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1. Introduction 
Irrigation represents a significant cost of production to pastures, arable and horticultural crops in 
New Zealand. It is estimated that across New Zealand some 650,000 ha of pasture and cropping land 
are under irrigation. Therefore, techniques to improve irrigation efficiency could have substantial 
financial and environmental benefits to the whole country. An efficient irrigation strategy should 
supply just enough water, at the right time, to achieve the desired yields and crop quality.  

Current irrigation management often use scheduling services, which generally use a limited number 
of soil moisture (SM) monitoring devices (e.g. Neutron Probe or Time-domain reflectometer (TDR)), 
in conjunction with a knowledge of crop evapotranspiration. However, extending data collected from 
a single point in a field/orchard/vineyard to the whole property requires information about the 
variability of crop water needs on that property. Satellite imaging technology potentially enables 
farmers and orchardists to understand the spatial variability of crop water status better.  

2 Materials and Methods 
This work was a proof-of-concept study to improve our understanding of crop water use by 
combining historical SM data from selected sites, with SM data obtained from models using satellite 
imaging during the 2009-2010 (Canterbury) and 2010-2011 growing seasons for Marlborough and 
Tasman (Figure 1). The combination of land-based measurements with satellite information was used 
to extrapolate water use based on existing SM measurements to: 

• All areas within the monitored block that have different soil properties and crop 
development 

• Other crops around the monitored block, allowing for information on changes in soil 
properties but also for differences in crops and crop conditions. 

Satellite information: 

                              

 A B 
Figure 1: A) Landsat-7 scene Marlborough-Tasman. B) Scene Canterbury  
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The selection of satellite image dates was based on the following criteria: 
• Images had to be cloud free over area of interest  
• High number of available soil moisture data points 
• The Landsat-7 satellite orbits only every 16 days. Most irrigation monitoring is done on a 

weekly basis (out of sync), showing the need for daily measurements, or the use of data-
loggers as found in the Enviroscan and Aquaflex soil moisture probes. 

Soil moisture information: 
Soil moisture information was obtained from both Tasman/Marlborough (Fruition Horticulture) and 
Canterbury (Hydro Services). This information was compared with the eLEAF satellite remote sensing 
images (i.e. visible, near infrared, thermal-infrared), in conjunction with mathematical models, to 
determine calculated crop SM and evapotranspiration (ET). 

Soils information 
As very few of the growers had information about the soils or their soil water-holding capacities, in 
most cases this information had to be teased out of information available from the National Soils 
Database (http://www.landcareresearch.co.nz/resources/data/s-maponline). 

Climate information 
Similarly, very few farms had access to climate data, which therefore had to be sourced from the 
closest meteorological station (NIWA) or data were obtained from NIWA’s ‘virtual climate network’ 
(http://www.niwa.co.nz/our-science/climate/our-services/virtual-climate-stations).  

2.1 The SEBAL model 
The Surface Energy Balance Algorithm for Land (SEBAL) is an image-processing model that calculates 
the actual (ET) and potential evapotranspiration rates (ETpot) as well as other energy exchanges 
between land and atmosphere (Bastiaanssen et al. 1998a; Bastiaanssen et al. 1998b). The key input 
data for SEBAL consist of raster values of spectral radiance in the visible, near infrared and thermal 
infra red parts of the spectrum. Hence, the measurements are unique for every 30 x 30 m satellite 
image pixel. 

The primary basis for the SEBAL model is the surface energy balance (Figure 2).  

 

Figure 2: Surface Energy Balance for different types of surfaces. 

2.2 Triangle method  
The Triangle method, which was developed in the 1990s (Carlson et al. 1994; Carlson et al. 1995; 
Price 1990), is an approach based on an interpretation of the (satellite) image distribution in surface 
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radiant temperature (Ts) and fractional vegetation cover (Fr). When a sufficient large number of 
pixels are present, the shape of all the pixels together resembles a triangle. A triangle shape emerges 
because the range of surface radiant temperature decreases as the vegetation cover increases, its 
narrow vertex (top point of the graph) attesting to the narrow range of surface radiant temperature 
over dense vegetation (Carlson 2007). Figure 3 shows an example of SM information of all pixels 
within one image. 

 
 A B 
Figure 3: Each black dot represents one pixel within the image, while only the big blue dots represent the pixels with 
measured soil moisture. Mo = surface soil moisture (Mo = 1 in wet soil and Mo =0 in dry soil), NDVI = Normalized 
Difference Vegetation Index (NDVI_o = bare soil and NDVI_s = full vegetation cover). A) Scatter plot of NDVI versus 
surface temperature taken from a Landsat image. B) as in A, but of fractional vegetation cover (Fr, equation 10) versus 
scaled surface temperature (T*). 

