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PREFACE

It is with great pleasure that the Climate Prediction Center and the Office of Science and
Technology Integration (STI) offer you this synthesis of the 40" Climate Diagnostics and Prediction
Workshop (CDPW). The CDPW remains a must attend workshop for the climate monitoring and
prediction community. As is clearly evident in this digest, considerable progress is being made both
in our ability to monitor and predict climate. The purpose of this digest is to ensure that climate
research advances are shared with the broader community and also transitioned into operations. This
is especially important as NOAA works to enhance climate services both across the agency and with
external partners. We hope you find this digest to be useful and stimulating. And please drop me a
note if you have suggestions to improve the digest.

I would like to thank Dr. Jiayu Zhou of the Office of Science and Technology Integration, for
developing the digest concept and seeing it through to completion. This partnership between STI
and CPC is an essential element of NOAA climate services.

S b ey

David DeWitt

Director, Climate Prediction Center
National Centers for Environmental Prediction
NOAA'’s National Weather Service


















OVERVIEW

NOAA's 40th Climate Diagnostics and Prediction Workshop was held in Denver, Colorado on
26-29 October 2015. The workshop was hosted by the Physical Sciences Division (PSD) of NOAA's
Earth Systems Research Laboratory (ESRL) and co-sponsored by the Climate Prediction Center
(CPC) of the National Centers for Environmental Prediction (NCEP) and the Climate Services
Division (CSD) of the National Weather Service (NWS).

The workshop addressed the status and prospects for advancing climate prediction, monitoring,

and diagnostics, and focused on five major themes:

1. The evolution of climate diagnostics and prediction over the last 40 years;

2. Extremes and risk management: knowledge and products to connect the diagnostics and
prediction of extremes with preparedness and adaptation strategies;

3. The prediction, attribution, and analysis of drought and pluvial in the framework of climate
variability and change;

4. Diagnostics and prediction of high impact extreme climate events;

5. Prediction and attribution of Arctic climate variability, and the linkages of Arctic variability

to lower latitudes.

The workshop featured daytime oral presentations, invited speakers, and panel discussions with a
poster session event held in the evening on 27 October.

This Digest is a collection of extended summaries of the presentations contributed by
participants. The workshop is continuing to grow and expected to provide a stimulus for further

improvements in climate monitoring, diagnostics, prediction, applications and services.
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1. Data and methodology

Most of the data used in this study are obtained from the latest European Centre for Medium-range
Weather Forecasts (ECMWF) Re-Analysis Interim (ERA-Interim; Uppala et al. 2008; Dee et al. 2011). The
time series of the annual mean CO2 concentration from 1984 to 2013 is downloaded from the Earth System
Research Laboratory website (http://www.esrl.noaa.gov/gmd/ccgg/trends/).

We have adopted the same package of a climate feedback-response analysis method (CFRAM) analysis
reported in Deng et al. (2012) and Sejas et al. (2014) to attribute the near-surface temperature anomalies
(STAs) shown in Fig. 1c to external forcing and various climate feedback processes (radiative and non-
radiative feedback processes, shown in Equation (1)), based on the energy balance.
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2. Results (a) Annual Mean STA of 1984-95 (b) Annual Mean STA of 2002-13

The decade of 1984-95 is
regarded as the accelerated
warming period whereas the
decade of 2002-13
corresponds to a weaker
warming period. This work
exam | nes the mean State 0 B0E 120E 180 120W 60W 0 0 B0E 120E 180 120W ﬂ 0

difference between the two Dot o o oz os Ty
periods (Fig 1) The key (c) 2002-13 Minus 1984-95 (d) Sum of PTC

features of the mean state in
2002-13 in reference to that
in the accelerated warming
period are (i) a La Nifia like
pattern over the tropical

Pacific, (ii) a pronounced vt : : | cos : . : : !

polar warming amplification 0 BOE  120E 180 120W &W o o BOE 120 180 120W ﬁw 0
pattern in the northern 46 08 0 08 16 16 08 0 08 18
extratropics, - and ('.") cold Fig. 1 Annual mean STAs of the period of (a) 1984-95, and (b) 2002-13, (Unit:
temperature anomalies over K). (c) The difference in SAT between the two periods (Unit: K). And (d)
the ~ Southern Ocean the sum of CFRAM-derived partial temperature changes due to individual
sandwiched by the dominance processes. The dotted areas indicate values achieving 0.1 level of statistical
of warm temperature significance. The blue box outlines the tropical Pacific region (20°S-20°N,
anomalies in the north and 150°-100°W), one of the three key regions discussed in the text.

Correspondence to: Yana Li, School of Atmospheric Sciences, Sun Yat-sen University, Guangzhou, China; E-mail:
liyana@mail2.sysu.edu.cn.
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south in the southern

extratropics.

A climate feedback-
response analysis method is
applied to attribute the
changes in the climatological
mean surface temperature
between the two periods to
various dynamic and
thermodynamic processes
(Fig. 2). The La Nifa like
pattern is associated with the
strengthening of the Walker
Circulation over the tropical
Pacific. Increase of low level
clouds, reduction of
atmospheric water vapor, and
increase of surface latent heat
fluxes are the main processes
contributing to the cooling in
the eastern tropical Pacific.
Surface processes contribute
positively to the spatial
pattern of the mean state
difference in both the northern
and southern extratropics. The
atmospheric dynamic
processes contribute positively
to the difference in the
northern  extratropics, but
negatively to the difference in
the southern extratropics,
responsible for the greater
warming over the northern
extratropics than the southern
extratropics (Fig. 3; Note that
the term labeled as “Others” is
for the sum of partial STAs due
to differences in solar radiation,
CO,, and ozone between the

(a) Partial STAs due to Surface Processes
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Fig. 2 Partial STAs (units: K) due to the (a) surface processes (including
surface sensible heat flux, surface latent heat flux, and the oceanic
dynamic process plus ocean/land heat storage term), (b) atmospheric
dynamic processes, (c) water vapor feedback, and (d) cloud feedback.
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Fig. 3 Pattern-amplitude projection
(PAP) coefficients (units: K) of the
CFRAM-derived partial STAs
associated with various radiative
and non-radiative processes in (a)
Tropical Pacific, (b) Northern
extratropics  (30°-90°N)and (c)
Southern extratropics (30°-90°S).

two periods whereas the “Sum” is the PAP coefficient obtained from the sum of all CFRAM-derived STAs. Bars
with dots overlay the corresponding bars labeled with “Sum”, indicating that the sum of all CFRAM-derived STAs
indeed approximates to observed STASs.).
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1. Introduction

Over the Eurasian continent, the summertime upper-tropospheric westerlies are located around 40°N
where the Asian westerly jet stream (AWJS) exists. Diagnostic analyses are performed to investigate the
relationship between the AWJS and the associated rainfall pattern over the AWJS region in boreal summer on
interannual time scales. The physical mechanisms on the relationship between the AWJS and the rainfall
pattern are revealed by exploring the effects of the Indian summer monsoon (ISM) and the South Asian high
(SAH).

