ABSTRACT

MPUNZA, HAPPINESS. Assessment of the Accuracy of Numerical Weather Prediction Models
in Africa and South America Using Surface Observations. (Under the direction of Sandra Yuter).

The US National Oceanographic and Atmospheric Administration’s (NOAA) Global Forecast
Model (GFS) is a key asset for weather services world wide as it updates four times a day,
produces hourly forecast output, and is freely available and accessible via the Amazon Web
Services cloud. This study assesses GFS performance in predicting hourly air temperatures and
dewpoints at 7 am local time (close to daily minimum temperature) and 3 pm local time (close
to the daily maximum temperature) at 105 weather stations in Africa and 98 weather stations in
South America, using hourly surface observations from December 2021 to November 2024. The
accuracy of GFS forecasts for Africa and South America has not been previously systematically
examined. The GFS ~48 hour lead time forecast biases were analyzed seasonally and annually
across seven simplified climate zones on both continents (Tropical, Dry, Mediterranean, Warm
Wet Temperate, Cool Wet Temperate, Cold, and Polar). A key weakness of GFS revealed by this
study is that the forecasts consistently underestimate dew points. Median annual dew point
biases are too dry by > 1°C across all climate zones at both 7 am and 3 pm local times and dry
biases can exceed 4°C in specific locations seasonally. In comparison, air temperature forecasts
are more reliable. The results can assist local forecasters to identify where the accuracy of the

GFS model is limited and to apply regional and season-specific bias corrections as needed.
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CHAPTER

1

INTRODUCTION

1.1 Motivation

The processes that determine day to day weather at any one location operate on a range of
scales from local surface characteristics that can that vary at scales less than a few km to
global circulations within the atmosphere and ocean. Weather services in several countries
run operational forecasting models covering the entire globe in order to properly initialize
numerical predictions for their speci c regional areas of interest. The costs of the infrastructure
(personnel and computers) to run an operational global weather model represent investments
of the equivalent of millions of dollars. Weather services in countries that do not have the
resources to run their own global models utilize available forecast model output provided by
others.

The US National Oceanographic and Atmospheric Administration's (NOAA) Global Forecast
Model (GFS) is a key asset for weather services world wide as it updates 4 times a day, produces
hourly forecast output, and is freely available and accessible via the Amazon Web Services
cloud. Since NOAA's mandate is to provide weather forecasts for the US, they have focused
their model validation and re nement efforts on areas within the US as well as upstream
locations such as the tropical Atlantic and tropical Paci ¢ hurricane corridors (e.g. reports at
https: // www.emc.ncep.noaa.gov / users/ meg/ gfsv16/ ). We are not aware of any work examining



biases in GFS forecasts for Africa or South America. Spot checks of time series of GFS forecasts
versus observations for Africa and South America often show forecast errors of several C (e.g.
Fig. 1.1 and 1.2).

In practice, forecasters often devise adjustments to account for commonly occurring fore-
cast biases for their domains of responsibility. For example, within the the Tanzania Meteoro-
logical Authority forecasters use a rule of thumb when interpreting the probabilistic output of
the Global Ensemble Forecast System (GEFS). If the GEFS shows a probability of more than 25
mm in 24 hours (moderate rain), they adjust the forecast to at least 50 mm (heavy rain). Figure
1.3 shows an example of this type of adjustment and compares the predicted and observed
precipitation amounts.

This study lls an important gap by examining the accuracy of GFS forecasts compared to
surface observations over portions of the "global South”, speci cally the continents of Africa
and South America. We follow methods developed as part of Patel et al. (2021) and Kennedy
(2023) to assess 48-hour lead time forecasts from GFS compared to surface weather station
observations. This study will examine three years of matched model-observation data to yield
distributions of temperature and dewpoint biases across 105 stations in Africa and 98 stations
in South America. The results of this analysis will aid users of GFS model output for Africa and
South America to better understand its strengths and weaknesses.

1.2 Background: Environment Context for Africa and South

America

Africa and South America feature climate and land cover types that differ from those in North
America and Europe where global forecast models are typically evaluated (Fig. 1.4 and 1.5).

