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Phenology is a classic topic of biometeorology.  The timing of many of life’s events 
are cued by such factors as accumulated heat units and day length, things we 
measure and study.
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Deciduous plants operate is a quasi on/off mode, in either the deciduous and 
dormant stage or the leafed and photosynthesizing stage.  Knowing when leaves 
leaf-out and how long they are active play important roles on how much carbon can 
be assimilated and how much water can be transpired from a vegetated landscape.
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Life stages and history of an annual crop plant.
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Life history of the phenoseasons of a deciduous forest.
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One size does not fit all when describing and predicting phenology.  In the warm, 
wet tropics, deciduousness can occur due to seasonal drought.
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Sakaerat Environmental Research Station. I was recently at the AsiaFlux meeting 
and was astounded to see the state of this drought deciduous tropical forest in 
Thailand.  My prior impression was that drought was relative and only a few leaves 
fell.
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Timing of Drought Deciduousness across Africa. Guan et al 2014 JGR 
Biogeoscience
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A simple biogeographical rule, indicating how phenology, as defined by bud break or 
first bloom, will change with latitude and altitude.
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The timing of first bloom is very distinct as one moves from south to north across 
the eastern half of North America.  Bloom can happen as early as day 90 (end of 
March) in Tennessee and is as late as day 150 (end of May) in the northern tier of 
the US.  The timing of first bloom, as determined by isolines, is very convoluted 
across the Rocky Mountains due to elevation.
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While there are geographical patterns to phenology, they can differ at a locale by 
species, too.  Here are data from a mixed hardwood forest at Harvard Forest. Data 
of Richardson and O’keefe.
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One of the key phenological metrics is length of growing season. Using reflection 
measurements from space, scientists are able to detect the start and end of the 
growing season and reconstruct maps of growing season. Along the Pacific Coast 
and the South, growing season exceeds 300 days. Along the Mississippi River and 
the Corn Belt we see a short growing season.  This is not the true growing season 
length, but the effective growing season of the annual crops planted in these 
regions. The Rocky Mountains and Sierra Nevada experience less than 130 days in 
many areas
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Scientists show a strong correlation between mean annual air temperature and 
growing season length.
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Length of growing season has an important influence on the amount of 
carbon taken up by temperate forests.

Coherent response among sites, impact of length of growing season. Does 
not account for interannual variability at a site, due to snow cover, drought, 
cloudy vs clear summers etc.



We found an interesting relationship between the start of the photosynthetic season 
when soil temperature cross over the mean annual air temperature.  The question 
to be asked is if plants are in synch with their local environment. It makes some 
sense to start the growing season when the mean temperature is achieved, as in 
the spring. If leaves are launched too early there is a good chance they will 
experience extremely cold events. If they launch too late they miss out on important 
days of photosynthesis.
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Using Carbon flux data we were able to id the critical day
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We then applied this approach to a network of sites across the world and it works 
reasonably well, without tuning.
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To upscale this idea regionally, we plotted the zero crossing day with the mean air 
temperature
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Using GIS we created a map of the spring wave.
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The presence and absence of leaves has a critical impact on the humidity of the air. 
The air is much drier without leaves. I also notice flying north south during the 
spring green up that on ‘clear’ days I don’t see cumulus clouds develop over the 
leafless forests, but they due over those with leaves and are transpiring.  A classic 
example of plant-atmosphere interactions and feedbacks.
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Also recognize that sometimes an earlier growing season may not yield more 
carbon uptake. There is a growing association that years with impending drought 
have an early spring, but then the soil water profile is depleted sooner, which 
reduces photosynthesis later in the season. So an increase in annual carbon uptake 
does not occur.
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Length of Growing season is dictated, in part by the length of the Dormant period 
and when that Dormant period Breaks. In this next section we will discuss methods 
to understand the duration of dormancy and when it breaks