The interannual variation of the AWJS is (@) JJA: GPCC Monthly total of precipitation mm
W2 b

depicted by the principal component of the 2 P ©
first EOF mode of the 200-hPa zonal wind  4on {'_ TR gt <¢ m\
over the AWIJS region (u200_PC1). It > ~— (l/

indicates the significant southeast-northwest
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by Wei et al. (2015) provides an accurate
depiction of the SE-NW displacement of the g _
SAH. And we also use the all-India rainfall
index (AIRI) to measure the intensity of the
ISM. These indices are employed to analyze
the relationships of the SAH, AWJS and ISM
with the rainfall over the AWJS region. a0 L ! . s
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2. Summer rainfall over the AWJS region

A regression analysis of summer rainfall
against the SAHI shows a pronounced
inverse relationship between the arid region
in central Asia (CA) and the monsoon region
in North China (NC) (Fig. 1). Such a
relationship indicates that when the SAH
moves to the southeast, rainfall increases to

1960

1970 1980

Fig. 1 (a) Regressed JJA rainfall anomalies against the SAHI
(shadings; unit: mm). Areas exceeding the 0.05

the northwest of the Tibetan Plateau (TP)
over CA and decreases in the monsoon
region of the same latitudes over NC (Fig.
1a). Figure 1b provides a zonal distribution of
regressed rainfall anomalies along 36°-41°N.
It illustrates that positive anomalies

significance level are highlighted by thick contours. Mid-
latitude CA (36°-41°N, 70°-90°E) and NC (36°-41°N,
105°-120°E) regions are indicated by red boxes. (b)
Zonal distribution of regressed JJA rainfall anomalies
along 36°-41°N. (c) Standardized time series of CA
rainfall (blue solid line) and NC rainfall (red dashed line)
from 1958 to 2002.

Correspondence to: Wei Wei, School of Atmospheric Sciences, Sun Yat-sen University, Guangzhou, China;

E-mail: weiwei4d8@mail.sysu.edu.cn.
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consistently appear to the west of about 102°E, with the maximum value at approximately 70°-80°E. To the
east of about 102°E, negative rainfall anomalies enhance from the west to the east. Affected by the EASM, the
rainfall anomalies over NC is much larger than those over CA. Figure 1c shows the time series for
standardized summer rainfall over CA (36°-41°N, 70°-90°E) and NC (36°-41°N, 105°-120°E). The out-of-
phase relationship of the summer rainfall over these two regions is obvious on interannual time scale. The
coefficient of correlation between the rainfalls over CA and NC is -0.33, which exceeds the 0.05 significance
level.

The out-of-phase variations in the rainfall over the AWJS region are significantly related to the
fluctuations of the AWJS, the SAH, and the ISM (see Table 1). When the ISM is weak, the AWJS and the
SAH shift to the southeast, and the summer rainfall increases in the arid CA region and decreases in NC of
the EASM region. Moreover, the significant correlation (see Table 1) among these three systems indicates
that the fluctuations of these three systems may be interdependent from each other.

Table 1 Correlation coefficients among rainfall over CA, NC, SAHI, u200_PC1, and AIRI

CA_Rainfall NC_Rainfall SAHI u200_PC1 AIRI
CA_Rainfall 1.00
NC_Rainfall -0.33" 1.00
SAHI 0.63" -0.53" 1.00
u200_PC1 0.68" -0.47" 0.73" 1.00
AlRI -0.377 0.47" -0.64" -0.52" 1.00

Note: “and * " indicate correlation coefficients exceeding the 0.01 and 0.05 significance level, respectively.

3. Physical links among the SAH, AWJS and ISM
3.1 Effect of SAH on the AWJS rainfall

A regression analysis of the circulation
anomalies at 200 hPa against the SAHI s
shows that when the SAH moves to the
southeast, the anomalous cyclone to the
northwest of TP strengthens the westerlies to
the south of the AWJS and causes a
southward movement of the AWJS (Fig. 2).
In the eastern portion of the AWJS over the
EASM region, strong anomalous
northwesterlies are generated between the
anomalous cyclone over northeastern Asia
and the anomalous anticyclone to the ¢
southeast of the TP, and move the AWJS to %08
the southeast. Therefore, the anomalous
circulation associated with the SE-NW ) ] ] ] 1
fluctuation of the SAH is responsible for the ~ Fig- 2 Regressed circulation (vectors; unit: m s7) and
SE-NW variation of the AWJS. When the divergence (shadings; unit: 10 s) anomalies against the
SAH moves to the southeast, the SAHI at 200 hPa. Westerly jet stream (blue contours) _and
southeastward located AWJ will intensify the SAH (red contours) are represented by the composited

upper-level divergence over CA and the values of 30 m s® and 12520 gpm_ (contours),
PP level g NC. A respectively, for SAHI larger than 1 (solid line) and
upper-Ievel - convergence over - A a smaller than -1 (dashed line). Contours in green indicate
result, there are more rainfall in CA and less

- . the TP region with elevations exceeding 3000 m.
rainfall in NC.
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3.2 Effect of ISM on the AWJS rainfall ERA-40: JUA ] 1‘ 958-2002
EGN W @ B EERETRG R f raGl
Regression of the divergent wind AR ERARNNNNNNY E NEN f/“:/‘/////f/g/(_z,
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winds originates from CA to NC in the
mid-latitudes (Fig. 3). The latitude-altitude

cross section of the regressed divergent 2on

winds against the SAHI along the 70°-
85°E band of the ISM region shows a
pronounced meridional
connects the ISM region to the AWIJS
region (Fig. 4 Left). Thus, the variations in
the intensity of ISM may exert an effect on
the AWJS at mid-latitudes via meridional
divergent wind circulation. From Fig. 4
(Right), a notable zonal vertical circulation
is observed in the mid-latitude AWJS
region. It connects the arid region in the
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Fig. 3 Regression of 200 hPa divergent winds against the SAHI

(vectors; unit: m s™). Black boxes indicate CA (36°-41°N,
70°-90°E) and NC (36°-41°N, 105°-120°E), respectively.
Contours in green indicate the TP region with elevations
exceeding 3000 m.

west with the monsoon region in the east, and couples the meridional divergent wind circulation with the
common ascending branch in the CA arid region. The result indicates that a weak ISM results in a southeast
shift of the SAH (Wei et al. 2014, 2015), which further influences the mid-latitude AWJS through meridional
divergent wind circulation, leading to the formation of a zonal divergent wind circulation with an updraft in
the arid CA region and a downdraft in the monsoon region to the east. These anomalous vertical motions
favor increased rainfall over CA and decreased rainfall over NC.
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Fig. 4 (Left) Latitude-altitude cross section along 70°-85°E and (Rightg longitude-altitude cross section

along 35°-42.5°N for regressed velocity potential (shadings; unit: 10

m? s™) and vertical circulations

(vectors; unit: m s™ and -0.1 pa s™ for meridional and vertical components, respectively) against the
SAHI. The black area indicates the averaged elevation.
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4. Conclusions and discussions

