
1. Introduction
Hurricane Ian, a formidable Category 5 system on the Saffir-Simpson Hurricane Wind Scale, made landfall 
in southwestern Florida on 28 September 2022, before veering northeastward and striking Georgetown, South 
Carolina, just 2 days later (Bucci et al., 2023). The impact of Ian’s storm surge, accompanied by destructive winds 
gusting up to 72 m s −1 (140 knots) during its initial landfall, and excessive rainfall exceeding 15 inches, resulted 
in widespread inland flooding along its path.

Concurrently, on the northwestern flank of Hurricane Ian, a high-pressure system was developing over the Great 
Lakes region, while a persistent trough hovered over the eastern United States (Figure S1 in Supporting Infor-
mation S1). The interaction between Ian's low-pressure system and the mid-latitude high pressure to its north-
west, although less discussed, had equally significant ramifications. The intense pressure gradients between these 
meteorological phenomena gave rise to strong northeasterly winds, driving a surge of colder Canadian dry air 
along the storm's western periphery. The dry northeasterly winds swept through the eastern and central states, 
exacerbating already widespread severe droughts in those regions (Figure S2 in Supporting Information S1). 
The impacts were not limited to the mainland U.S.; as the high-pressure system advanced eastward across the 
Northeast during 28–30 September 2022 (Figure S1 in Supporting Information  S1), the northeasterly winds 
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pushed the dry air toward the sea, affecting both the Gulf of Mexico (GOM) and the coastal waters of the U.S. 
Atlantic.

Previous studies have shown that the impacts of dry air outbreaks over a moisture-laden sea surface bear resem-
blance to cold-air outbreaks occurring at mid-high latitudes (Nagano & Ando,  2020; Tilinina et  al.,  2018; 
Yoneyama & Parsons, 1999). Often accompanied by strong winds, these events increase the instability within 
the marine boundary layer and intensify the turbulent transfer of latent and sensible heat from the ocean to the 
atmosphere. Such dynamic interaction leads to significant heat loss from the ocean, inducing a cooling effect on 
the sea surface (Villanueva et al., 2010; Zavala-Hidalgo et al., 2014). A comparable atmosphere-ocean interaction 
was observed during the dry air outbreak amid Hurricane Ian, as indicated by satellite-based surface flux analy-
sis. In situ evidence supporting these satellite observations was collected from uncrewed saildrones deployed as 
part of the hurricane saildrone mission (Foltz et al., 2022; Zhang et al., 2023) in the vicinity during that period.

This study has two main objectives. First, it aims to document the significant turbulent heat loss event associated 
with the dry air outbreak during Hurricane Ian, and the resulting surface cooling in the GOM. Second, it seeks to 
demonstrate the enhanced synergistic potential of satellite flux analysis and saildrone line-wise measurements, 
enabling a more comprehensive understanding of the spatial and dynamic aspects of air-sea interaction in the 
hurricane-prone region of the GOM and the western tropical Atlantic.

2. Data
The saildrone measurements used in the study were obtained during the 2022 Saildrone Hurricane Mission (Foltz 
et al., 2022; Zhang et al., 2023), conducted from mid-July to early November 2022 (Figures 1a–1c). This period 
typically corresponds to the Atlantic warm pool SST reaching its seasonal maximum, exceeding 28.5°C in the 
GOM, Caribbean Sea, and western tropical North Atlantic, aligning with the peak of tropical cyclone activities 
(Wang et al., 2008). The saildrone measurements represent 1-min averages sampled at 5-min intervals along the 
saildrone's path.

The surface turbulent latent heat flux (QLH), sensible heat flux (QSH), and momentum fluxes (wind stress (𝐴𝐴
⇀

𝝉𝝉  )), 
and flux-related surface meteorology are derived from the second generation Objectively Analyzed air-sea Fluxes 
(referred to as OAFlux2) (Yu & Weller, 2007). These fluxes are calculated from the Coupled Ocean-Atmosphere 
Response Experiment version 3.6 (COARE 3.6) algorithm (Fairall et al., 2003). OAFlux2 is produced daily at a 
0.25° resolution. A 3-hr evaluation window was selected for saildrone-OAFlux2 comparisons. In addition, Argo 
data collected from 10th September to 20th October 2022 was used in assessing the subsurface temperature/
salinity (T/S) variability in response to the significant surface heat loss. Readers are referred to Supporting Infor-
mation S1 for a detailed description on saildrone measurements, OAFlux2 and Argo used in this study.

