPSP
= the beta model described by X. Yin, with calibration of photoperiod parameters

BetaNoPSP
= the beta model described by X. Yin, no calibration of photoperiod parameters

The bilinear response models as implemented in pheno_opt_rice2 are:

IF ((TH.GT.TBD).AND.(TH.LT.TMD)) THEN

IF (TH.LT.TOD) THEN 

TT=TT+(TH-TBD)/(TOD-TBD)


ELSE



TT=TT+(TMD-TH)/(TMD-TOD)


END IF

END IF

IF (DL.LT. MOPP) THEN

EFP = 1.0

ELSE
EFP = 1.0-(DL-MOPP)*PPSE
END IF

EFP = MIN (1.0, MAX(0.0,EFP))

PTU = TT*EFP
Where TT is thermal response, EFP is photoperiod response, TH is hourly temperature, DL is daylength and TBD, TOD, TMD, MOPP and PPSE are parameters

Additionally there are two more parameters used: SPSP and EPSP for the start and end of the photoperiod sensitive phase. Outside this phase EFP = 1, in this phase a long daylength > MOPP causes 0 < EFP < 1.
The beta response models as implemented in pheno_opt_rice2 are:

IF ((TH.GT.TBD).AND.(TH.LT.TMD)) THEN

TT=TT+(((TH-TBD)/(TOD-TBD))*((TMD-TH)/(TMD-TOD))**((TMD-TOD)/(TOD-TBD)))**TSEN

END IF

EFP = (((DL-0.0)/(MOPP-0.0))*((24.0-DL)/(24.0-MOPP))**((24.0-MOPP)/(MOPP-0.0)))**PPSE

PTU = TT*EFP
Where TT is thermal response, EFP is photoperiod response, TH is hourly temperature, DL is daylength and TBD, TOD, TMD, TSEN, MOPP and PPSE are parameters

Additionally two more parameters are used: SPSP and EPSP for the start and end of the photoperiod sensitive phase. Outside this phase EFP = 1, in this phase a long daylength > MOPP causes 0 < EFP < 1.

Pheno_opt_rice2TSUM01

Phenology researchers prefer to normalise daily thermal time accumulation so that they can easily compare models with different cardinal temperatures. The pheno_opt_rice2 phenology calibration program contains 5 phenology models with normalised (0 to 1) daily thermal time accumulation. The unit is thermal unit (or thermal increment) and the thermal units accumulated over time are called Cumulative Photo Thermal Units (CPTU). The interpretation is as follows: 

· if SPSP (start photoperiod sensitive phase = end of BVP) equals 15, then a rice variety grown constantly at optimal temperature and daylength would take 15 days to complete the BVP;

· if EPSP (end photoperiod sensitive phase = end of PSP) equals 31, then a rice variety grown constantly at optimal temperature and daylength would take 31 days to complete the BVP+PSP;

· if CPTUFL = 53, then a rice variety grown constantly at optimal temperature and daylength would take 53 days to flowering. 

· if CPTUFLM equals 20, then a rice variety grown constantly at optimal temperature and daylength would take 20 days to complete the grain filling phase (flowering to maturity);

In real environments temperature fluctuates during the day and during the year so the actual duration will always take longer than the SPSP, EPSP, CPTUFL and CPTUFLM. 

The method for normalisation is described in file SUBDD2TSUM.xlsx and file Oort2011_AFM151pp15451555.pdf. 

As a consequence of normalisation, optimised development rates (DVRJ, DVRI, DVRP and DVRR) from phenol_opt_rice2 cannot be directly pasted into the ORYZA2000 or APSIM crop file, because ORYZA2000 and APSIM do not used normalised TSUM. 

A new version has been developed from which all optimised parameters (TBD, etc and also DVRJ, DVRI, DVRP and DVRR) can be directly pasted into the ORYZA2000 or APSIM crop file. The latest version is called pheno_opt_rice2TSUM01 (forgive me for the naming). In this latest version the bilinear1 model operates with the temperature sum (TSUM, not normalised) instead of CPTU (normalised), while the other models (bilinea2, bilinear3, beta, betaNOPSP) still work with CPTU. At a later stage, I will also develop TSUM based versions for these other 4 models. For updates please contact Pepijn van Oort (Pepijn.vanoort@wur.nl).