The out-of-phase rainfall variation between CA and NC is closely related to the SE-NW movements of
the SAH and the AWJS, and the SE-NW variation of the AWJS is closely related to that of the SAH.
Furthermore, the fluctuation of the ISM influences the atmospheric circulation over the AWJS region through
an anomalous meridional vertical divergent wind circulation, which connects the anomalous circulation of
zonal vertical divergent wind in the mid-latitudes. When the ISM is weaker than normal, the SAH and the
AWIJS shift to the southeast, the arid region in CA becomes wetter, and the monsoon region over NC becomes
drier. When the AWJS and the SAH are located to the southeast, both the divergence over CA and the
convergence over NC at the upper troposphere intensify. The inverse upper-level divergence anomalies
associated with the location of the AWJS are responsible for the opposing rainfall anomalies over the AWJS
region.

In this study, we have proposed a possible physical process that connects the ISM with two upper-level
systems, the SAH and the AWJS. We have also revealed the main causes of the inverse rainfall anomalies
over CA and NC and showed that the upper-level SAH can connect the ISM with summer rainfall in the
AWIJS region.

References
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1. Introduction

The Topical Collection on Climate Forecast System version 2 (CFSv2), a special volume of Climate
Dynamics, was published in 2015. It includes 24 peer-reviewed papers, consisting of findings by the broader
climate research and applications community together with NCEP scientists at the April 2012 CFSv2
Evaluation Workshop, organized by the NCEP Climate Prediction Center (CPC), the NOAA Climate Test
Bed (CTB), the Center for Ocean-Land-Atmosphere Studies (COLA), and the NOAA Climate Program
Office (CPO). The papers identify key model strengths, biases and deficiencies in predicting climate
variables, simulating the modes of climate variability and phenomena and representing physical processes and
their interactions. From the point of view of seamless weather-climate prediction, this summary synthesizes
the challenges with regard to operational prediction requirements, predictability research prospects, and
model fidelity and reliability; and integrates research and development needs for the guidance of next
generation operational CFS development.

2. Operational prediction requirement

The NOAA Climate Prediction Center produces climate outlooks of surface temperature and precipitation
from weeks to seasons in advance, which primarily depend on the impacts of ENSO, trends, antecedent soil
moisture, and indicators of intraseasonal variability (that are weighted more for the week 2-4 forecast). The
skill assessments of those critical components help to address the requirement for operational prediction
improvement.

ENSO - Compared with the previous version of CFS, the NINO3.4 forecast has significantly improved
in terms of reduced RMSE, amplitude bias and target month slippage, but the difference in correlation skill is
not statistically field significant. (Barnston and Tippett)

Soil moisture — The bias changes with lead time, and there is a tendency to underrepresent the link
between precipitation and antecedent soil moisture as strongly as in the real atmosphere. A long-term
tendency to wet coupling east of the Rocky Mountains precludes the model from consistently predicting and
maintaining drought over the continental U.S. (Dirmeyer; Roundy et al.)

MJO - Prediction skill varies seasonally with the lowest anomaly correlation during boreal summer and
the highest during boreal winter, being useful out to 20 days (improved from CFSv1 of about 10-15 days).
Forecast problems include too slow eastward propagation, the Maritime Continent barrier and weak intensity
(Fig. 1). Air-sea coupling plays an important role for initiation and propagation. (Wangetal.; Fuetal.)

3. Predictability research prospects

The representation of predictability, an intrisic property of the climate system, is model dependent. It has
been continuously improving in the past via advancing representation of physical, chemical and biological
processes and coupling among land, ocean, atmosphere, cryosphere and biosphere in the model system.

Correspondence to: Jiayu Zhou, Office of Science and Technology Integration, NOAA’s National Weather Service
Headquarters, 1325 East West Highway, Silver Spring, MD 20910; E-mail: jiayu.zhou@noaa.gov.
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Prospects for an improved (a) Initial Phoses: 1, 3, S, 7 (b) Initial Phases: 2, 4, 6, 8
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CFSv2.
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Fig. 1 Phase diagrams of the composite forecast for initial
conditions with strong MJO (amplitude>1). (a) Initial phases 1,
3, 5,and 7. (b) Initial phases 2, 4, 6, and 8. The composites are

further improvement are expected as the
model captures better the stratosphere-

troposphere pathway.  (Riddle et al.; started from observed values and the dots indicate the locations
Zhang et al.) every 5 days. Blue curves are observations and red curves are
Quasi-Biweekly Oscillation the composite of the forecast. (From Wang et al.)

(QBWO) - Skillful QBWO prediction
can reach ~10-15 days in winter hemisphere and does better in EI Nifio years. Overall, QBWO in CFSv2
exhibits a significant weakening tendency with lead time for all seasons. (Jia et al.)

Monsoons — CFSv2 is capable of simulating both the frequency and spatial structure of the northward
propagating (from near equatorial Indian Ocean to the Indian subcontinent) intraseasonal oscillation of the
Indian summer monsoon at pentad 3 and even pentad 4 lead (Fig. 2). In general, it can predict the Asian
Indo-Pacific monsoon and North American monsoon precipitation patterns associated with ENSO reasonably
well, while African monsoon precipitation forecasts have little skill, which could be related to low prediction
skill of the tropical Atlantic SST. High-frequency, interactive ocean—atmosphere coupling plays a vital role in
simulating the observed amplitude of variability and the relationship between precipitation and SST at the
intraseasonal scale. (Abhulash et al; Zuo et al; Sharmila et al.)

vrs{(@) TRMM (b} Pt ~Lead (c) P2—Lead

Fig. 2 North-South wavenumber-frequency power spectrum over Indian region for rainfall from (a) TRMM
observations and from (b)-(d) pentad 1-3 lead CFSv2 forecast. (From Abhilash et al.)

South Pacific Ocean Dipole (SPOD) - CFSv2 reproduces the SPOD, the dominant mode of the
interannual variability in the South Pacific. It is significantly correlated with the southern annular mode
(SAM) while the latter is also significantly correlated with the ENSO index. (Guan et al.)

4. Model fidelity and reliability

To provide users with reliable forecasts, particularly for precipitation and away from the EI Nifio region,
model fidelity (the ability to represent physical processes accurately), proper calibration and quantification of
uncertainties, are the keys to improve reliability.
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Cloud deficiencies — Large discrepancies were found in
modeled low-level clouds: too much over the interior and too
little over oceans, especially marine stratocumulus clouds in
the eastern Pacific and Atlantic Oceans. Problems were also
identified in modeling cloud properties, e.g. the distribution of
cloud optical depth (Fig. 3), cloud fraction, liquid water path
and ice water path etc., which have significant impact on both
Earth’s radiation budget and atmospheric heating. (Yoo and Li;
Yoo et al.; Zhang et al.)