3. Results
3.1. Dry Air Intrusion

Figure 2 shows daily variations of OAFlux2 wind speed (W), air specific humidity and temperature at 2 m (qa 
and Ta), and turbulent heat flux (QLH + QSH) in the study domain from 27th September to 2nd October 2022. This 
period corresponds to the movement of Hurricane Ian as it progressed through the GOM and the Atlantic. Three 
saildrone tracks are superimposed as they directly encountered the impacts of the storm. SD-1032 was located in 
the northeast, SD-1984 in the northwest of the GOM, while SD-1059 was situated along the U.S. Atlantic coast.

The path of Hurricane Ian is visible in the wind speed fields (Figure  2a), characterized by high wind cores 
exceeding 15  m  s −1. The storm crossed over western Cuba on September 27th, then passed through Florida 
before heading into the Atlantic on September 28th and 29th. It ultimately impacted the South Carolina coast 
from September 30th to October 1st. One noteworthy event during the storm's passage was the intensification of 
northeasterly winds in the northern GOM between September 28th and 30th. This intensification was accompa-
nied by a significant influx of dry air (Figure 2b), leading to a major drop in qa. During the 3 days, qa decreased 
by nearly 50%, from 18 to 19 g/kg to below 9 g/kg. The dry air was also colder, causing Ta to decrease by 3–4°C 
(Figure  2c). The dry, cold air outbreak was also observed along the U.S. Atlantic coasts, extending into the 
mid-Atlantic region, in alignment with the eastward progression of mid-latitude high-pressure systems (Figure 
S1 in Supporting Information S1).
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The dry cold air over warm, humid sea surface, combined with strong winds, intensified the turbulent transfer 
of heat (QLH  +  QSH) from the ocean to the atmosphere, reaching above 850Wm −2 near Louisiana's coast on 
September 29th (Figure 2d). This event spanned from the northern Gulf of Mexico to the U.S. mid-Atlantic, 
increasing turbulent heat fluxes across these areas. The heat fluxes from this dry air outbreak rivaled or surpassed 
that from Hurricane Ian. The peak of this extreme ocean heat loss in the GOM was on September 29th and 30th 
(Figure 2d), aligning with the strongest northerly winds (Figure 2a). As winds weakened, the heat fluxes also 
decreased, despite the continued presence of cold, dry air. More details can be found in Supporting Informa-
tion S1 (Figure  S3).

Cold, dry air with strong northerly winds frequently occur in the GOM, differing in intensity, frequency, and 
southward penetration (DiMego et al., 1976; Zavala-Hidalgo et al., 2014). While rare in summer, they are common 
in fall-winter, with a distinct seasonal transition in late September. Not every front crosses the entire GOM; 
many are confined to the northern region (DiMego et al., 1976). Significant heat fluxes can arise from certain 
events, as observed by Nowlin and Parker (1974) and Villanueva et al. (2010). The dry air event with Hurricane 
Ian  affected the whole basin for 5 days, highlighting the extraordinary intensity of the dry air originating from 

Figure 1. (a) Saildrone designed for hurricane missions (source: https://www.pmel.noaa.gov/saildrone-hurricane). (b) OAFlux2 mean SST from 1st August to 31 
October 2022, with the seven 2022 saildrone tracks superimposed. The 28.5°C isotherm is marked in black. (c) Key features of the seven saildrones.
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the drought-stricken mid-latitudes and the strong winds resulting from the convergence of two extreme pressure 
systems.

3.2. Significant Turbulent Heat Fluxes

Figures 3a–3c depicts the comparison of OAFlux2 and saildrone time series, including W (top panels), qa (upper 
middle panels), Ta (lower middle panels), and QLH + QSH (bottom panels) along three saildrone tracks. The data 
span from August 1st to October 31st, with the overlapping period of Hurricane Ian and the dry-air outbreak 
(September 27th to October 2nd) highlighted in green. During this period, SD-1032 was located northwest of the 
storm, SD-1059 tracked the eyewall entering the Atlantic, and SD-1084, although off the storm’s path, recorded 
strong air-sea flux variability due to the dry air outbreak. However, there is a notable discrepancy with SD-1059 
after September 29th (Figure 3c), where OAFlux2's qa indicates drier conditions. The humidity sensor on SD1059 

Figure 2. Five-day progression (27th September–2nd October 2022) of air-sea variables: (a) W, (b) qa, (c) Ta, and (d) QLH + QSH. Each variable has its own column 
with daily changes from top to bottom. Tracks of saildrones SD-1032 (northeast), SD-1984 (northwest GOM), and SD-1059 (U.S. Atlantic coast) are superimposed, 
with midday positions marked by magenta stars.
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sustained damage around 0500 UTC on September 29th due to the hurricane. This seems to have impacted the 
mean more than the variability.