Figure 4 shows the locations of the sensors in both study areas (Marlborough/Tasman and 
Canterbury). In total, SM data were collected from 32 blocks on three different dates. 

 

 A B 
Figure 4: Location of field sensors in the A) Nelson, Marlborough and B) Canterbury regions. Picture taken from Google® 
Earth. 
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4. Results 

4.1 Marlborough – Tasman region 
For all three dates, the ‘sensor pixels’ were situated in the upper left part of the triangle (as shown in 
Figure 3), indicating that they were all relative green and wet (cool). This is because most of the fields 
where the sensors were installed received irrigation frequently. The only points in the Nelson region 
(Tasman) with relative low surface temperatures were orchards that were covered with netting. 

In Figure 5A the Triangle - SM estimates (Triangle-Mo) for the three dates are plotted against the in 
situ soil moisture (SM, expressed as percentage of Field Capacity or FC)) measurements 
(Marlborough region), primarily in blocks of Sauvignon blanc grapes. The SM measurements are 
scaled between 0 and 1 using the field capacity of the soil. The error bars in the figure are based on 
the observed standard deviations and represent the standard deviation in derived Mo. For all three 
dates, there seems to be a relationship between the model and the measurements, although the 
scatter is large. The field data as well as the Mo (SM estimates based on image) are slightly higher for 
24 January 2011 (DOY 24), as ~15 mm of rain fell the day before. The other two dates recorded 
slightly lower Mo values, which is also supported by the field measurements. The best agreement 
between model and measurements is for 13 March 2011 (DOY 72). 

   

 A B 
Figure 5: A) Comparison of all Triangle-Mo for three dates, versus scaled in situ data with error bars. The red line at 0.75 
represents the crop stress level. The error bars represent the standard deviation of Mo. B): Same data as in A, but here 
the correlations between Field data/FC and Triangle-Mo for individual dates are shown.  

Soil moisture probes are only installed to guide irrigation and therefore only installed in already 
irrigated fields. With, in most cases, abundant water availability, all investigated fields were well 
irrigated all the time. This created a condition that SM values were always fairly high. For good 
correlation calculations, it is imperative to have extreme values (dry and wet). As few dry fields were 
encountered in this research, it is likely that this played an important role in the absence of good 
correlations between the actual in situ SM measurements and the values from the models. This is 
clearly demonstrated in Figure 5B which is the same figure as 5A, but now the data are analysed per 
date. It can be seen that later in the season on DOY 72 (11 March 2011) with a wider spread of SMs, 
as irrigation was probably reduced, an acceptable correlation (r = 62%) was found between the field 
and satellite measurements. 
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Based on the in situ SM data, it can be derived that the water stress level for most sites is about 75% 
of field capacity (0.75 in Figure 5A). This level was therefore applied to all sites (Marlborough, 
Tasman and Canterbury), including those sites for which we did not have detailed soil information 
and stress levels. No Tasman sites revealed stress on any of the three dates while only a few 
Marlborough sites suggested crop stress on the second and third dates (DOY 40 and 72). 

In Tasman (Figure 6A), there was a poor correlation between the scatter-plot of Mo and the scaled in 
situ data. Here, the dominant crop is apples. The total number of sensors is small and they all have 
high SM values. Some fields even showed calculated SM values that were higher than the field 
capacity. The fields (and sensors) that are covered by netting are encircled in Figure 6A (all have a Mo 
of 1) and show the poorest relationship. It must be noted that the number of data points and the 
range in SM are small. It will be clear that it will be difficult to find good satellite image information 
for these covered crops. 

The SEBAL model can also reveal which sites are likely to have SM stress (i.e. which have an ETdef). 
The stress is presented as the actual ET divided by the potential ET (i.e. ET/ETpot). The results in Figure 
6B are plotted against the scaled in situ data (Tasman and Marlborough regions). The 0.75-stress line 
is also shown. The only fields that show significant reduced ET values according to SEBAL (ET/ETpot < 
0.85) for the second date (DOY 40) are marked with the black circle. Most fields are at full Field 
Capacity according to the SEBAL model (ET/ETpot), while according to the SM measurement (Field 
data), about half the fields are below FC. 