Atmospheric mode bias — Examination of the climate
mean, variability, and dominant patterns of the Northern
Hemisphere winter revealed that bias in stationary waves
emanating from the tropics into both hemispheres can be
attributed to a lack of latent heating associated with a
precipitation deficit over the Maritime continent. (Peng et al.)

Oceanic condition deviation —

1. Weakened Atlantic Meridional Overturning Circulation
(AMOC): A major reduction of the upper ocean salinity
in the northern North Atlantic weakens the AMOC
significantly. A potential source of the excessive
freshwater is the quick melting of sea ice. (Huang et al.;
Bombardi et al.)

2. Cold summer tropical Indian Ocean (10) SST bias: This
may be attributed to deeper-than-observed mixed layer
and smaller-than-observed total downward heat flux in the
tropical 10. The CFSv2 simulation is vitiated by the
presence of a basin-wide systematic positive bias in
evaporation (mainly due to humidity bias), which is found
to control a significant portion of the cold SST bias.
(Pokhrel et al.; Jiang et al.)

Multiple-ocean Analysis Ensemble (MAE) initialization —
The structural uncertainty in the ocean initial conditions
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model (bottom) during January 2007,
showing the modeled COD over storm
track region and subtropical region is
less than that from the passive sensor
and is overestimated for deep

convective clouds. (From Yoo and Li)

impacts the reliability of seasonal forecasts. MAE improves ENSO seasonal forecast reliability in warm,

neutral and cold cases. (Zhu et al.)

Calibration and combination — Properly calibrated probabilistic forecasts possess sufficient skill and
reliability to contribute to effective decisions in government and business activities that are sensitive to

subseasonal-to-seasonal climate variability. (Dutton et al.)
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Climate Information Needs for Hazard Mitigation

Nancy Selover, Hana Putnam, Nalini Chhetri, and Kenneth Galluppi
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The Federal Emergency Management Agency (FEMA) has indicated that Hazard Mitigation Plans will
soon be required to include climate change, and several states and other jurisdictions have already instituted
this requirement. The implementation of this directive is difficult for many jurisdictions whose major natural
hazards are extreme weather events. Emergency response is generally well-coordinated with NWS hazardous
outlooks, severe weather statements, watches, and warnings which typically cover the present out to 6 to 10
days. Planners working on long-term coastal infrastructure projects may have sufficient information from
global climate models, downscaled or otherwise as their mitigations for coastal flooding involve multi-million
dollar projects with a lifetime of 50-100 years. Planners in areas with hurricanes or tornadoes are already
familiar with the level of damage that the strongest storms may bring and are mitigating to the extent their
budget and the laws of physics will allow. Farmers and water managers may be satisfied with seasonal
outlooks of probabilities for above or below average temperature or precipitation. However, hazard
mitigation planners currently have no guidance for what to expect in the 2-, 5-, or 10-year planning window
when it comes to extreme weather events, such as severe thunderstorms and flooding, winter storms, or even
drought.

The researchers conducted a workshop with the Coconino County and Flagstaff Arizona Hazard
Mitigation Planning team to explore their needs for climate guidance regarding extreme events. The planners
believe the impacts of extreme weather events are a major cause of significant losses that could be reduced
through mitigation efforts if they had appropriate information. Many of the extreme weather events lead to a
cascade of impacts that may result in a loss of power, shutdown of transportation corridors, economic loss
both to individuals and the city, and potential health issues. However, resources are limited and there is no
actionable information to support mitigations for anything beyond the historical extreme events. Multi-day
snowstorms have crippled the city, exceeding the capacity to keep roads open, leading to loss of services and
significant economic losses. Severe thunderstorms following devastating wildfires have led to widespread
flash flooding and loss of life and property. While NWS forecasts minimized immediate loss of life, lack of
mitigation resulted in substantial losses to the County, City and the community. The hazard mitigation
planning team is looking for guidance, be it in the form of forecasts, predictions, projections, or outlooks. If
the consensus is that extreme weather will get worse, either more intense or more frequent, we need to
guantify that in a way that planners can understand and apply appropriate mitigations.

Currently the planners have various levels of experience with extreme weather events in either their
current jurisdiction or in other areas of the country. The process of assessing the probability, severity or
magnitude, duration and warning time of an extreme weather event are subjective — depending on their time
in the jurisdiction. Further, their understanding of the cascade of impacts is dependent on their time in their
current position of responsibility and experience with past events. Current practice is to prepare for the 100-
year event, though California is shifting to the 200-year event for precipitation and flooding events. The
economic reality is most jurisdictions don’t have the resources to move to the 200-year event as a standard on
the “possibility” that these events could become the norm. Public infrastructure, which is what most
mitigation efforts cover, is expensive to upgrade or replace. The severe weather events of concern to
Flagstaff and Coconino County include winter storms, rain on snow events, drought, and heavy rain
associated with thunderstorms during the monsoon. Impacts include flooding; flash flooding; transportation
shutdown due to roads being blocked, closed, washed-out or cut-off by erosion or debris flows; loss of supply
lines; loss of power or water; medical emergencies; and economic losses.

Correspondence to: Nancy Selover, School of Geographical Sciences and Urban Planning, Arizona State University,
Tempe, AZ 85287-1508; E-mail: selover@asu.edu.
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Currently, emergency management uses 3-7 day forecasts to plan for severe weather events, but this only
allows planning for response, not significant mitigation. Mitigation planning is based on the historical worst
case event to the extent that that event is known to the planners. In Arizona, there is no statistically
significant trend toward more intense or more frequent extreme events. FEMA has mandated that Hazard
Mitigation Plan updates include climate change, but actionable climate guidance is currently not available for
extreme weather events in the 2-10 year time interval which matches the budget and planning cycle for city
and county mitigation efforts for extreme weather. The participants identified “insufficient information
regarding hazards” as one of the “major barriers” to planning for extreme weather events. They would like
“digestible” information in plain language, as both the planner and decision-maker need to understand the
information. Infographics would be helpful to convey the information and there needs to be a connection
between the weather event and the potential impacts. Technical details available as an appendix or
supplemental information would be useful. Regional guidance provided by NOAA could be brought down to
the local jurisdictions by state and local experts. Annual updates to the guidance, as skill in this time interval
improves, would help increase confidence in the guidance.