Figures 3d–3g shows scatter plots comparing OAFlux2 data with saildrone measurements from all tracks. These 
comparisons show a high level of agreement, with correlation values ranging from 0.75 to 0.92. The highest 
correlation is from qa, while the lowest is from W. These correlation values are statistically significant at the 
95%  confidence level.

OAFlux2 W adequately captures daily fluctuations along the saildrone paths, but has a limited representation 
of subdaily variability. The scatter plot of W (Figure 3d) shows generally good agreement between the two sets 
of winds, despite their derivation from two different observing methods. Discrepancies are observed at low 
(<5 ms −1) and higher (>12 ms −1) wind speed ranges, with OAFlux2 tending to overestimate at low wind speeds 
and underestimate at higher wind speeds. During the high wind event associated with the passing of Hurricane 
Ian and dry air outbreak, OAFlux2 peak winds are weaker by 10%–20% (1–3 ms −1) compared to saildrone peak 
winds on the 3-hourly basis. This discrepancy exceeds the uncertainty estimate derived from buoy measurements.

Satellites provide area-averaged values of instantaneously measured winds over their spatial footprint, revisiting 
the same area roughly every 12 hr. Consequently, they are unable to capture the high-frequency details of synoptic 
wind variability that saildrones, with their 5-min sampling intervals, can capture. Before the advent of autono-
mous saildrones, measurements in high-wind conditions were somewhat limited. Existing satellite wind retrieval 
algorithms might not have been fine-tuned for high-wind scenarios. Discrepancies between satellite and in situ 

Figure 3. Time series comparison of OAFlux2 with the three saildrones: (a) SD-1084, (b) SD-1032, and (c) SD-1059 span August–October. The semi-transparent 
green shading denotes the overlapping period of Hurricane Ian and the dry air outbreak. Variables, in order, from top to bottom, are W, qa, Ta, and QLH + QSH. The 
density scatter plots compare OAFlux2 (y-axis) to saildrone (x-axis) for (d) W, (e) qa, (f) Ta, and (g) QLH + QSH, with correlation coefficients listed in each scatter plot 
panel. The dashed straight line represents a linear relationship, and the color denotes the density of data points.
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measurements at high winds have been reported (Wright et al., 2021). Evidently, the data from saildrones offer an 
indispensable complement to satellite-based observations.

OAFlux2 Ta shows a slight cold bias, possibly due to the effect of different sampling methods on measuring 
moisture gradients during the cold front’s eastward shift (Figure S1 in Supporting Information S1). The saildrone 
travels at 1–3 knots (1.85–5.6 km/hr), producing time-averaged data. SD-1059’s path paralleled the front, yield-
ing consistent measurements across 17 km in 3 hr. Conversely, OAFlux2 offers daily satellite data across a more 
expansive 25 km × 25 km area, capturing broader gradients and varied environments.

Over 3-months, QLH + QSH (the bottom panel in Figures 3a–3c) was subdued from August to mid September, 
averaging around 95Wm −2 in the Gulf (SD-1032 and 1084) and about 110 Wm −2 on the U.S. Atlantic coast 
(SD-1059). QSH contributed 5%–7% of this (Figure S3 in Supporting Information S1). From September 27th to 
October 2nd, fluxes peaked at 675 Wm −2 for SD-1032, 764 Wm −2 for SD-1059, and 580 Wm −2 for SD-1084. All 
three saildrones captured the sharp increase in W and the substantial decrease in qa and Ta. Another major heat 
loss event was observed around October 16th–18th. These recurrent dry air outbreak events seem to be typical in 
the fall-winter seasons (DiMego et al., 1976; Zavala-Hidalgo et al., 2014).

An essential question is whether the significant heat fluxes results from Hurricane Ian or a dry air outbreak. 
Surface air from the storm was humid, contrasting with the dry air mass (Figure 2b). SD-1059 showed a fluctuat-
ing qa pattern from September 27th to October 1st (Figure 3c). Notably, SD-1059’s humidity sensor was damaged 
around September 29th, affecting its mean more than the variability. SD-1059 tracked an area affected by dry air 
from September 27th (Figure 3b). Humidity rose with Hurricane Ian’s arrival on September 29th, then dropped 
on October 1st as dry air resumed post-storm. Wind speed peaked twice: during the storm and the subsequent 
cold front, causing spikes in QLH + QSH (Figure 3c). It should be noted that the saildrones were not located at 
the center of the dry air outbreak (Figure 2). According to OAFlux2, the most significant heat loss was near the 
coasts. The daily mean QLH + QSH surpassed 850 Wm −2 off the Louisiana coast on September 29th outdoing the 
heat fluxes induced by Hurricane Ian, which peaked at 650 Wm −2.