 
 A B 
Figure 6: A) Scatter plot of SEBAL-(ET/ETpot) versus re-scaled in situ data for the Marlborough and Tasman regions for all 
three dates. DOY 24 = 24 January 2011, DOY 40 = 9 February 2011 and DOY 72 = 13 March 2011. The red line at 0.75 
represents the crop stress level. B) Tasman region. DOY 24 = 24 January 2011, DOY 40 = 9 February 2011 and DOY 72 = 13 
March 2011. 

In Figure 7, the spatial variation in NDVI (A), surface temperature (B), Triangle - Mo (C) and SEBAL - ET 
(D) within the field is demonstrated for a relative large field. The field boundaries and the location of 
the SM probes are also shown. Clearly visible are the differences between the fields for these four 
parameters on 9 February 2011 (with similar images for the other two dates). The surface 
temperature of the monitored field is relative cool compared with that in other fields towards the 
southwest (and thus high Mo) but warmer than in the field to the northeast. This corresponded well 
with the lower calculated moisture (Mo) and lower evapotranspiration (ET) to the SW of the 
monitored field and the higher Mo and ET in the field to the northeast to the NE. 
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 A B C D 
Figure 7: A vineyard inthe Marlborough region on 9 February 2011. From left to right: NDVI, surface temperature (oC), Mo 
and ET (mm/day). 
 

4.2 Canterbury region 
The Triangle-method results for Canterbury are shown in Figure 8. The 0.75-stress line clearly shows 
that for all three dates most of the sites had no water stress. The relationship between Mo and in situ 
field data is problematic, as all fields were high in SM, so finding a good relationship with satellite 
images was severely compromised. 

 
Figure 8: Triangle-Mo versus in situ data (Canterbury region). DOY 284 = 11 October 2010, DOY 316 = 12 November 2010 
and DOY 332= 28 November 2010. The red line at 0.75 represents the crop stress level. The error bars represent the 
standard deviation of Mo. 

Figure 9 is a set of Canterbury satellite images with sections of these pivot irrigation fields with 
different crops or crop rotations. The differences between these sections show that just one SM 
sensor is not going to provide the grower with much information about almost 80% of the field. 
Understanding the relationships of the SM in the various sections of this pivot-irrigated field will be 
important to this grower. However, in this case there are Mo results that deviate from the NDVI 
results: the greenest sections in the pivot circle have the lowest Mo values (red coloured), while less 
green areas reveal much higher Mo values. Here, the SEBAL results are more consistent with the 
NDVI and Ts patterns: green and cool areas show a higher ET than less green and (slightly) warmer 
areas. This clearly demonstrates that, as in the Marlborough dataset, the images can be used to 
determine relative differences, although the analysis of these differences needs further fine-tuning. 
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Figure 9: Centre Pivot irrigation field in the Canterbury region on 12 November 2010. From left to right: NDVI, surface 
temperature, Mo and SEBAL ET. 

5. Conclusions 
This was only the first known study of this kind to have been undertaken in New Zealand. Despite 
some current shortcomings in the results of this work, we believe there is a good potential for the 
use of this type of satellite information. Many of the potential causes of the poor relationships 
between SM measurements and satellite image analysis can be easily resolved for future work in this 
area: 
1) A large advantage of using the Landsat-7 images is the high resolution of pixels in both visible and 

thermal wavelengths. However, this satellite is quite old and is likely to be replaced in 2013. 
2) This work was started as a pilot study with a restricted budget, using historical satellite data and 

historical SM data from existing installed probes. Retrospectively, this created a number of 
challenges: 

a) Many of the existing SM probes were in inappropriate positions in the field (e.g. alongside 
roads, under orchard nets). 

b) Probes were found only in irrigated fields, reducing the spread of SMs used in this trial, which 
severely reduced the potential for good correlations to be found. 

c) Only a few fields were measured for SM on a daily basis, which caused the 16-day cycle 
satellite overpasses to be out of sync with most weekly SM measurements. 

d) SM measurements were not made at a consistent depth in relation to the rooting depth of the 
crop. 

e) Crop growth stages (and therefore their water needs and transpiration) were insufficiently 
identified. 

f) Insufficient information about soil water-holding capacity was available for most blocks 
studied. 

There are many positive lessons to take from this work, especially if the observed errors can be 
corrected in the future. The mentioned issues can be easily addressed in any future work by using 
live satellite images, ensuring that SM measurements are made on the day of the satellite overpass, 
and that probes are positioned centrally in the measured blocks to avoid known SM differences as in 
roads, tracks, ditches, gravel pits, and so on. 
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