The planning community understands that there will be significant uncertainty, but right now they are
guessing what might happen and the uncertainty is 100%. We know NOAA can make a much more educated
guess than the planners, so we are looking for the climate prediction community to address this huge gap in
extreme weather guidance for the 2-, 5-, or 10-year time window that is critical to mitigation planners. The
field here seems to be wide open, whether it’s re-scaling models for shorter timeframes and more regional
coverage or identifying trends in large scale circulation patterns that are necessary (though maybe not
sufficient) for these extreme events. While this may be a heavy lift, the need for this short-term guidance is
not going away, and who better to create the knowledge than climate prediction community?
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Crop Yield Outlooks under Extreme Weather:
Lessons Learnt from Canada

Aston Chipanshi, Yinsuo Zhang, Dongzhi, Qi and Nathaniel Newlands
Science and Technology Branch (STB), Agriculture and Agri-Food Canada (AAFC)

1. Introduction

Due to location of the country (middle to polar latitude), Canadian agriculture is at the mercy of extreme
climatic events. Heat units are usually insufficient to support the growing of long season crops. Precipitation
is equally insufficient because the most productive agricultural soils (chernozems) are found on the Canadian
Prairies where annual total precipitation is less than 400mm (Phillips 1990). It is also noteworthy that over 80%
of the farmed land and range land are found on the Canadian Prairies (Statistics Canada 2012a, Fig. 1). In
spite of the unfavourable weather conditions, Canada’s agriculture has adapted over the years to the point
where it is one of the major food exporting countries of the world. In order to inform policy and markets on
the crop yield prospects, early warning tools such as crop yield models are needed. Traditionally, crop yield
outlooks are made using field surveys or questionnaires from sampled farmers (e.g.USDA 1999; Statistics
Canada 2012b). These methods are resource intensive and reliable estimates are not normally available until
long after the growing season. Recent studies (e.g. Qian et al. 2009; Mkhabela et al. 2011; Bornn and Zidek
2012) have shown that crop yield is predictable from agro-climatic indices and remote sensing derived
Normalized Difference Vegetation Indices (NDVI) at certain periods of the growing season. Because of the
wide availability of both agroclimatic and NDVI data, a crop yield forecasting method was developed within
Agriculture and Agri-Food Canada to provide yield outlooks at lead times of 2 to 3 months for major oil and
grain crops across Canada. In this study, our goal was to compare crop yield outlooks under extreme weather.
We recognized that Canada spends significant amounts of money in compensation to producers because of
yield losses due to extreme weather events. For example, it is documented that between 2008 and 2012,
federal-provincial disaster relief payouts for climate-related extreme events totaled more than $785 million.
Additionally, more than $16.7 billion in crop insurance was paid out during the same period (Public Safety
Canada 2015). An accurate
outlook is therefore beneficial for |
planning and designing
assistance programs as well as
informing commodity brokers s el
and international markets. We "
therefore tested the performance
of the Integrated Canadian Crop | ... o
Yield  Forecaster  (ICCYF) |
(Newlands et al. 2014) for a
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2. Methods N

The ICCYF yield forecast
model was built using historical ~ Fig. 1 Study area showing extent of agricultural land, distribution of
yield data published by Statistics climate stations and crop modelling units (CARs-Census Agricultural
Canada at the Census Regions).

Correspondence to: Aston Chipanshi, Science and Technology Branch, Agriculture and Agri-Food Canada, 300-2010-
12th Ave., Regina, SK, S4P 0M3; E-mail: Aston.Chipanshi@agr.gc.ca



CHIPANSHI ET AL. 155

Model Building

Historic Statistical Model o _Genera_ting .
Agro-Climates, —! Building by CAR Predictor Distribution
NDVI &Yield’ (Robust Least ] (Bayesian, Spatial Correlation,

1

1 |
1 Angle Regression) | Markov chain Monte Carlo )
1 |

1 |

l Predictor
Yield Forecasting Distributions
Near Real Time Models By CAR
Inputs Prior to the ——— . . D— 1
Forecast Date {l.ﬂultlple \.-‘arla.ble :
Linear regression) Unknown Predictor
| l Estimation
l (Random Forest)
Input data AL 1
Forecasted Yield Predicting Variables
Modules Medians and 90% — After the
Confidence Intervals Forecast Date

Intermediate outputs

Fig. 2 Model and data flow of the Canadian Crop Yield Forecaster

Agricultural Region (CAR)® and the entire climate and NDVI aggregated at the CAR level. The general data
and model flow processes are illustrated in Figure 2.The features of the ICCYF are threefold: (1) the
integration of agroclimatic predictors such as water stress, cumulative growing degree days and satellite
derived NDVI in a GIS environment (2) automated ranking and selection of best predictors using robust least
angle regression and (3) sequential forecasting (Bayesian statistics) via the estimation of prior and posterior
distribution of predictors from a Markov Chain Monte Carlo scheme and a random forests- statistical
technique to estimate the unobserved variables. A detailed description of the method can be found in
Newlands et al., (2014) and Kouadio et al., (2014). The validation of the ICCYF for spring wheat, barley and
canola in the Canadian Prairies was reported in Chipanshi et al. (2015).

The generalized form of the crop yield forecast models is:
= ot1 +t2=  F 1)

where Y is the crop yield of year t, a is the regression intercept, ; represent the technical trend of yield
over years, X; is the predictor i in year t, i could be any of the potential predictors such as NDVI or
agroclimatic indices in any of the considered 3-weeks or months, ¢, is the error term.

Extreme weather was defined in terms of unusual impacts on crop yields. This is approximately
equivalent to unusual weather that falls out of the range of the historical distribution. The minimum climate
period is normally 30 years but we had CARs which had climate records of less than 30 years. Two
precipitation based indices were used to define extreme weather as follows:

1. Extreme dryness: AvgSl_68 >1.55D 2)
2. Extreme wetness: SumPcpn_58>1.5SD 3)

where AvgSI_68 is the average stress index from June to August and stress is defined as the difference
between 1 and the ratio of actual evapotranspiration to potential evapotranspiration (1-AET/PET).

http://wwws5 statcan.gc.ca/cansim/a26?lang=eng&retrLang=eng&id=0010071&tabMode=dataTable&srchLa
n=-1&p1=-1&p2=9



156 SCIENCE AND TECHNOLOGY INFUSION CLIMATE BULLETIN

SumPcpn_58 is the cumulative precipitation from May to August and SD refers to the Standard Deviation of
the derived climate variable. In order to determine whether crop yield simulations were sensitive to extreme
weather or not, a comparative analysis was made between observed yields and simulated yield over a 25-year
period. Results were summarized as overestimates, underestimated or neutral:

1. Over-estimate: Yp-Ys >=1.5Y_SD (@)
2. Under-estimate: Yp-Ys<=1.5Y_SD (5)
3. Neutral: 1.5Y_SD<Yp-Ys<1.5Y_SD (6)

where Yp is the predicted yield, Ys is the final survey or observed yield and Y_SD is the standard deviation
of the historical yield. The following statistics were used to assess model performance under extreme weather
prior and after predictor variables were modified as means of testing the skill in model prediction of crop
yield: Bravais and Pearson Coefficient of determination (R®), Root Mean Square Error (RMSE), Mean
Absolute Percentage Error (MAPE) and Model Effectiveness Index (MEI) (after Krause et al. 2005; Rahbeh
et al. 2011 and Szulczewski et al. 2012). It was hypothesized that, the CCYF performs poorly under extreme
weather.