3.3. Surface Cooling and Mixed-Layer Deepening

The impact of the significant surface heat loss on subsurface temperature and salinity is examined using Argo data 
from the GOM between September 10th and 20 October 2022. Figure 4a displays 114 profiles from this period. The 
profiles, with six or more cycles, were selected for depicting the evolution of density and temperature (Figures 4b 
and 4c) and are color-coded according to their respective dates. The mixed layer depth (MLD) deepened from about 
5 to 40 m from September 27th to 28th, hitting 60 m by October 3rd, with ML temperatures dropping by over 1°C. 
The MLD changes can arise from wind stirring, vertical entrainment at the ML base, and surface heat loss (Niiler 
& Kraus, 1977). To examine whether surface heat fluxes alone could explain the observed changes in SST, we 
conducted the following calculation, assuming that QLH + QSH is the primary driver of the change in net heat flux Qnet,

𝑇𝑇
′ =

𝑄𝑄
′
NET

𝜌𝜌𝜌𝜌𝑝𝑝ℎ
Δ𝑡𝑡 =

(590 − 95)W∕m2

1020 (kg∕m3) × 3850 (J∕kg◦C) × 40 (m)
× 5 × 24 × 3600(s) ≈ 1.4(◦C) (1)

where the prime denotes the change over the Δt = 5-day period and h is the MLD. Using SD-1084’s data, the esti-
mated 1.4°C drop in the MLD temperature, T, matches Argo observations and aligns with the 5-day SST changes 
from OAFlux2 (Figure 4d). Note that the most notable cooling, ∼3°C, was off the Louisiana coast, particularly in 
the shallow shelf affected by the intense dry air intrusion, where QLH + QSH were largest.

3.4. Relative Contribution of qa and W to Surface Heat Fluxes

Within the study area, QLH predominantly responds to the dry air outbreak, largely due to the influences of qa 
and W (Figures S3 and S4 in Supporting Information S1). To assess their contributions to QLH variation, we 
decomposed these variables into mean and anomalous parts (Alexander & Scott, 1997; Cayan, 1992) and rewrite 
Equation S1 in Supporting Information S1 as follows:

𝑄𝑄
′
LH

= 𝜌𝜌𝑎𝑎𝐿𝐿𝑒𝑒𝑐𝑐𝑒𝑒

[

𝑊𝑊 Δ𝑞𝑞′ +𝑊𝑊
′Δ𝑞𝑞 +

(

𝑊𝑊
′Δ𝑞𝑞′ − 𝑊𝑊 ′Δ𝑞𝑞′

)]

 (2)

where the overbars denote time mean over the 3-month period and primes are 3-hr deviations from the mean. The 
equation can be divided into three components: humidity (Qterm), wind (Wterm), and their covariance (Cterm). 
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In Figures 5a and 5b, these terms are depicted along the saildrone tracks using ce and Le estimated from COARE 
3.6. Each panel also displays the contribution of each term to 𝐴𝐴 𝐴𝐴

′
LH

 , as determined by variance contribution (Γ), 
calculated using the following expression:

Γ = cov
(

term, 𝑄𝑄
′
LH

)

∕var
(

𝑄𝑄
′
LH

) (3)

Γ reflects the proportion of variance in 𝐴𝐴 𝐴𝐴
′
LH

 that can be explained by the respective term under study.

Figures  5a–5c shows that the covariance term, Cterm, is minor with Γ (Cterm) below 0.15. Qterm is more 
prominent in northwest GOM (SD-1084), while Wterm leads in northeast GOM (SD-1032) and western tropical 
Atlantic (SD-1059), where Γ (Wterm) surpasses 0.5. During the dry air outbreak, Wterm largely influenced 𝐴𝐴 𝐴𝐴

′
LH

 
values in SD-1032 and SD-1059 regions, while impact of dry air was mainly seen in northwest GOM (SD-1084).