In all other respects, input and output of pheno_opt_rice2TSUM01 are identical to those of the pheno_opt_rice2 phenology calibration program and the manual for that model can be used as a reference.

Connecting to ORYZA2000

Both pheno_opt_rice2 and pheno_opt_rice2TSUM01 calibrate phenology. After selecting the parameter set that gives the lowest RMSE _EFL or lowest RMSE_EM the selected parameters can be directly pasted into the ORYZA2000 cropfile.

When parameters have been optimized with pheno_opt_rice2TSUM01 and the bilinear1 model, no change to ORYZA2000 source code is needed.

When parameters have been optimized with pheno_opt_rice2 and the bilinear1 model, one thing needs to be changed in ORYZA1.f90: change CALL SUBDD() to CALL SUBDDN()
Instructions for running pheno_opt_rice2

Software Requirements

I have successfully compiled the program with 

1. Compaq Visual Fortran compiler (Standard Edition 6.6.0)

2. Intel Visual Fortran compiler 10.1.014 in Microsoft Visual Studio 2005

3. Gfortran compiler (free)

For compiling with gfortran in windows (free):

1. download the package MinGW from www.mingw.org/ and make sure also to install the fortran compiler

2. place the 8 fortran files in a directory you like. Make a subdirectory called gnucompilation.

3. Edit the fortran files as needed (see instructions elsewhere in this document). Save changes.

4. run the batch file pheno_opt_rice2gnucompile2.bat (double click on the file). This creates a file called pheno_opt_rice2.exe in subdirectory gnucompilation
How to run the model in 10 steps
1. Make weather files in the same way as used in ORYZA2000. For example mada1.008 is the weather file for the year 2008, station 1 in country mada. The total length (mada1) may not be larger than 20 characters. The name is not C-sensitive. Example weather files are stored in directory \weatherexample. Note that of the weather data, only the Tmin, Tmax, day and latitude are used. Important also to fill in the correct lat lon and altitude data in the first dataline (lines starting with * are comment lines)

2. Save these files in a separate directory, we recommend D:\weather\

3. Specify in ReadWeather.f90 where the weatherfiles including country code are stored. See the line: 

CHARACTER (LEN=100) :: WeaPath = "D:\weather\"

4. Fill in the phenological data in file pheno_in.txt. For example the first line of this file could be:

mada1
336
2008
337
2008
48
2009
76
2009
105
2009
Which means station mada1, emergence on day of year EMD 336 in the year EMDYR 2008 (1 December), transplanting on day 337, panicle initiation on day 48 year 2009, flowering on day 76 and maturity on day 105. The program also works when part of the growing season is in another year.

5. Select with phenological model(s) you want to use in phe_main.f90, by putting exclamation marks on the right place (you will see yourself in phe_main.f90). In the example below you are running the bilinear1 model and not the bilinear2 model:

! activate one of the 5 sets below

CALL START_bilinear1()

CALL Read_Output_bilinear1()

!CALL START_bilinear2()

!CALL Read_Output_bilinear2()

6. Define the parameter ranges that you want to test in rerun_opt.f90. Note that rerun_opt.f90 has a number of subroutines. If you have specified in phe_main.f90 that you want to run the bilinear1 model, then in rerun_opt.f90 you need to set the parameter ranges in SUBROUTINE Rerun_Bilinear1(). For example:
!-----Input min, max and step

!for no PSP fill in PPSEn=0.0; PPSEm=0.0; PPSEs=0.05

!and for clarity fill in SPSPn=0.0; SPSPm=0.1; SPSPs=1.0

!with PSP


TBDn=0.0; TBDm=20.0; TBDs=8.


TODn=22.0; TODm=40.1; TODs=8.