3. Results

Aggregated crop yield (for spring wheat, barley and canola) from the CARs to the provincial and national
scales showed good agreement between model simulations and survey yield values that are compiled at the
end of the growing season by statistics Canada (Fig. 3). From Canada’s provinces with relatively small land
area for agriculture (e.g. Prince
Edward Island-PE, Nova Scotia- Spring Wheat Barley Canola
NS, and New Brunswick-NB), ' .
survey results showed significant
annual variations more than those
from provinces with a much bigger
agricultural land area such as
Alberta-AB and Saskatchewan-SK.
It has been shown that survey
results from smaller provinces are
often projections from long term
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weather type as defined in equations 2 and 3.
In years with average weather, all the CARs
retained simulation results that were not
significantly different from survey results for
each of spring wheat, barley and canola (Fig.
4). However, when events were dry or wet,
simulations came out higher than survey
results (over-prediction). For both dry and
wet events, under-prediction was the least
common in all the three crops studied. Apart
from spring wheat, barley and canola,
simulations were repeated for soybean and
corn for grain. Again, simulated results were
higher than survey results under dry weather
with under-prediction being less common
under both of dry and wet weather conditions.

Recognizing that the ICCYF in its
current form overestimates simulated yields
in years characterized by extreme dryness,
variable selection by Robust Least Angle
Regression (RLAR) (Fig. 2) was modified.
Instead of the automatic selection of variables,
the selection of predictor variables was now
based on biophysical considerations. In very
dry years for instance, heat stress has
implications on final yield of the heat
sensitive crops such as canola and if this
variable is not selected as a predictor, the
final yield could be inflated. When the
selection of predictor variables was forced
using  biophysical  considerations, the
variance explained in the final yield (R
increased, the number of CARSs with negative
Model Effective Index (negative values of
MEI is an indication of no skill in the
simulation) dropped and the mean percentage
error in  modeled values dropped in
comparison to the baseline (the baseline result

used automatic selection of variables) (Fig. 5).

The result in Figure 5 was equally replicated
in canola and barley.

4. Summary

Using the Integrated Canadian Crop
Yield Forecaster (ICCYF) the simulation of
spring wheat, barley and canola compared
favourably with observed values at the
regional and national scales. In years with
extreme dryness, the majority of the CARs
over-predicted crop yields. By forcing the
model to select predictor variables that have
biophysical meaning in relation to the

Yield outlook
compared to
survey results
Neutral

Over estimate

Under estimate

Total

Yield outlook
compared to
survey results
Neutral

Over estimate

Under estimate

Total

Yield outlook
compared to
survey results
Neutral

Over estimate

Under estimate

Total
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Climate Extreme Type (A)
Dry Average Wet Total
77 (72%)  823(90%) 70(86%) 970
26 (24%)  32(4%) 8(10%) 66
4 (4%) 53 (6%) 3 (4%) 60
107 908 81 1096
Climate Extreme Type (B)
Dry Average Wet Total
106 (72%) 1197 (92%) 88 (79%) 1391
28 (19%)  63(5%) 24 (21%) 115
13(9%)  39(3%) 0 52
147 1299 112 1588
Climate Extreme Type ©
Dry Average Wet Total
85 (79%) 820 (88%) 74 (88%) 979
17 (16%) 51 (5%) 7 (8%) 75
5(5%) 64 (7%) 3 (4%) 72
107 935 84 1126

Fig. 4 Simulation of crop yield A: Spring wheat, B: Barley
and C: Canola under extreme weather.

Index

Baseline

EGDD_C; SumHeatD; SumPcpn

CHU; SumHeatD

Fig. 5
predictor

MEI .
’Rz L"es- / total) "e“'*"v{ R2 increased
Error

0.39 7/41 17.0
0.40 5/41 16.6 22/41
0.41 5/41 16.7 29/41

Improvement in spring wheat simulation when

variables were selected on biophysical

considerations.
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development of the crop, the variance between model simulations and observations was reduced. As well,
there was a remarkable reduction in the number of CARs that returned no skill when extreme weather
conditions characterized the crop calendar. Further improvement in model performance is expected when
predictor variable selection is based on crop phenology. This aspect is being investigated.
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1. Introduction

In this extended abstract, we show the development of a new statistical tool which produces probabilistic
outlooks of seasonal precipitation anomaly categories over Africa. Called the Seasonal Performance
Probability (SPP), it quantitatively evaluates the probability of precipitation to finish at predefined percent of
normal anomaly categories corresponding to below Average (<80% of Normal), Average (80-120% of
Normal), and Above-Average (>120% of Normal) conditions. This is accomplished by applying Kernel
Density Estimation (KDE) methods to compute smoothed, continuous density functions based on more than
30 years of historical precipitation data from the Africa Rainfall Climatology Version 2 (ARC2) dataset
(Novella and Thiaw, 2013). Also presented here are various KDE parameterizations tests to determine
optimality of density estimates, and thus, performance of SPP for operational monitoring. Verification results
using Heidke Hit Proportion (HHP) scores from 2010-2014 suggest that SPP reliably provides probabilistic
outcomes of seasonal rainfall anomaly categories by early to mid-stages of rains seasons for major monsoon
regions in east, west and southern Africa. SPP has been a useful tool in operational climate monitoring at
CPC International desks, where it has helped to provide early warning guidance for developing drought
situations, and other related hydrometeorological climate anomalies. This is expected to promote better
decision making in food security, planning and response objectives for the United States Agency for
International Development / Famine Early Warning Systems Network (USAID/FEWS-NET).