For spatial insight, we mapped Γ values for each term from Equation 3 using OAFlux2 for the 3 months: August–
October 2022. Figure 5d shows the 𝐴𝐴 𝐴𝐴

′
LH

 variance, ranging from 30 to 70 Wm −2 in the warm pool region. This range, 
though significant, is relatively modest compared to the variability associated with the Gulf Stream. Hurricane Ian 
and the dry air outbreak had a major impact on air-sea heat exchanges in the region. The three corresponding Γ maps 
(Figures 5e–5g) indicate that Wterm is dominant, with Γ (Wterm) over 0.7 across broad areas in the western tropi-
cal Atlantic and Caribbean. Here, Γ (Qterm) is slightly negative, indicating that an increase in Δq reduces the total 
variance of QLH. West of GOM and above 30°N latitude, the influence of Wterm diminishes, with Qterm becoming 
significant. In the areas tracked by saildrones, Γ (Wterm) was either on par with or slightly exceeded Γ (Qterm).

4. Summary and Conclusions
This study investigated an exceptional dry air outbreak in the GOM in late September 2022, triggered by Hurri-
cane Ian and magnified by dry air originating from drought-stricken mid-latitudes, a condition sustained by a 
persistent high-pressure system. The interaction of dry, cool air with a humid and warm sea surface, together with 

Figure 4. (a) Map of Argo profiles from 20th September to 10th October 2022, with profiles used in this study in color-coded according to their respective dates. 
(b) Density and (c) temperature structures in the upper 100 m. Dashed black lines in (b) mark the MLD by a density increase of 0.3 kg m −3, and in (c) by a 0.05°C 
temperature drop from the surface. Argo float availability dates are marked with diamond squares on the MLD lines. (d) The SST difference between October 10th and 
September 20th using OAFlux2, with the seven saildrone tracks superimposed.
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forceful winds, intensified air-sea heat exchanges, leading to significant oceanic heat loss. The 2022 Atlantic 
hurricane Saildrone mission and satellite data showed turbulent heat fluxes exceeding 850 Wm −2, comparable 
to the hurricane’s direct impacts. Argo float measurements recorded a 40-m deepening of the mixed layer and 
a 1.4°C temperature drop. The outbreak, concurrent with Hurricane Ian, persisted in the region for over 5 days, 
highlighting the influence of dry air from drought-affected regions and the forceful winds resulting from the 
conjunction of two distinct pressure systems.

Saildrone data from northwest GOM (SD-1084) showed significant effects of both wind and humidity on surface 
heat flux variability. However, in northeast GOM (SD-1032) and the western tropical Atlantic (SD-1059), wind 
was the main driver of these fluxes. Satellite data from the 2022 Atlantic hurricane season (August–October) 
corroborated this observation, indicating winds as the dominant factor affecting heat fluxes in the western trop-
ical Atlantic warm pool area. Meanwhile, in regions north and northwest of the warm pool, both humidity and 
wind significantly impacted the fluxes. These insights underline the complex relationship between dynamic 
and thermodynamic factors in shaping turbulent heat fluxes in the western tropical Atlantic. Understanding this 
balance is essential for gaining insights into tropical air-sea interactions and improving the prediction skills of the 
intensity and trajectory of tropical storms.

The study also found that saildrones, equipped with 5-min high-frequency sampling capability, offer detailed 
views on wind variability during weather events like hurricanes and dry air outbreaks. These details are often 
missed by satellites due to averaging over sensor’s footprint and 12-hr gaps between revisits. When comparing 
on a 3-hourly basis, saildrone peak winds exceed OAFlux2 peak winds by 10%–20%. Clearly, saildrones serve as 
invaluable complement to satellite wind measurements.

Our study concluded that the simultaneous impact of hurricane and dry air outbreak led to a significant reduc-
tion in the heat content of the upper ocean in the Gulf. Interestingly, water temperatures remained below their 
pre-outbreak levels for as long as 10 days after the event (Figure 4). Considering that tropical cyclones rely on 
warm waters for energy and intensification, this extended period of heat content recuperation is significant for 
modeling and predicting cyclone activities in this area.

Figure 5. Saildrone QLH variability from (a) SD 1084, (b) SD 1032, and (c) SD 1059. QLH is in black, with effects of humidity, wind speed, and covariance in red, 
tan, and cyan. Variance fraction, Γ, for each term is in the legends. Panels (d)–(g) use OAFlux2 daily means from August to October 2022, presenting (d) QLH standard 
deviation and variance contribution of (e) humidity, (f) wind, and (g) covariance. Negative values in (e) and (g) have black contours.
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Data Availability Statement
The NOAA saildrone hurricane observations are described in Foltz et al. (2022) and Zhang et al. (2023). Argo 
profiles were downloaded from Coriolis Global Data Acquisition Center (Argo, 2000). The OAFlux2 data sets 
are currently being archived for online release (Yu & Weller, 2007) and the subsets associated with this study are 
available from Figshare data repository (Yu, 2023).
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