1.2.1 Climate Zones

Climate zones are an established method of grouping regions with similar climate that goes
back to the ancient Greeks (Ahrens and Henson 2018). Vegetation cover is primarily controlled
by annual temperature and precipitation variations and hence is an indirect means of grouping
similar long term weather conditions. Vegetation-based climate zones are particularly useful
for determining climate in regions that do not have routine weather observation records. One
of the rstwidely used climate zones maps was rst published by Képpen in 1900, well before
daily weather observations were recorded in most of the world . Képpen's initial map has been
updated several times as more weather data has become available worldwide. The Képpen-
Geiger climate classi cation is now the common standard (Kottek et al. 2006). The 31 zones are
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de ned based on temperature ranges as well as annual and seasonal precipitation (Kottek et al.
2006, their Table 1). For this analysis, we use a simpli ed version of the Képpen-Geiger map
with 7 zones (Fig. 1.4, Gilbert, 2024, personal communication). By grouping GFS forecast errors
by climate zone, we examine to what degree the model struggles in similar environments in
both Africa and South America.

The particular spatial patterns of climate zones in Africa and South America (Fig. 1.6) are
a result of interplay among topography, large scale subsidence versus rising motions, and
prevailing winds by latitude for each continent (Fig. 1.7 and 1.8). There are large areas of the
Tropical climate zone on both continents. Africa has a much larger region for the Dry climate
zone than South America. The Mediterranean climate zone occurs along the northwestern
edge of Africa and along a portion of the west coast of South America. South America has a
large region of Warm, Wet Temperate climate east of the Andes between 20 S and 40 S. Africa
has a smaller area of this climate zone centered near 20 S. The Cool, Wet Temperate, and Cold
Dry climate zones occur in small patches on both continents.

Both Africa and South America straddle the equator making the Hadley Cells and the
Intertropical Convergence Zone (ITCZ) (Fig. 1.9) the dominate large scale patterns in uencing
their weather except at the southern tips of each continent. The middle latitude portions of
Africa and South America are in uenced by midlatitude synoptic wave patterns. In the tropics,
the seasonal shifts in the location of the ITCZ yield "rainy" and "dry" seasons (Fig. 1.10). Near
the equator there are two rainy seasons corresponding to the times of the equinoxes in March
and September. Tropical locations further from the equator have just one rainy season when
the ITCZ is located overhead near the time of the June solstice for locations north of the equator,
and near the time of the December solstice for locations to the south (Fig. 1.11).

1.2.2 West African Monsoon

The West African monsoon is a seasonal wind shift that drives the rainy season in West Africa
from June to September. As a heat low develops over the Sahara, southerly winds bring moist air
from the Gulf of Guinea toward the Sahel and act to intensify the ITCZ convergence compared
to open ocean conditions (Fig. 1.12). The monsoon rainfall peaks when and where the near
surface air contains the largest amount of combined heat and moisture (Biasutti et al. 2023).
The timing of the monsoon is critical for agriculture, especially for small farmers in the Sahel
along the southern edge of the Sahara. A delayed start or an early end to the rainy season can
lead to crop failure, food insecurity, and economic loss. Regional rainfall patterns are closely
linked to the position of the ITCZ, which responds to larger energy imbalances between the
hemispheres. The timing and variability of monsoon rainfall is important context for how GFS



temperature biases may differ between the wet and dry seasons.

1.2.3 EINino Southern Oscillation (ENSO) phase

In comparison to Asia and Oceania, Africa and South America have smaller geographic areas
that experience signi cant shifts in conditions as ENSO phase varies (Fig. 1.13). Over our three
year study period from December 2021 to November 2024, the ENSO phase changed from a
moderate La Nina (Dec 2021-Feb 2023) to a strong El Nino (June 2023-May 2024) then back to
neutral conditions (June 2024-Nov 2024) (Table 1.1). In terms of this study, for Africa we expect
the interannual variability among the three years to be largest in Dec 2023 - Feb 2024 when
the EI Nino was strong and broad geographic impacts over the continent are expected (Fig.
1.13). These impacts include wetter conditions in tropical eastern Africa and dry and warm
conditions in southeast Africa. For Africa in JJA during EI Nino the continent experiences little
to no changes from ENSO neutral conditions. For South America, the strong El Nino conditions
in JJA are expected to yield large areas with warm temperature anomalies along both coasts in
tropical and subtropical latitudes, a small area of dry and warm conditions along the north edge

of the continent and a small wet area along the midlatitude west coast. In DJF, the geographic
region of warm conditions on the east coast of South America shrinks in area compared to El
Nino in JJA and there is region of wet conditions to its south. Dry conditions are present along
the northeast coast.