2. Data and methods

This new SPP product solely uses Africa Rainfall Climatology version 2.0 (ARC2) precipitation estimate
data over Africa. The features of ARC2 are suited for the development and application of SPP, since its daily
resolution and 30+ year historical record allow for a sufficient number of years to quantitatively determine the
probability of seasonal rainfall performances. For operational monitoring at CPC, meteorologists have
designated six seasonal timeframes over three main domains in Africa. These include the East Africa domain
encompassing the Mar-May, Jun-Sep, Feb-Sep, and Oct-Dec timeframes, as well as, the West Africa and
Southern Africa domain, covering the May-Sep and Oct-May timeframes, respectively. These timeframes
have been useful in capturing the evolution of monsoon rainfall, as they also cover pertinent agricultural
calendars and cropping activities on the ground for famine early warning systems.

a. Kernel Density Estimation

The main purpose in SPP lies in determining the probability density function (PDF) of historical
precipitation rates from a current point in a season to the end of season. SPP applies Kernel Density
Estimation (KDE) methods on the ARC2 30+year climatology in order to acquire a more refined, smoother
estimate of the PDF. Using a set of observations (x;, X,, ... X,) from some distribution with and unknown
density, f(x), the KDE is defined as:
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where n equals the number of historical Probability Density Function (PDF)
observations, x(i) are the historical r , : .
observations, and h is the bandwidth 0.15F PDF I

® Dry Cutoff Rate (5.0 mm/day)
® Wet Cutoff Rate (8.3 mm/day) | |
®  Historical Precipitation Rates

parameter. The selection of the
bandwidth parameter, h, and kernel type, =
K, both have a marked effect on the
shape of the estimated density, and more
discussion is included later in this

0.1

0.05- ¢

section of the paper.  The main O 5 015 20
advantage of KDE resides in how it Precipilation Rate (mm/day)
evaluates point-wise contributions (i.e. Cumulative Distribution Function (CDF)
distances between x and x(i)), and where 1 ' '

the summation of kernels converges
faster to the true underlying density for
continuous random  variables like ¥os|
precipitation. If we let x be an array of
hypothetical precipitation rates (from 0

to Infinity) required to satisfy an array 0
of percent of normal rains by the end of 0 5 10 15 20
season, then this will not only render a Precipitation Rale (mm/day)

smoother estimate of the density Fjg 1 Example of the probability density function (upper),

function, f(x), but the probabilities for cumulative distribution function with SPP  probabilities
each hypothetical precipitation rate can (lower) estimated from KDE from a sample set of historical
then be determined. Taking the integral precipitation rates for the remainder of the season.

of f(x) results in the Cumulative
Distribution Function (CDF), and it is here where probabilities within specified intervals along F(x) can be
ascertained and plotted to render a probability value for each point in space.

To illustrate, let’s suppose the following for a given location where: 1) the current seasonal accumulated
total is 200mm at Teyrent, 2) the current seasonal climatological normal total is 150mm at Tyrent, 3) the end-of-
season climatological normal total is 500mm at Tgna, and, 4) the number of days remaining in the season
equals 60. While the current seasonal percent of normal anomaly is well below-average at 66%, we would
therefore find that threshold precipitation rates of 5.00 mm/day, 6.66 mm/day, and 8.33 mm/day are required
for the remainder of season to finish at least 80%, 100%, and 120% of normal, respectively. Using a sample
set of historical precipitation rates (i.e. observations), x(i), over the last 30 years (1983-2012) from Typent tO
Trina, @S Well as, an array of hypothetical precipitation rates required in the future, x, to define the PDF,
plotting the Below-Average (brown) and Above-Average (green) threshold rate points along the x axis on
both the PDF and CDF curves (Fig. 1), shows that the highest probability (~50%) exists for seasonal rainfall
to be in the “Below-Average” category (<80% of Normal) by the end of the season. Also evident is the
second highest probability (~28%) for seasonal rains to finish in the “Above-Average” category (>120% of
Normal), and the lowest probability (~22%) to finish in the “Average” category (>=80% and <=120% of
Normal) by the end of the season.

b. Parameterization: Kernel Type & Bandwidth Selection

In KDE literature, studies by Rajagopalan et al. (1997) and Rajagopalan et al. (1993) have referenced the
implementation of the Epanechnikov kernel instead of using a Gaussian kernel when using precipitation data
since it has inherent bounded support to minimize potential boundary effects. However, these studies also
showed that boundary issues are ameliorated through the use of a log transformation within the kernel as it
prevents any “leakage” of the probability mass extending beyond the boundary (Rajagopalan et al., 1997).
Regardless of kernel type selected, this log transformation was considered necessary for SPP to properly
handle the fixed lower bound of precipitation, so that f(x) = 0 where x < 0, and f(x) still integrates to one. For
bandwidth selection, the method that is most commonly referenced in literature is Silverman’s Rule-of-
Thumb (Silverman, 1986). However, some studies have suggested that this method may not be aptly suited
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for mutli-modal distributions, and underperformance has been linked to its heavy reliance to assumptions of
the underlying distribution (Rajagopalan et al., 1997). As an alternative, the “plug-in” or recursive method of
(Sheather and Jones, 1991) (hereafter referred to as SJ) has also been widely described in KDE associated
literature. In light of all findings related to the kernel type and bandwidth methods, log transformed Gaussian
and Epanechnikov kernels, as well as, the Silverman and SJ bandwidth methods were evaluated in verification
analysis to determine optimality for SPP in the following section.

3. Results
a. Historical reprocessing and verification

In determining the optimal KDE parameters for SPP in operational monitoring, the SPP algorithm was
reprocessed using kernels and bandwidth methods, as highlighted in the previous section, over several key
monsoonal periods and regions in eastern, southern and western Africa from 2010 to 2014. No reprocessing
prior to 2010 was performed, since SPP still requires a high number of years to generate densities. For this
exercise, verification consisted of calculating the Heidke Hit Proportion (HHP) scores for probabilistic
forecasts (IRI, 2013). This verification metric was regarded as the most straight-forward and relevant in
forecasting anomaly categories corresponding to below-average, average, and above-average seasonal rainfall.
HHP awards credit (hits) where the highest categorical SPP probability matches the observed category by the
end of season. Hits are then summed and divided by the total number of forecasts in space.

Averaged HHP scores (from 2010-2014) using various parameterizations in SPP for all seasons and
regions in shown in Table 1. The most salient observation is that there doesn’t appear to be any distinct
advantage in using a particular kernel, or a particular bandwidth method in terms of improved HHP
verification scores, since differences in HHP scores between kernel types and bandwidth methods appear to
be quite negligible at seasonal stages. By the end of the first month and through mid-point of each season,
HHP scores range between 0.6 and 0.7 indicating that at least 60% of the SPP probability fields correctly
verified in their respective anomaly category. While not perfect, these scores suggest a level of confidence
for operational monitoring, where we can
provide reasonable guidance of a Table 1 Averaged HHP scores from 2010-2014 using various KDE
seasonal rainfall outcome to users before parameterizations in SPP for all seasons and regions
halfway through the season. Based on (h1=Silverman, h2=SJ).
these results, the Gaussian kernel and . africa (March-May)

Silverman’s bandwidth method was Kernel Bandwidth 15-Mar 1-Apr 15-Apr 1-May 15-May
selected for operationaj SPP Gaussian h1 0.5332 0.6142 07153 0.8149 0.8955
Implementatlon purely due the”, Gaussia.n h2 0.3345 0.6168 0.7156 0.8133 0.8945

. . . . . Epanechnikov h1 0.5334 0.6148 0.7157 0.8146 0.8955
Efﬂc'ency n dally proceSSIng Epanechnikov h2 0.5345 0.6167 0.7164 0.8136 0.8943

b' SPP Case StUdIeS West Africa (July - September)