Image of Steve McMillan. 
http://www.sonic.net/aquatint/ART/art2Sonoma/art2pages/art2_a_fg.html
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Simple heat unit models have been popular for decades to inform nut and fruit tree 
breeders how much cold they need to acquire to rest and break that rest.  It also 
instructs farmers on where and where not to plant certain cultivars and species.  
Growing degree days and chill degree days are the simplest.  You can also use this 
idea for heating homes.  ‘days’ are counted in terms of the number of degrees 
warmer than some reference temperature.  Degrees are not counted if temperature 
exceeds a critical value.  Average temperature is the mean between maximum and 
minimum temperatues.
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Functional shape of simple and more complicated winter chill models. The simple 
chill degree method is denoted by the simple delta function.  Better and more 
modern methods, like the Modified Utah method, penalize and subtract chill units if 
the temperature is too warm. 
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Other models are separating the Dormant period into one requiring enough chill to 
achieve rest, followed by enough warmth to break that rest.
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Bud break and blooming are activities that are visible and signify the End of 
Dormancy.  It is easy to measure and observe the occurrence of bud break and 
blooming. But what factors lead to these events and how can we quantify them?  To 
answer these questions let’s first examine Dormancy.
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At the onset of dormancy, the buds are in a resting stage. This is a period of 
reduced growth rate, 

with few or no cell division in terminal or lateral meristems (Perry, 1971 Science).  
Dormancy during the Rest phase Requires a Chill Requirement, so this is the period 
of Chill Accumulation.  Once this Chill requirement is met, the end of dormancy 
needs some forcing, produced by hormones and triggered by Heat requirements

I am seeing some contradiction in the literature and terminology.  A number of 
modelers (Chuine, Kramer) speak of quiescence occurring after the Chill requirment
is met. Others are calling quiescence the initial phase.  TBA
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Simple models by scientists like Kramer 1994; Hanninen 1990; Chiune (1999) sum 
the chilling and the forcings functions based on the temperatures during the 
dormant seasons.  Here are visual shapes of these forms.
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Functional Forms to define Rest. 

Sources: Koen Kramer and H. Hanninen
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Mathematical Functions and Functional shape of Forcing function

Kramer, 1994 Chuine et al 1999 PCE
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Using simple Chill method, an undergraduate student, Simon Wong, and I inspected 
if there are trends in winter chill as California faces and is experiencing global 
warming.  We see lots of year to year variation, but we also found trends in 
decreasing winter chill across the fruit growing region of California. In sufficient chill 
can affect flowering, flower abortion and fruit set.

The idea for this work was catalyzed by a conversation I had with my cousin, a 
cherry rancher, after I gave a talk at the local farm bureau.  He reflected that his 
cherry crops were not as productive in the past because he was not getting enough 
winter chill.  His option was to apply an expensive plant hormone to mimic the 
effects of chill.
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Eike Luedeling, at UC Davis has spatialized past, current and future sums of winter 
Chill across the Central Valley of California. This is the power of GIS, to take simple 
point based analyzes and spatialize them and produce maps.

32



As scientists we also want to know How and Why, in addition to What.  With regards 
to winter chill, many of us native to the Central Valley have notices we are getting 
less winter fog.  Is this real and could it contribute to less chill. Remember with less 
fog, air temperatures are higher and the energy balance on the buds is greater, 
increasing their surface temperature.  In other words, Fog keeps the buds cool, so 
they can accumulate chill. This is a classic example of applied biometeorology.
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Why may Chill be declining? One idea is that we are experience less winter fog.  
Over the period of satellite remote sensing we have seen a 40% decline in the 
number of foggy days.

To answer this question, I collaborated with a graduate student, Eric Waller, Ph.D.. 
We acquired satellite data from the MODIS and AVHRR sensors. The time series 
goes back to 1981.  We then focused on California and attempted to count the 
number of days each winter we could see regions of the valley in fog.  We found a 
downward trend in the number of fog events each winter. Again lots of year to year 
variation with wet and dry years. But the trend is significant.
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Phenology is determined both indirectly and directly.  
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The longest records are observations at botantical gardens or country estates on 
the dates of first birds, first leaf, first flower etc. In Europe and Japan, some records 
span several hundred years.  According to the history of phenology 
http://budburst.org/phenology_history the Japanese have been recording the timing 
of cherry blossoms for over 1200 years. Linneaus and Robert Marsham started 
observations in Sweden and Britain, respectively, in the 1700s.

Observations are also a great course of citizen science projects for school children.
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Map of Phenology Gardens
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Normalized Difference Vegetation Indices, like NDVI and EVI, enable one to study 
phenology from space and produce regional maps.
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Measurements of Light transmission through Forests is a good measure of dates of 
leaf on and leaf off.
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Digital cameras are producing quantitative and qualitative measures of phenology.  
Digital information from the Red, Green Blue bands can be manipulated to produce 
a greeness index. Here are data from Japan by Ide et al.
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Many long term measures of spring are showing earlier and earlier appearance
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And the end of the growing season is getting later.
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