Portions of the analysis described in subsequent chapters examine bias statistics year by
year as well by combining all three years together. On balance, the variations in ENSO phase
over the 3 year study period did not yield large and signi cant differences in the distribution
statistics.

Table 1.1: Oceanic Nino Index (ONI). Blue negative values indicate La Nina conditions and
red positive values indicate EI Nino conditions. Values between 0.5 are neutral conditions.
Note that DJF includes December from the previous year, e.g. 2022 DJF = December 2021 -
February 2022. Source: NOAA Climate Prediction Center.

Year/ Season | DJF | MAM | JJA | SON
2022 -1.0|-1.1 -0.8 | -1.0
2023 -0.7 1 0.2 1.1 | 1.8

2024 1.8 | 0.7 0.0 | -0.3




1.3 Goals

Previous work on assessing GFS forecast biases compared to surface observations by Patel et al.
(2021) and Kennedy (2023) examined errors over North America. The lower spatial density of
surface weather observations in Africa and South America as compared to North America, and
the fact that many of the South American and some of the African stations do not transmit
hourly data overnight constrained several aspects of the analysis (see Chapter 2). We focus
on examining the distributions of biases for air temperature and dew point near the typical
diurnal daily minimum temperatures at 7 AM local time and daily maximum temperature at 3

PM local time for the approximately 48-hour lead forecasts. Kennedy (2023) found that biases

in these variables at 48-hour at lead times were similar to those at 36-hour and 24-hour lead
times. Evaluation of air temperatures and dew points at 7 AM and 3 PM is relevant for a wide
range of applications from human, animal and crop stresses to energy usage. The goals of this
analysis are to provide information on the relative reliability and typical bias values of the GFS
forecasts for these local times over different seasons which will be of use to weather services in
Africa and South America as well as to potentially motivate GFS model re nements.

Figure 1.1: Time series of GFS temperature forecasts at Moulay Ali Airport, Morocco and Iringa
Airport, Tanzania for 1 - 6 November and 27 February- 4 March 2023 respectively. GFS forecasts
(blue lines) and observations (black dots). Weather station locations are shown in map inset at
right.



Figure 1.2: Time series of GFS temperature forecasts at Alfredo Vasquez Cobo International
Airport - Colombia and Presidente Perdn International Airport - Argentina for 10-15 March and
5-10 May, 2023 respectively. GFS forecasts (blue lines) and observations (black dots). Weather
station locations are shown in map inset at right.



Figure 1.3: GEFS probabilistic forecast for East Africa for 28 April 2025 at 0 UTC showing
precipitation likelihood of >25 mm in 24 hours and the amount of precipitation which was
recorded on the day of the event.

Figure 1.4: World map showing the seven simpli ed climate zones used in this study based
on Kdppen-Geiger climate classi cation (Kottek et al. 2006).



Figure 1.5: Land cover world map shown with the Gall-Peters projection, a cylindrical equal
area map projection, that facilitates comparisons of the relative sizes of land areas. Source:
en.wikipedia.org / wiki / File:Gall-Peters_projection_SW.jpg

Figure 1.6: Simpli ed climate zones for Africa and South America based on Koppen-Geiger
classi cation. Tropical (blue), Dry (red), Mediterranean (orange), Warm Wet Temperate (green),
Cool Wet Temperate (dark green), Cold (light blue), and Polar (gray).



Figure 1.7: Elevation Map of Africa.(https: // www.gif-map.com / maps-of-africa / elevation-
map-of-africa)



Figure 1.8: Elevation Map of South America.(www.gif-map.com /maps/south-
america/ elevation-map-of-south-america.gif)
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