Perh aps the most well-known Kernel Bandwidth 15-Jul 1-Aug 15-Aug 1-5ep 15-5ep

. Gaussian h1 06169 06542 07354 058141 08752

drought case study in recent years was Gaussian h2 06167 06539 07348 08138  0.8752
the_severe drought that devastated East panechnikov h1 06169 06541 07355  0.8140  0.8753
Africa from 2010-2011. In our Epanechnikov h2 06159 06537 07345  0.8137  0.8754

monitoring of precipitation, ARC2

accurately depicted the onset of the FestAfrica (October- December)

. . Kernel Bandwidth 15-Oct 1-Nov 15-Nov 1-Dec 15-Dec
drought during the Oct-Dec rainfall Gaussian h1 05855 06296 07141 07829  0.8651
season, and captured the extent of Gaussian h2 05830  0.6270 07131 07808  0.8652
Worsening dryneSS conditions due to poor Epanechnikov h1 0.5860 0.6293 0.7141 0.7824 0.8654

Epanechnikov h2 0.5834 06268 07126 07814  0.8649

rains during the following March-May

rainfall season in the same reQiON g, inern Africa (December - February)

(Novella and Thiaw, 2013). Figs. 2a-d Kernel Bandwidth 15Dec  1Jan  15Jan  1-Feb  15-Feb
show the reprocessed SPP for the Oct- Gaussian h1 0.5811 0.6323 0.7081 0.7817 0.8866
Dec, 2010 rainfall season in East Africa. Gaussian h2 0.5813 0.6318 0.7099 0.7831 0.8873

Epanechnikov h1 0.5815 0.6322 0.7085 0.7819 0.8867

After one month (1/3) into the season, Epanechnikoy h2 05813 06326 07109 07834  0.8876
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the percent Of norma' ARC2 ARCZ Peroent of Hormal (X): Current WACE Percent of Normal (X): Fingl

Pricd: 102000 = B1MeiNE Period: O40ct2040 - HDeci1®

rainfall on November 1st, 2010
(Fig. 2a) begins to depict
developing dryness throughout
much southern Somalia,
southwestern Ethiopia, eastern
Kenya, and across much of
Tanzania. For areas that
experienced rapidly developing
dryness, SPP probabilities are
highest in the below-average
category (Fig. 2c), with 80% to
90% probabilities over areas — T —— —
where  climatologically, lesser oy vz g oo vyt
amounts of rainfall are expected

for remainder of season, thus

reflecting the increased likelihood
of drought development and
persistence before the end of the
season.  Analysis of the final
season percent of normal rainfall
(Fig. 2b) and HHP verification
score map (Fig. 2d) on November
1%, 2010 indicate that nearly 70%
of the seasonably active areas in
east Africa had SPP probabilities
that correctly verified in the

respective anomaly categories. Fig. 2 East Africa spatial maps of (a) percent of normal seasonal rainfall

anomaly on Nov 1%, 2010, (b) the final percent of normal seasonal

In a more recent case study, rainfall anomaly captured Dec 31%, 2010, (c) SPP reprocessed on

the core of the southern Africa Nov 1%, 2010, (d) Heidke Hit Proportion (HHP) of verified hits
rainy season, Dec, 2014 - Feb, (green) and misses (red) on Nov 1%, 2010.

2015 has been characterized as

being poor and highly erratic. This had presented a greater challenge to SPP during operational monitoring
due to unusual reversals in the monsoon circulation that had been observed throughout the course of the
season. By the end of February, a dipole anomaly pattern emerged with the southeastern portion of the Africa
continent having experienced well above-average rainfall, and below-average moisture conditions prevailing
throughout much of southwestern Africa (Fig. 3a). However, the evolution of this dipole was not straight-
forward nor gradual as one might expect. In the middle of December, much of southeastern Africa (i.e.
eastern Zambia, Malawi, and western Mozambique) had experienced a delayed onset of the monsoon, raising
concerns of anomalous dryness persisting into the season. SPP probabilities for below-average Dec-Feb
rainfall began to increase and expand throughout the region, until extreme rains fell in late December, which
led to an abrupt reversal in the SPP probabilities between the above and below average anomaly categories.
By early January 2015, SPP probabilities over much of southern Angola, northern Namibia and the Caprivi
Strip did not correctly verify as being below-average. Only after an extended dry spell had transpired during
January in the region did SPP point to a high probability for below-average rains by the end of the season. In
Figs. 3c-d, we see the SPP probabilities and HHP hit map illustrating nearly 70% of the seasonably active
areas in sogthern Africa had SPP probabilities that correctly verified in the respective anomaly categories by
January 157,

c. SPP real-time operational output

Consistent with the real-time, daily maps and time series products updated at CPC, the SPP algorithm
consists of generating probabilistic output for every gridded pixel, every day over Africa. In an effort to
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further relax an intense  mem ™ sl
computational environment, the e HE /
resulting SPP spatial fields are
aggregated from a 0.1° to 0.25°
resolution. To best cover the
seasonality of precipitation over
Africa, users will be able to
choose any base period spanning 1
to 4 months of ARC2 accumulated
rainfall, and a probabilistic
outlook period ranging from the
end of the current month out to 3
months. SPP output consists of
single  map  depicting all
probabilities  corresponding to
Below-Average (<80% of
Normal), Average (>=80% and
<=120% of Normal), and Above-
Average (>120% of Normal)
rainfall for the end of every
projection period.

4. Conclusions Fig. 3 Southern Africa spatial maps of (a) percent of normal seasonal

This paper describes a new rainfall anomaly on Jan 15", 2015, (b) the final percent of normal
statistical tool, called SPP, which seasonal rainfall anomaly captured Feb 28" 2015, (c) SPP
computes spatial probability maps reprocessed on Jan 15", 2015, (d) Heidke Hit Proportion (HHP) of
for seasonal precipitation to finish verified hits (green) and misses (red) on Jan 15" 2015.

at rainfall anomaly categories

corresponding to Below Average (<80% of normal), Average (80-120% of normal), and Above-Average
(>120% of normal) over Africa. These computations are achieved through the use of Kernel Density
Estimation (KDE) methods which yield probability density functions (PDF’s) and cumulative density
functions (CDF’s) based on 30+ years of historical ARC2 precipitation for the remaining duration of a
monsoon season. The daily, real-time availability of ARC2 used in operational monitoring also permits SPP
output to be disseminated to users on the same basis.

Reprocessing and verification results indicate that, on average, at least 60% of the SPP probability fields
had correctly verified in their respective anomaly category. This suggests there is a reliable degree of
confidence in SPP for providing the outcome of seasonal rainfall during operational monitoring. Such
information is expected to translate into better decision making in food security, planning and response
objectives for USAID/FEWS-NET.
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