TMDn=42.0; TMDm=1000.1; TMDs=479.0


SPSPn=30.0; SPSPm=70.1; SPSPs=10.0


MOPPn=11.0; MOPPm=11.1; MOPPs=2.


PPSEn=0.0; PPSEm=0.8; PPSEs=0.4


SHCKDn=0.; SHCKDm=0.01; SHCKDs=0.4

!-----End of input

With this example we will test parameter sets with TBD = 0oC, TBD= 8oC and TBD= 16oC. And for SPSP only one value will be considered, namely SPSP = 0 days 
7. By specifying these parameter sets we can also simply choose a model with no photoperiod sensitivity (by setting PPSE to 0 and considering only one value for SPSP) and the case of no transplanting (set in SHCKD to zero and in the pheno_in.txt just set the transplanting day to any value, for example emergence day plus 1. But not exactly the same as emergence day.). The Blackman response function, in which development rate remains at its’ maximum above the optimal temperature TOD can be simulated with setting the maximum temperature TMD to a very large value, for example 1000. 

8. In case you have no data on panicle initiation data things become a bit more complex. In that case we recommend you make an estimate of PI date and be open about that. According to Vergara and Chang (1985) page 12, PI date is ca 35 days before flowering. As a rough guess you could use this to calculate PI date and fill it in phenol_in.txt.
9. For calibration we recommend you start with a wide range and large step size for each parameter and then, once you have got that right and have a clear picture of where the optimum could be run again with narrower range and smaller stepsize. 

10. Choose for which you want the average error prediction error to be zero. Check out the following line in start_opt.f90 and active the line you want. The default and preferred option is:

! AVERAGE ERROR IN DURATION FROM EMERGENCE TO FLOWERING < 1 DAY + DURATION FLOWERING TO MATURE < 1 DAY(CAN BE WITH LARGE SE)

IF (ABS(AVGEFLERROR).LT.1..AND.ABS(AVGFLMERROR).LT.1.) THEN
11. The output is two csv files, for example output_Bilinear1.txt and SlopeCV_bilinear1.txt. Open these in notepad. The subdirectory outexample contains an example Excel file Chhomrong_opt.xlsx with results for simulation of the Chhomrong cultivar, sown in madagascar at three sites (weather stations mada1 to mada3, see subdirectory weatherexample), data collected by S. Shreshta. Save the excel file under a meaningful name. Copy-paste your .txt files into the excel file. Go to data, then text to columns, then convert using comma delimited. Sort by RMSE_EFL small to large then by RMSE_PIFL small to large then by RMSE_FLM small to large. This is the root mean square error for your model prediction of duration emergence to flowering. 

12. Inspect the results and refine your analysis

Remaining issues in pheno_opt_rice2

Science is never finished and always better models may be developed. Based on my experience with phenol_opt_rice2 over the last years I consider the following three points below most pressing for further improvement:

1. simulate diurnal course of temperature with Sine-Exponential model instead of Sinusoid model. This way we can account for differences in daylength
2. calculate sunlight before and after sunset in a more sophisticated way than simply adding 0.9 hours
3. implement more sophisticated photoperiod sensitivity responses, such as non-linear responses

Note that with the requirement of having consistency between pheno_opt_rice2 and ORYZA2000 code, implementing above changes in pheno_opt_rice2 would also require making these changes in ORYZA2000 itself.
Acronym definitions

Note: in the rerun_opt.f90 file, parameter ranges to be simulated are defined by their minimum (n), maximum (m) and step (s). For example TBDn, TBDm and TBDs. Here we will define only TBD in the table below. Several acronyms start with an I, which means integer, which means a number with no decimals.
The full list acronyms plus their definition is found in file pheno_opt_rice2_acronyms.xlsx
� Software engineering wise it is probably not so nice to have parameter ranges specified in the program, because it means recompiling the program again separately for each set of experiments. Implementing that would require much extra code and result in a program consisting of more files. The current implementation keeps it nicely together in one file, but, admittedly it is a drawback that it needs to be recompiled, because this makes us more dependent on compilers.
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